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Minimization of ion micromotion in a Paul trap

D. J. Berkeland,® J. D. Miller,”” J. C. Bergquist, W. M. Itano, and D. J. Wineland
National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80303

(Received 26 November 1997; accepted for publication 12 February) 1998

Micromotion of ions in Paul traps has several adverse effects, including alterations of atomic
transition line shapes, significant second-order Doppler shifts in high-accuracy studies, and limited
confinement time in the absence of cooling. The ac electric field that causes the micromotion may
also induce significant Stark shifts in atomic transitions. We describe three methods of detecting
micromotion. The first relies on the change of the average ion position as the trap potentials are
changed. The second monitors the amplitude of the sidebands of a harrow atomic transition, caused
by the first-order Doppler shift due to the micromotion. The last technique detects the Doppler shift
induced modulation of the fluorescence rate of a broad atomic transition. We discuss the detection
sensitivity of each method to Doppler and Stark shifts, and show experimental results using the last
technique[S0021-897¢08)05610-2

I. INTRODUCTION R is the perpendicular distance from the trap axis to the trap
. . . electrodegshown in Fig. 1b)], andR'=R (R’'=R if the
S v, o o 7 o v el s of e ng

P q Y stalie gradient of the corresponding electric field confines the

dards and atomic clocks. For example, fofHg™ ions jon radially in a harmonic pseudopotential.o confine the
trapped in an rf Paul trap and laser cooled to the Doppler y P b '

. . . lon axially, two endcaps held at potentidl, create a static
limit, the magnitude of the fractional second-order Doppler :

. o . o X potentialU (x,y,z). Near the center of the trap),(x,y,z) can
(time dilation shift of transition frequencies can be as low asbe aporoximated b
2x10 8! However, due to the ion motion synchronous P y
with the trap ac fieldthe “micromotion”), this shift can be kU,

i i i ition i U(xy,z)= [22— 7 (x*+y?)] v
orders of magnitude larger if the average ion position is not Y, 77 2 Yol
at the nodal position of the trap’s ac electric field. To realize 0
the high accuracy of a trapped-ion frequency standard, theherex(<1) is a geometrical factor arig}, is shown in Fig.
ion micromotion must be minimized. In this article, we dis- 1(a). Here, for simplicity, we have neglected tlismall
cuss ion micromotion in a Paul trap and its associated effectsomponent of alternating electric field along tlze axis
on stored ions and their transition frequencies. We also desaused by the electrode configuration shown in Fig. 1. Linear
scribe methods to detect and minimize micromotion, andrap electrode geometries which eliminate this field are dis-
present experimental data using one of these methods.  cussed in Refs. 1 and(@ee also Sec. M From Eqgs(1) and
(2), the total electric field is

XX—YY
Il. MICROMOTION IN A PAUL TRAP E(x,y,z,t)= —VO(R—,Zy) coq Ot)
For brevity, we characterize motion of a single ion in U
one type of Paul trap that may be particularly useful for ——20 [227—xX—yY]. 3)
high-accuracy spectroscopy. The results in this section can 25

stored in the same trap, the equations of motion must bghargeQ in the above field are given by the Mathieu equa-
modified to include modes of collective motion. However, tjgn

the conclusions about micromotion and its effects are still
valid.

Figure 1 shows a schematic diagram of a linear Paul
trapl~’ Electrodes 1 and 3 are held at ground potential, while A N . . . .
the potential of electrodes 2 and 4\ig cos{t). Typically, whergu=uxx+uyy+uzz IS Fhe posmon of the ion using the
for atomic ions,Q/27>100 kHz and|V,| <1000 V. Near coordinate system shown in Fig(k, and from Eq.(3),

QZ
Ui+ [y +2q; cog Q)] - u=0, @

the axis of the trap the potential due to the electrodes is 1 4Q«kU,
Vo[, Xy BEATT 2% iz ®
VXy, =7 | 1+ —zrz—|cod Q). N
and
2QV,
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endcaps wherekg is the Boltzmann constant, and the kinetic energy is
— characterized by a temperatufe. Typically, in the radial
direction,|a;|<q?(i=x,y). The energy of the radial secular
motion is then approximately equal to that of the radial mi-
cromotion. In this case,

Exi=KsTi=3muf 0l(i=x,y). (12)

[

[

Ug The energy of the secular motion can be reduced by
’(— 270 —> cooling® As the amplitudeu;; of the secular motion is re-
duced, the micromotion and its corresponding energy are
@) also reduced according to Eq®) and (10). The Doppler-
@ @@_ cooling limit of the ion temperature due to secular motion in

,v one direction i
X y
2 fiy

Trap

Axis R
Qo 6‘@ !

Vo cos(€t) C"}

Tp= 7Kg’ (13

where vy is the linewidth of the cooling transition. As an

example, for thé**Hg* 5d1%s 2S,,,—5d'%p 2P, transi-

tion used for laser coolingy=2-70 MHz. The Doppler-
(b) limited cooling temperature i§p=1.7 mK.

FIG. 1. Linear Paul trage) side view andb) axial view. A string of trapped If, in addition to the trap fields described above, the ion

ions is shown schematically if@). For clarity, the endcaps are not shown in IS also subjected to a uniform static electric fi&lg., Eq.(4)
(b). The trap electrodes are labeled 1, 2, 3, and 4. The trap axis defines ti§ecomes
z-axis, and the origin of the axis is centered between the two endcaps.

; 0? QEqc- U
ui+[a+2q; cogQt)] — uj=—77-—. (14
4 m
For convenience, we also define the unit vectors To lowest order ing; andq;, the solution to Eq(14) is

Uy=x, U,=y, andi,=z (7)

q.
, _ Ui(t)=[Ug; +uy; cogwit+¢g)]| 1+ §I coth)}, (15
In the typical case wherfg;|<1 and|a;| <1, the first-order

solution to Eq.(4) is® where

Ui(t)~uy; cofwit+ ¢g))

1+ % COQQI)}, ®) Uy= 4QEq- U; - QEdc'ZUi . (16)
m(aj+397) Q% Mo
where . . o .
The field Ey4; displaces the average position of the ion to
w=10 ai+%qi2 9) Ug= UgyX+ uoyy+onz, but qus not directly changgli.
The ac electric field at positiony causes micromotion of
and¢g; is a phase determined by the initial conditions of theamplitude3ug;qg; alongQ;. We will call this “excess micro-
ion position and velocity. The “secular” motion of the ion is motion,” to distinguish it from the unavoidable micromotion

the harmonic oscillation at frequeney and amplitudeu,;.  that occurs when the secular motion carries the ion back and

The motion corresponding to the cof term is driven by  forth through the nodal line of the ac field. Unlike secular

the applied ac field, and is called “micromotion.” motion, excess micromotion cannot be significantly reduced
From Eq.(8), the kinetic energy of the ion averaged over by cooling methods because it is driven motion.

a period of the secular motion is Excess micromotion can also be caused by a phase dif-

ferenceg,; between the ac potentials applied to electrodes 2
and 4. For example, in the trap shown in Fig. 1, the potential
applied to the electrode 4 may beV, cosQt+ 3¢,), and to

Ei=3m(iA)= mu (o?+ § 4707

2
=imu ol 1+ 232& , (10)  electrode 2V, cost—3p,). If pc<1, these potentials are
di i approximately equal toV, cost)—3Voese SIN(@Qt) and

where the first term in the last two expressions is the kinetid/o COSQ) +3Voeq. SiN(Q1), respectively. Near the trap axis,
energy due to the secular motion, and the second term is tH€ additional field due to the: 3Voeq Sin(Qt) terms is ap-
kinetic energy due to the micromotion. For motion parallel toProximately that of two parallel plates held at potentials
the trap axis,q2=0, so the average kinetic energy is due * 2Vo®ac SIN() and separated byRla.™ The value ofa
entirely to secular motion. Because the secular motion iglepends on the geometry of the trap. We use the method of
typically thermal, incoherent motion, the kinetic energy duevan Wiingaarden and Drakéto calculate the dipole moment

to motion in thez direction is for our trap (R=0.81 mm, electrode radius=0.38 mm),
) ) ) and find «=0.75. If we include a uniform static field, the
Ex,=2KgT,=imui, 03, (1) total electric field near the center of the trap is
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Vo .0 . kU, ing of the trap electrodes can be reduced by heating the trap
E(xy.z,)=— 57z (Xx—yy)co Q) — —7 electrodesn situ,™® no technique can eliminate these fields.
0 Below, we will give general expressions for the effects
X (22Z—xX—YyY)+Eqyc of excess micromotion and several methods to detect it. To
provide examples, we consider the Doppler shifts and the ac
n Vopar Sin(Q)X. 17y  Stark shift of the'®Hg" 5d'%s 2S;,,—5d°6s? 2D, elec-
2R tric quadrupole transition at 282 nm, and the sensitivity of

the various methods used to detect these shifts. Because ef-
fects from excess micromotion are negligible in the limit that
|ai|>qi2, in the following sections all examples assume that
laj|<g?<1 (i=x,y). We take the physical trap parameters
as R"~R=1.0mm, a=0.75, =210 MHz, o,~w,
=2m-1.0 MHz, andqg,~q,=0.28.

With the additional oscillating electric field due tg,., the
equations of motion in the and z directions remain un-
changed from Eq15). However, if we solve the equation of
motion in thex direction to lowest order i@, , q, and ¢,
and useR’ =R in Eq. (6), then

() =[Uoxt Uz COF 0+ @5 11+ 2 A COS O] lll. EFFECTS OF EXCESS ION MICROMOTION
— 1 dxRa @y SIN(OL). (18 The first-order Doppler shift due to excess micromotion
can significantly alter the excitation spectrum of an atomic
transition. The spectrum can even change so that a laser
heats the ions at frequencies where laser cooling is normally
expected!® Assume that the electric field of the laser used
to excite the ion has amplitudg,, frequencyw,,s,, phase
©laser @nd wave vectok. From Egs.(15) and (18), in the
QQiEge U )2 rest frame of an ion undergoing excess micromotion, this

P re laser field becomes
(2a;+0q)Q

Equation(18) shows that unlesg,.=0, the excess micromo-
tion in the x direction will not vanish for any average ion
positionug.

From Eqgs.(15), (16), and(18), the average kinetic en-
ergy due to motion along; is

4
Exi= 1 MUj;(of + § 47 0Q2) + =

E(t)= Re{EO exgik-U—iwpset+ ‘PIaseJ}
+ 51 M(0xRa 0, ) %5 «. (19

=Re{Eq exflik- (Ug+U") —i wjasel + Prased},  (20)

In order to compare the size of the last two terms relative to ;o . . :

S . . whereu’ is the amplitude of the excess micromotion. To
the first, it is useful to write them dgT ,;/2, whereT ,; is . . .
the equivalentpseudd temperature forﬂthe Kinetic gner isolate the effect of excess micromotion, we have assumed

quiv pseuda perature ihet 'Y that |ugi|>|uq;| and |Ragad>|uy;|. From Egs.(15) and
due to the excess micromotion along. A uniform static (18)
field along the axial direction does not charfgg,, since it '
only shifts the position of the minimum of the static potential k-u'(t)=B8Q cogOQt+6), (21
U(x,y,z). For a'®Hg" ion in a trap with|a;|<qg?<1 and

R ) where
wy=2m-100kHz, a 1V mm* uniform field along thex

direction increases ,, by 1.4x10* K. For R=1.0 mm and B \/ 1 S 2 (1 ‘ 2 -
a=0.75, a phase shift af,.=1° between the trap electrode B 2.4y iUoili | +| 7 kxORa@ac) (22)
potentials increase,, by 0.41 K. These effective tempera-
tures are orders of magnitude greater than the 1.7 mK tem- 5 kyaxRa@ac 23

erature associated with the secular motion at the Doppler- SN 0= '
Eooling limit PP \/(22‘4=><,ykil'loiqi)2+(kquRa"Pac)2

These phase shifts and electric fields may be reasonabgnd
expected. A phase shift can be caused by asymmetries in the
23—y yKilgiQ;

electrical impedances of the electrodes. For example, a phase ¢qg 5= )
shift will occur if the leads to the trap electrodes have dif- V(23 _y ykilgi0li) >+ (KeOxRa a0 ®
ferent inductances dug to differem Ierjgths or geomgtricanith the Bessel function expansion
arrangements. A uniform electric field of magnitude

1V mm~! may develop in a millimeter-sized trap in several ) - ,

ways. Often, an effusive oven located on one side of the trafXH 8 cogQt+ 5)]:n;w dn(Brexdin(Qt+ s+ m/2)],
is used with an electron-emitting filament to produce ions (25)
inside the trap. In this case, the trap electrodes may become
unevenly coated with the oven contents, which could causgq'
contact potentials of a fraction of a volt. Additionally, the e{ *

(24)

(20) can be written as

trap electrodes may become unevenly charged when this E(t)=Re Eq exdik-Us] > Jn(B)

coating or other dielectric or oxide layer is charged by the =

emitted electrons. Finally, patch effects due to different crys-

tal planes at the surface of the electrodes also can produce X exd — i wjasel + Plaser iN(Qt+ 5+ 7/2)] 1.
surface potential variations of roughly 100 mV. Although the

magnitude of stray fields caused by patch effects and charg- (26)
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lon motion also produces a second-order Dopftiene-
dilation) shift of atomic transition frequencies

E 1 (V?
AVDZI—% V:—E% v, (29

wherev is the atomic transition frequency aMlis the ion
velocity. From Eqs(12) and(19), the fractional shift due to

-5 -4 -3 -2 1 0 1 2 3 4 5

) motion alongU; can be written as
(©aser—Oatom)’¥
@ (AVDZ) 1 [keTi(ai+af) N 4 [ QQiEqe 0 \?
1 z v |, m@| (2a+q)  m|(2a+q)Q
i
h — m(q,Ra¢,d2)?
e i . e O/ (30
Pe' I»Il —B=2

o4 : If E4c=0, ¢,c=0 andT,=1.7 mK, motion in thex direction

for a 1%Hg" ion contributes—8x 107 ° to the fractional

[}
1)
1
&
021 [
Lo
0.

(Oraser = Datom)¥

second-order Doppler shift. However, ¢f,=1°, the frac-
tional shift becomes-9x1071° A 1V mm™? field along
the x axis further increases the magnitude of the fractional

shift by 3x 1074
FIG. 2. Effect of micromotion on the spectrum B, (excited state popula- The ac field that causes micromotion can also cause sig-

tion). We plot P¢=P[#1 /(27| E,|)]? for various values ofs. For both nijficant ac Stark shifts. The Stark shift due to the field the ion
graphs, we assume that the ion is driven below the saturation ligjit. experiences is approximately

Q/y=0.1. For B=10, heating occurs in the regions 0.6<(waser
— waiom! ¥<0 and @jaser @atom/ ¥>0.6. (b) Q/y=10. ForB>0, heating
can occur when the laser frequency is tuned near, but above the center of,
any of the sideband frequencies. where og is the static Stark shift constant agE(u,t)?) is
the time-averaged square of the electric field at the ion posi-
tion. To lowest order imy; anda; , substituting Eq(18) into
We define|E| as the amplitude of the interaction matrix Ed- (17) gives
eleme;nt'betweenig:[rti)mlc Ieve||e)l and |g> coupled by an , mQ2ksT; a2+ 292
electric field RéEe'“™'?}. Here,w is the field frequency and (Ef(u,t))= 507 3 5
¢ is the field phase. If the field of E§26) interacts with the Q a+q

Ave=og(E(u,1)?), (39

0iEgc Ui\ 2

Zai + qIZ

atom in the low intensity limit

7 |Ey|
P

then the steady-state solution to the optical Bloch equatiodhenlail<a;

for the upper level populatioR, is***°

1 [mgRaed?)|?
S—Z(T) Oix- (32

The second term is much greater than the squarg,efl;
2<1, so a small uniform static field can induce
a large Stark shift.
Stark shifts have been measured for the three Zeeman

components of the 1.7am 6°S;,,—52Ds, transition in a
) 0 (oot 1)1 (5 )2 single 138!_3a+ ion. 16 The ion, cooled to about 1 mK, was
28) confined in a spherical Paul tyap in V\{h|6p=277-26 MH;

( and w,=2m-2.6 MHz. A static electric field was applied
where w0m iS the resonance frequency of the atomic transi-along thez direction, and the shift of the transition frequency
tion. Figure Za) shows the excitation spectrum calculatedwas measured as a function of the field strength. The mea-
from Eq. (28) for various magnitudes of micromotion, for sured values ofrs were on the order of- 10~ ¢ Hz/(V/m)?

QO <y and in the low intensity limit. A3 increases from 0, for each Zeeman component. With these values gf the

the frequency modulation from the excess micromotion firsfractional Stark shift of the transition frequency in the ab-
broadens the transition. This decreases the rate at whichsence of uniform static electric fields was calculated to be
laser can cool the ion. For larger values@fthe line shape 10 '". A 5 mV potential across the 0.3 mm diameter trap
can develop structure that causes the laser to heat, rather thams predicted to cause a fractional shift-ofl.2x 1075,

cool the ion, even whemw, g a0n<0. Figure Zb) shows We have estimated the static Stark shift constagbf

the effect of micromotion whefi)>vy. As B increases, the the 282 nm **Hg* 5d'%s 2S,,,—5d%6s? ?Dg;, electric
excitation spectrum develops sidebands amnQ (n quadrupole transition. First, we calculate the matrix elements
=1,2,3,...), and the strength of the carrier transition debetween the 8'%s 2S,,, ground state and the closest few
creases. Heating now occurs when the laser frequency wtates with the 8'%p configuration. This givesyg=2.1
tuned near, but above the center frequency of any of the<10 24 cm® for the polarizability of the ground state. To
sidebands. estimate the polarizability of thed36s? 2D/, state, we con-

7 2 * J2
SIS 2(6)
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sider transitions from the &6s? 2D, state to the various by cooling methods. In the absence of cooling mechanisms,

states with the configuration d36s6p. In the 51°6s6p the ions can gain enough energy to leave the trap.

states, one of the twosBelectrons of théDg, state has been

excited to a @ state. That transition is qualitatively similar

to exciting the single § electron of the 81%s 2S,, state to V. DETECTION OF EXCESS MICROMOTION

one of the 5'%p states. Hence we assume that the matrix

elements between thei86s” states and theds,,6s6p states Different techniques can be used to detect excess micro-

are similar to those between thel$6s and 5d'%p states. motion caused by a uniform static fief,, or phase differ-

The center of gravity of the &6s?— 5d2,6s6p transitions  encee,. between the trap electrode potentials. In the first of

is about 208 nm. This wavelength is not much longer thanhese methods, which is sensitive to excess micromotion

that of the first §'%s—5d'%p transition at 194 nm. Thus caused by static fields, the time-averaged ion position is

we expect that the polarizabilityy, of the °Dy, state is on  monitored as the pseudopotential is raised and lowkréd.

the order of that of the ground state. Both states will bean imaging system is used to view the ion as it is translated,

shifted down in energy by a static electric field, since allthen the ion position in the plane of observation can be de-

electric dipole transitions connect them only to higher-lyingtermined to the resolution limit of the optics. Translations

states. For the electric quadrupole transition, then, we esttan also be detected in any direction by monitoring the dis-

mate thatog|<1.0x 10~° Hz/(V/m)>. tance that a focused laser beam must be translated to main-
This number lets us estimate the magnitude of the Starkain the maximum photon scattering rate from the ions. Let

shift for the 282 nm quadrupole transition, using the paramAu,; be the measured translation aloigwhen the secular

eters stated earlier. E4.=0, ¢ =0, and the ion is cooled to frequency is reduced from;; to w;,. From Egs.(16) and

the Doppler limit in thex direction, then the Stark shift of the (30) (taking |ai|<Qi2<1)' when the secular frequency is

282 nm quadrupole transition due to the electric field inthe ,,,, the fractional second-order Doppler shift due to excess

direction is|Avs/v|<1.1x107*%. A 1V mm™! static field  micromotion alongl; is

along the x direction causes a fractional Stark shift of ) )

|Avs/v|<9x 1071 If @,.=1°, the magnitude of this shift (AVDz 1 e Augei

increases by about>310~ 14, v 2 '
Under favorable circumstances, the second-order Dope Eqgs.(16) and (32), the Stark shift due to the ac field

pler and ac Stark shifts from excess micromotion can be ~

. alongu; is
made to cancel. If we consider only the effects of excess
micromotion, we have

(36)

)
W~ C

wi22 mAUOiwi]_Q 2
2o v (Avg)i=0g| —3 ~ o7 Q : (37)
u “ il i
QE(u.H=m dt? -m dt ’ 33 As an example of the sizes of the detectable shifts, we as-

. _ _ _ sume the same parameters for the trap and 8Mg") as
whereV , is the velocny_of the excess micromotion. From above. We assume also that the ion position changes by
Eq. (3D, the ac Stark shift can be written as |Aug,| =25 um in thex direction when the pseudopotential
mQ\ 2 is lowered to w,=27-0.5MHz. Then the second-order
?> (V2). (349 Doppler shift whenw,=27-1.0 MHz is Avp,/v=—1.5

X 10 14 and the Stark shift of the electric quadrupole tran-
Using Eq. (29), we can write the sum of the fractional sition is|Avg/v|<4x10 4

AVSEO'S

second-order Doppler and ac Stark shifts as This technique can also be used by modulating the
5 pseudopotentialby modulatingV, at frequencyw moq<{2)
A_”S+ Avap ~|7s mo\c 1 (V2) 35y  While the ion is located in the waist of a laser beam tuned to
4 4 v | Q P a cycling transition(for example, the Doppler-cooling tran-

For o5>0, it might be possible to make the factor in brack- _smon). We assume thae|<gj'<1 and that the modulation

ets equal to 0. As an example, for the 282 nm quadrupolf%S ad'ibat'c’ sotr\:v hile the_tm;\gnl';uslhe otfhthe e>|<cesi micromo-
transition iN2%Hg", if og=1x10" Hz/(V/m)? this factor ~"o" changes, e magnitude of the thermal motion 1S ap-

is O for Q=2m-8.4 MHz, close to the condition of the ex- {)rommaterGconst_ant._ tSupptose t?lat the laser beam has a
periment reported in Sec. V. ransverse Gaussian intensity profile

Finally, if several ions are stored in the same trap, excess | (r)=1, exp(—2r?/w3), (39

micromotion can also increase the magnitude of the secular L ) ) )
motion. The micromotion and secular motion of a single iona”d that the ion lies on the half-intensity radius of the beam

in a Paul trap are highly decoupled, so excess micromotion In 2
r= roE T Wo.

will typically not increase the secular motion. However, if (39
two or more ions are in the trap, the energy of the excess
micromotion of any ion can be parametrically coupled intoThe secular frequency is given by
the energy of the secular motion of the other i6h$>*’ ,
> 0] =0+ Aw; €O wod + @mod. (40

Since the micromotion is driven by the ac field, this heating
is continuous and can limit the lowest temperature attainablevhere
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Aoy Awy, AV, where g is defined in Eq(22). For B<1,
= = , 41
@x @y Vo “ Ry 19\2 4
®mod 1S the phase of the modulation, aAd/, is the modu- Ry 2B)", (47)

lation of the trap rf amplitude. Here, for simplicity, we as-

. " and since
sume thatAw;/w;<<1. The ion position averaged over a

cycle of the rf potential varies as k-V,
, p=lk-u'|=—"1, (48)
Ug; =Ugj — AUg; COS Wmodt + Pmod» (42)
where the fractional second-order Doppler shift can be written as
2
2UgAVy Avpy _ 0 Ry
Alioi = Vo (i=xy). (43 v~ \ckcosf,/ Ry’ (49

We definer =rf as the vector from the laser beam axis to thewhere 6, is the angle betweek and the direction of the
ion position(such that - k=0). If Au,-T<wg, then the la- excess micromotion. From Eq84), (47), and(48), the cor-

ser intensity in the rest frame of the ion is responding Stark shift can be written
1 V2In2Aug-T cof @mod+ @mod mQ?  \2R,
=g =— Avg=20g =———| —. (50)
2 Wo Qkcosd,/ Ry
=11, Al cod pod + @rmod- (44) As an example, we assume that we probe the sidebands on

the 282 nm transition iA®*Hg™ in a trap with the parameters
In the low intensity limit, the detected fluorescence signal idisted previously. If 6,,=0 and R;/R,=0.1, then the
Ry= 3 Rmax— ARy COS@mod + #mod) - HEre,ARy is the ampli-  second-order Doppler shift idvp,/v=—9x10"8 The
tude of the signal synchronous with the pseudopotentiatorresponding Stark shift i& vg/v|<2.5x 10" &,

modulation, andR,,, is the signal when the ion is at the In the limit <<y, a sensitive method to detect excess
center of the laser beam profile. We can write micromotion monitors the modulation of the ion’s fluores-
. cence signal due to the first-order Doppler sfifé*We will
ARy Al Aug-T [Aug| ) " e ;
— = =/2In2 =2In2 cosf,,, call this the ‘“cross-correlation” technique because the
Rmax o Wo Wo K

modulation is correlated to the ac potentials applied to the
(45) trap electrodes. For simplicity, we assume that the amplitude
where 6,,, is the angle betweeAu, andf. From the mea- of the first-order Doppler shift is much less than the line-
sured value oA Ry /Ry and for a known value ahVy/Vy, width y. From Eqs(15) and(18), the velocity due to excess
we can determinely; from Egs.(43) and (45). From Egs. micromotion is given by
(16), (30), and(32), we can then determine the correspond-

ing values ofA v, /v and(E?), analogous to Eq€36) and vV, (t)= _1 > Ui Q sin( Q)

(37). Generally, co®,, is not known, but it can be maxi- . 2i%%y

mized and the direction afu can be determined by moving 1

the laser beam appropriately. — 7 xRaead) cog Q). (51

The main disadvantage to the above techniques is that

they are not sensitive to excess micromotion caused by f the frame of an ion undergoing excess micromotion, the
phase shifte,. between the potentials applied to the trapfrequency of the laser is Doppler shifted byk-V,
electrodes. Ifupx=0 but ,:#0, the average ion position = gQ sint+4), where g and & are defined in Eqs(22),

will not change as the pseudopotential is raised and loweredp3) and (24). In the low intensity limit, the detected fluo-
as indicated in Eq(18). Techniques that sense the magnituderescence rate is thus

of the first-order Doppler shift caused by the excess micro-
motion eliminate this problem. R_R (3y)2

We will assume that we measure the effects of the first- d= Rmax 77 5 ) 2"
order Doppler shift on an optical transition with natural (27" [@atom™ Gtaser~ B SINQL+9)] (52)
width . Previously, first-order Doppler shifts of microwave
spectra have been used to determine the temperature of thée takewom— wiase= ¥/2, Which is a natural choice since
secular motion of trapped iort$2° We first take the case in this minimizes the temperature of the Doppler-cooled ions
which Q> y. The micromotion can be monitored by mea- and because it maximizes the cross-correlation signal. If
suring the scattering rate, when the laser is tuned to the B{<y, then
carrier (waser— @aon=0) and R; when tuned to the first

sideband @paser @aom= * Q)% [see Fig. 2)]. From Eq. Rq ~ E+ pQ sinQt+ 5) El+ ARy sm(Qt+5).

(28), in the low intensity limit, Rimax 2 Y 2 Rinax 53
R, Ji(B) . . .
== (46) Using Eq. (48), we can write the fractional second-order
Ro  Ja(B) Doppler shift as
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ﬂ _ E # ARy 2 54 %’ Biasing Rod E
v 4 \ckcos b,k Rmax
GA/ Beam 2

A

\/)é/' 2 5
4

where, againg i is the angle betweek and the direction of
the excess micromotion. With Eq&4) and (48), the corre-

5
sponding Stark shift can be written as
p g /\kTrap Electrodes Beam 1

1{ myQ ARg\? = 2
AVS: O-SE (’)’— du) ] (55) % Biasing Rod

Qk cos 0, Rya @

As an example, we considé?Hg" ions, using the previ- @ @/\
A

ously stated trap parameters, age-27-70 MHz for the Biasing Rod
194 nm Doppler-cooling transition. If¢,=0 and
ARy /Rnhax=0.1, then the second-order Doppler shift is 1) @‘/\Trap Rod 2
Avp,/v=—5%x10"8 and the Stark shift of the electric <
quadrupole transition ifA vg/v|<1.5x 10", Beams © | © 5

As opposed to the first method for sensing micromotion, 1and 2
the cross-correlation technique can determine whether the ac

I/

p 3

v

potential applied to electrode 2 is out of phase with that @ @
applied to electrode 4see Fig. 1 If a deliberately applied Beam 3
static electric field moves the ion to different positions in the (b)

trap, the phase of the ﬂuore_scence_mc_)dmation at frequengyg. 3. Experimental setup to observe and minimize micromotion using the
() depends ornp,.. The atomic velocity is 90° out of phase cross-correlation technique. The ions are at the intersection of the three laser
with the force due to the ac electric field. Thugpqcz 0, the beams(a) Top view of the section of the trap in which the ions are located.

_ . . . o eam 3 is not showr(b) View along the trap axis. For clarity, the origin of
phase of thg cross corrglauon signal jumps by. 180° as th e coordinate system has been translated.
average position of the ion crosses the nodal line of the ac
field. Also, when the ion is on the nodal line, the signal at

frequency() vanishes. However, ifp,#0, from Eq.(18),  to micromotion in every direction. Unless the three beams

the phase of micromotion in the direction continuously are orthogonal, this technique is not equally sensitive to ion
varies as the varies as the average ion position is changeghotion in all directions, as illustrated below.

Furthermore, the amplitude of the micromotion is never zero.

This behavior can be used to determine the relative contri-
butions of stray static electric fields and electrode potential-; EXPERIMENTAL DEMONSTRATION OF THE
LUORESCENCE MODULATION TECHNIQUE

phase shifts to the excess micromotion. In general, the ef-
fects ofEy4. can be eliminated by purposely applying a static ~ Figure 3 illustrates the experimental configuration we
field Eqppiied™ — Edc; ®ac Can be made zero by loading elec- use to detect and minimize micromotion of a string of ions in
trodes 2 and 4 with the appropriate reactances. our linear Paul trap, using the cross-correlation technigue. In
Still, avoidable effects may confuse the interpretation ofthis trap, ¢,c=0 within the experimental resolution. Typi-
the cross-correlation signal. For example, as the ion movesally, about ten ions, whose extent is small compared to their
back and forth across a nonuniform laser beam intensity pradistance from the electrodes, are stored in the trap. In this
file, the fluorescence is modulated at frequetityeven if  case the fluorescence modulation signals from each ion add
k-V,=0. This modulation is minimized when the ion is at in phase. Laser beams 1 and 2 propagate along [
the center of thesymmetri¢ laser beam, regardless of its —y)/vV2]+cos6z, where #=20°. Beam 3 propagates along
average distance from the ac field’s nodal position. However(x+Yy)/v2. The three beams intersect at the ions’ position.
this condition can be detected—the phase of this fluoresStatic electric potentials are applied to four biasing rods run-
cence modulation is sensitive to lateral translations of thening parallel to the trap electrodes, creating an additional
laser beam, which is not true if the fluorescence modulatiofiield that is nearly uniform at the site of the ions. When the
is due to the first-order Doppler shift. potentials on the four rods are appropriately summed, the
It is also important to avoid tuning the laser frequencyelectric fields along theX=y)/v2 directions can be sepa-
too close to the atomic frequency. In this case, the fluoresrately controlled.
cence modulation due to the first-order Doppler sHit. We detect the fluorescence modulation with a START-
(52)] is deceptively small. This situation, though, is easily STOP time-to-amplitude convertéfAC).?° The TAC gen-
checked by detuning the laser frequency farther from atomierates an analog pulse having a height proportional to the
resonance to see if the fluorescence modulation amplitudéme delay between a START and a STOP pulse. A fluores-
increases. cence photon, detected by a photomultiplier tube, generates
Finally, to determine that the micromotion is zero in all the START pulse. An amplifier discriminator generates a
three dimensions, three laser beams must interact with thBTOP pulse for each negative-going zero crossing of the trap
ion. These beams must not be coplanar, to ensure sensitiviac potential. The counting rate of fluorescence photons is
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typically much less than the frequency of the ac field. Also, 100 " -
the time between photon detections is much greater than the SR LR A PRV IR IR BN
time the TAC takes to reset for the next START pulse. Thus, * F Sl S daman — Tmr 140
each detected photon results in an output from the TAC, Y g du s W
proportional to the time to the next STOP pulse. This processg : . . ’
would be inefficient if the START and STOP trigger sources 3 4 d
were reversed, because not every START pulse would be °
followed by a STOP pulse within a period of the ac electric 20
field. Finally, the height of the output pulse from the TAC is
measured by a triggered analog-to-digital converter and o1 02 03 o4 05 o8 o7 o8
binned according to height by a computer, which acts as a time (2n/)) ' ' ‘
multichannel analyzé®® A spectrum of the fluorescence in-
tensity as a function of the phase of the ac electric field is

150

typically built up within a few seconds. 120 .

The fluorescence modulation signals due to beams 1, 2, Lol
and 3 are separately measured, then the static fields are adg g 1, R Deran
justed to minimize the fluorescence modulation for each £ \‘\Q “ . . ..*’f( DR I

i i ion is di ic 360 Jtmb s LT . |
beam. Since the micromotion is directed along the ac electric g 60 =gt —rpaees

field, in general, the direction of the micromotion is not the

150

nts/bin

*

direction of the ion displacement from the trap axis. For %

example, in the trap of Figs. 1 and 3, micromotion along o

(x+y)/v2 indicates that the ions are displaced along ( o 01 02 03 04 05 06 07 08

—Yy)/v2, and vice versa. To begin, we compare the cross- (p) time (27/C)

correlation signalARy /Ry With only beam 1 present to

ARy /Rmax With only beam 2 present. The signals due to the

two beams will differ if the ions experience micromotion 54 .

along z. Such axial micromotion is due to the endcaps, e e T

which produce gsmal) component of the ac electric field %0 — *,::;:—“’—"‘fk\v -

alongz. From symmetry, this axial micromotion should be < /{V JEES \\ v b

minimized when the ions are equidistant from the endcaps. A § 8 1 B AT -V O

differential potential is applied between the two endcaps to LN R e

translate the ions along the trap axis until the signals from

beams 1 and 2 are nearly equal. Next, the static field along

(X+Y)/v2 is adjusted to move the ions to a position at which © o1 02 03 04 05 06 07 08

ARy4/Rpax from beams 1 and 2 are each minimized. Typi- (¢} time (2n/2)

cally, we must iterate these adjustments befAlR,/R .y FIG. 4. Experimental fluorescence modulation signals for beam 1 of Fig. 3,

~0 for both beams 1 and 2. Finally, a static field a|0r§(g ( using e_}ight ions in the Iinear tra(poithAand fit(solid line). Displacement

—)1v2 is applied to null the amplitude of the signal from Tghf '%ns;r:?jr(z)th_eet;"’}foa:'sslonwy)m 's (&) 0.9£0.3um, (b) 6.7

beam 3. After this we check that the signals from beams 1 ' T

and 2 have remained negligible. If they have increased, we

repeat the entire process until the micromotion is eliminateds present. The laser is tuned near the 194 ¥6s 2S;),

in all three dimensions. —5d¥%p 2P,,, transition. Here, Q=27-8.6 MHz, wy
Figure 4 shows some fluorescence modulation signals- wy~2-65 kHz, antwj,ser~ @ aton= — ¥/2. The micromo-

collected with the setup shown in Fig. 3, when only beam 1tion has been nulled in all three dimensions as just described.

TABLE |. Summary of the sensitivities of various techniques to the fractional second-order Doppler shift and the Stark shift. Formulas are approximations
assuminda;|<q?<1 (i=x,y). Here, A v,p/v); is the fractional second-order Doppler shift due to motion along directioif{A vs); the Stark shift due to

the electric field along direction; , k the wave vector, ang the width of the excited transitiom the ion massQ the ion charge() the trap drive frequency,

w; the secular frequency along directian, andd,, the angle between the direction of the micromotion &nd

Method Avyply Avg
Directly monitor ion displacemeniuy; along (AVDZ 1/ o Augwy)? 5 MAugwpQ)?
i ionu: i ) . = _ - Ave) = __

directionu; as w; is changed fronw;; t0 w;, ” )i > (m c ) (Avg); (rs(;iﬁz2 0 )
Measure ratidr, /R, of scattering rates of carrier and Q 2R, 2m0? \2R,

first sideband > vy) —(m) 50 204 m) 50
Monitor cross-correlation sign@l Ry /R s due to 1 ¥ ARy\? 1 my Q ARd)Z
first-order Doppler shift Q <vy) ~"3 m%) ) US(QKTS(M@
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