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Abslract

In this paper we describe a method for measuring the
sizc of an ion cloud inside a linear ion trap. At -10"?
the 2nd order Doppler shift for trapped mercury ion
frequency standards is onc of the largest frequency offscts
in these lamp based systems. 1ts mcasurcment to the 1 %
Ievel would represent an advance in insuring the very
long term stability of these standards to the 10-'" or better
level.

This mcasurcment is implemented with a novel 12-rod
lincar ion trap which we have developed and describe
here.

Introduction

A small, portable clock with long term stability of 10-'"
or better would enable an autonomous dccp space
navigation systcm where ultra-light and ultra-stable
clocks would be carried aboard a spacecraft to gencratc a
two-way Doppler link from the spacecraft to the ground
stations and transpondcd back, This systcm would allow
the spacecraft to navigate using only a fraction of the
ground station antcnna time as is currently used. Such
systems arc now being planned at JPL. for deep space
missions where ground station antenna time allocation
must dramatically shrink as small, incxpensive missions
proliferate.

To maintain 10" 14 stability over t imc scales required for
a spacecraft to travel 10 the outer reaches of the solar
system an onboard atomic clock would need to be sclf-
calibrating, assessing frequency offsets and taking
corrective measures to hold such offscts constant to -1 %.
The method described in this paper should enable a
mcasurement of the 2™ order Doppler shift to the 1 %

level via a cloud size mcasurcmcent. This method would
be useful for all applications requi ring long term stability.

Tmproved Harmonic Lincar lon Traps

The harmonicity of a traditional four rod linear ion trap
is a function of rod diamctcr and spacing, lImproved
harmonicity can bc accomplished with variations to this
geometry. For example, figure 1 shows a linear ion trap
configuration based on a cylinder which has been cut
along its length into eight sectors, four at 60° angular
width and four at 30° angular width. The quadrupole
requircmient d(p,0 + 7/2) = - O(p,0) leads to the

expansion for the potential inside the cylindrical linear
trap

O(p,0)= Cop’sin(20) + Clpssin(()O) + Cgpwsin(IOO) +...

If the 30° sectors arc grounded and the remaining 60°
sectors arc biased in a quadrapole fashion as shown, the
resulting ficld is very harmonic, i.e., Cl = O.

Onc simple implementation of this 60°/300 arrangement
is shown in Figure 1. It consists of 12 circular rods with
every 3rd rod grounded with the two iatervening rods
held at the same potential, This arrangement has the
same 60°/300 symmetry of the scctored cylinder of Figure
1.

Jon Cloud size Mcasurement via quadrupole shaped

magnctic field

The 4 auxiliary grounded rods can be used to generate a
quadrupolc magnctic field inside the lincar trap whose
node line coincides with the node line of the rf trapping
fields.
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The trap on the left produces a very harmonic trap d(p,0) = Copsin(20) + Czp'’sin(100) +

.. Thetrap on the right is a simple implementation of the 60°/300 symumetry constructed with 12 round

rods.

The shift of the clock transition with applied magnetic
ficld is quadratic, v = vo -t a H? where Il is the total
applied ficld and o is the sensitivity factor; a = 97
Hz/Gauss® for '’Hg’ clock transition, Notc that 97
Hz/Gauss® = 97 pHz/mG>. If the field is the sum of a
static, homogeneous ficld along the trap axis, H,, and the
transverse quadrupolc ficld from the four auxnlary trap
rods, hy(r), we find v = V. + a (11,% h, (r))> = Vo + ollg’
+oh,% Since h,(r) =h(Xy+ Jx) and therefore, h,?
= (h')?p? , the magnetic shift of the clock transition grows
quadratically with distance from the node line. The clock
frequency is the average of this spatialy varying field
over the ion cloud dlstrlbutlon n{() Thus, (v) =
olo? + op?y(h)? W here the brackets, ( ) |nd|cate
average over the ion cloud distribution. A mcasurcment of
the frequency change of the clock transition when the
transverse ficld h, (r) is applied can yield a mcasurcment
of the ion cloud radius. The quantities which determine
(P*) arc ion number, ion temperature, and the trap rf level
and its resulting secular frequency, o For afixcd
secular frequency and buffer gas pressure, ion number
and temperature are not independent thus a measurement
of (p*) could be used to servo the clectron emission to
hold the ion number (and temperature) constant.

To estimate the size of the shifts suppose (p°) = 1 mm?
and h' =20 mG/mm. The shift when the quadrupole field

of this st rength is switched on is 97 pHz/mG? x 1 mm? x
400 mG*mm? =~ 40 mHz which corresponds to a 1 x 10°

12 shift of the clock transition. With a trap radius R~ 5
mmthe ficld gradient produced at the center is b =~ (i,

I)/(n R*) =20 mG/mm at a quadrupole excitation current
of 17125 mA. Even with (p?y 0.1 mm? , a 400 mA
current wilt produce a 10-'2 clock shift. A clock with 10-
/N7 short term stability will ncasure this offset to about
1°A in afcw minutes of averaging time, t.

T, Relaxation in h, ficld gradient

One problem that must be avoided with this technique is
relaxation of the high Q clock transition in the field
gradient of the quadrupole magnetic ficld, h; (r). This
nicthod depends upon the clock transition shifting an
amount proportional to (p*) with no change in the signal
size and Q. The two Zeeman states F ~1, mz "+ 1 can be
mixed with the upper clock state F =1, ny = O and cause
arapid relaxation of the coherence between the two clock
levels F=1, mg=0 and F = O, my= O. The frequency
spacing to these Zeeman levels increases at = 1.4 kHz per
mG of appliced ficld Hp, which is typically about 50mG.
The trgjectory of anion in the p, O plane determings the
spectrum of variation of the quadrupole field, h; (r). The
cohierence in the clock transition will relax rapidly as this



spectrum overlaps with the Zeciman states at @o = 1 y Ho,
where y/2n = 1.4 kHz/mG. The harmonic motion through
the trap center leads to a magnetic field variation at the
secular frequency of the trap, os.. These arc the ‘free
particle’ limits. When space-charge repulsion as for a
large cloud is important, these frequencics move down.
Thus, it would appear that to avoid relaxation via mixing
with the Zecman states we must run the stat ic field H,
high enough so that y Ho > o... As the static fied is
increased the clock transition grows more sensitive to
field variations and the clock is potentially lcss stable.

Relaxation rates to the Zecman sates from the upper
clock state can bc estimated from nmr relaxation ratcs
given in the Redficld theory [ 1,2]. The time dependent
magnetic field seen by an ion moving in the field gradient
of hy (r) can have spectral overlap with the frequency
splitting to the Zeceman states ®o =+ v Hy thereby
transferring atoms into this state. In this estimate, the ratc
at which this occurs is assumed to be the same as the rate
of cohcrence loss in the clock transition. The transfer of
population occurs at a rate Tl"zyzgln’)z (Si(oo) +
$,(00))/2 where we have used [V H, P =1V H, [ = @)’
iN the notation of rcf [1]. The spect rum of the t imc
variation of the ficld gradicnt seen by the moving ion
Sy(@) ~ Syw) — (ZkBT/mmmz)(tc(lc’z-r(m - 0e)) s
assumed to bc a Lorentzian shape ccntcrcd on the ion
secular frequency, s, with width dctermined by the ion
collision rate, t.', which changes the phase of the ion
secular motion within the trap. The spectrum is derived
from a harmonic oscillator which is randomly rc-phased
at an average time interval of t.. These collisions could bc
with other atoms or ions, or could bc with the trap end
confincment fields where each turn-around at the cnd cap
field will disrupt the secular frequency phase. The
collisions must be of sufficient strength to randomize the
phase of the harmonic secular motion, The mean square
amplitude of the transverse motion is 2kyT/mmg.>*" (P*)>
dctcrmincd by the secular confincment and the ion
temperature, T. Wc rc-write the population rate transfer
in terms of the frequency shift when the quadrupolc ficld
isapplied, sv=o(p? )0, asT1" = ¥* Gv/a)(t(t: ™ (o -

osee ). Taking t. - 1 msec, 0o-0sc 27¢ 50 kHz, and
&v = 40 ml Iz, we find that T, ~ 300/see, a very rapid
loss of coherence in the clock transition.

Onc possible solution to this near resonance relaxation
is to apply the quadrupole field at a frequency, €2, much
higher than the secular frequency, o.... Since along the
path of the ion trajectory, hy (r(t)) "h'( Xy + yx)°
hy’cosCU (YoSinmget X o+ XpSin(Oget + ¢) ¥ ), t h e
frequencies of the quadrupole field seen by the moving
ion arc now up-shifted to Q + e which can bc 10 or
more times higher than y Ho to avoid the mixing to the
Zeeman states and loss of coherence in the clock
transition. in this case the dominant frequency seen by
the moving ion is -Cl so that Ty 2 ¥ Bvio)(tlte (oo -
[>)))". If the quadrupole field is applied at 2 MHz the
relaxation rate is , T, ~ 0.2 /see, much slower than with
the dc quadrupolc current and thereby preserving the line
Q and signal size.

Summary

Wchave proposed a method for measuring the size of an
ion cloud confincd in alinear trap. This mcthod involves
measuring the shift in the clock transition frequency
when a quadrupole rf magnetic field is applied. The node
linc of this ficld coincides with the node line of the rf
trapping field. The method should allow stabilization of
the 2" order Doppler shift to 1% enabling 2“d Doppler

instabilities tobcheld below 10" of the clock output

frequency.
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