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Diffusion and synchronization in an ion-trap resonator
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The motion of an ion bunch trapped between two electrostatic mirrors in an ion-trap resonator is analyzed
both experimentally and via numerical simulations. It is found that under certain conditions it is possible to
achieve either synchronization of the ion motion, which causes the size of the bunch to remain constant, or
enhanced diffusion, which leads to rapid debunching. These effects are analyzed and criteria for synchroniza-
tion are proposed.
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[. INTRODUCTION dimensional model systems, which illustrate the dynamics of
diffusion and synchronization. Finally, we describe in more
lon traps are able to trap charged particles for a long timegletail the dynamical basis of diffusion and synchronization
and they have been successfully applied in several areas 8hd compare the results to numerical trajectory calculations.
physics[1]. Among the many applications of ion traps is We find that the repulsive Coulomb interaction between the
their use for atomic and molecular physics, such as for théons, in combination with the kinematical properties dictated
study of metastable stat¢g], and cluster cooling3]. The by the electrostatic fields, can either enhance the diffusion,
dynamics of trapped ions has drawn much attention since th@nd hence speed up the transition to a steady state beam, or
early days of ion trapping4—7]. One item of interest in induce so strong a correlation between the ions that ion mo-
these systems stems from collective effects which can b#on synchronization and self-ordering phenomena emerge.
studied both in the laboratory under well defined conditions
and with developed theoretical methods.
Recently, a different class of ion traps has been developed Il. EXPERIMENTAL SETUP
[8—12, in which ions oscillate between a pair of electrostatic
mirrors, much like photons in an optical resonator. The
trapped ions have kinetic energies of a few keV in the central Experiments were performed with ion beams of Aand
part of the trap while inside the mirrors they have only a fewXe". The ions were produced in an electron impact ion
meV near their turning points, where they are also subject tource, extracted, and accelerated to an energy of 4.2 keV.
radial focusing forces. Thus, the density of ions changedhe ions were then mass analyzed by a 20° magnet posi-
strongly within the trap, due both to their slowing down in- tioned just after the ion source and by a 45° magnet posi-
side the mirrors and to the radial focusing. This density cariioned about 5 m from the ion source. Steering and focusing
increase by two to three orders of magnitude inside the mirof the ions between the two magnets and between the last
rors as compared to its value in the field-free region of themagnet and the ion trap were done with the help of two
trap. electrostatic quadrupole triplets. The ion currents measured
In a previous publication13], we have investigated the with a Faraday cup located after the trap wer800 nA for
stability criteria and ion loss mechanisms for ion beamsAr™ and ~100 nA for Xe". lon bunches of 0.2—10Qs
stored in such a trap. Two regions of stability were experi-were created with an electrostatic chopper located before the
mentally identified, and these were found by both numericafirst magnet. Shorter bunches<Q.2 us) were created by
simulation and optical models to be distinct modes with veryrapidly sweeping one of the potentials of the quadrupole trip-
different dynamical properties. Recently, we have also demlet through the value that allowed transmission of the beam
onstrated[14] that the trapped ions can synchronize theirto the trap.
motion under certain conditions. This effect was identified by A schematic drawing of the electrostatic ion trap is shown
observing that the size of a packet of ions remained constain Fig. 1. The mechanical design of the ion trap and its op-
for a practically unlimited time, i.e., the debunching that iseration have been described previoUdyg]. Briefly, the ion
usually observed did not occur. The synchronization effectrap consists of two coaxial electrostatic mirrors each com-
was attributed to the repulsive Coulomb interaction betweeposed of a stack of eight cylindrical electrodes. The configu-
the ions[14]. ration of the trap is characterized by the potentials on five of
In this paper, we provide experimental evidence for thethese electrodesy,,V,,V3,V,4,V, (see Fig. 1, the other
dynamics of both diffusion and synchronization in our elec-three being grounded. Provided that the field generated by
trostatic trap by experimentally investigating a particular sethese potentials fulfills certain criteria, ions can be trapped
of trap configurations. We numerically study two one- oscillating between the two mirrof8,9,13,15. The ion trap
is pumped by a cryopump to a pressure of5
x 10710 Torr.
*Author to whom correspondence should be addressed. FAX: Injection of an ion bunch into the trap is performed by
+972-8-9344166. Email address: fndaniel@wicc.weizmann.ac.il grounding all the entrance electrodes. The electrodes on the

A. The ion trap
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FIG. 1. Schematic view of the
ion beam trap. The bunch is in-
jected through the left side of the
trap. The central ring represents
the pick-up electrode. The micro-
channel plate (MCP) is
Mi ~500 mm to the right of the exit

cro-channel

plate detector mirror.
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other side are kept at high potential so that the bunch ishrough a test capacitor of 1 pF using a potential step gen-
reflected toward the entrance. Before the ion bunch returns terator with a fast rise time<(20 ns). The calibration agrees
the entrance mirror, the potentials of its electrode are rapidlith Eq. (2) usingC¢=1.3 pF.

(~100-200 ns) raised and the ion bunch is thus confined The areaA under the pulse measured on the oscilloscope
between the mirrors. The typical lifetime of the beam isis proportional to the number of ions in a bunbhand is
~2-5 s. In this paper, a particular set of trap configurationgiven by

is investigated, namely, {V{,V,,V3,V,,V;} N
={V1,4.875 kV,3.25 kV,1.625 kV,4.06 kN where 4.0 S 3)
<V;<6.5 kV. This configuration is characterized by a high Civ
yal_ue ofV, .Wh'Ch causes the ions to be strongly focusedwherev andq are the ion velocity and charge, respectively.
inside the mirror region for all values &f; [13]. For a 4.2 keV bunch of A, A(zsmV)=7x 10 °N. Fig-
_ . ure a) shows a typical signal measured forAr 200 us
B. Detection of trapped ions after injection. The peaks correspond to the passage of about

The evolution of ion bunches during storage was moni-10° ions through the pickup, and this signal is negative due
tored with a cylindrical pickup electrode made with a lengthto the polarity of the amplifier. As the actual bunch width is
l,=7 mm and inner diameter of 18 mm located at the centeplways larger than the length of the pickup electrtgethe
of the trap(see Fig. 1 The total capacitance of the pickup measured width of the sign&l, [see Fig. 2a)] is a direct
electrode plus leads was measured tothe-10 pF. The measurement of the bunch length itself. For a 4.2 keV Ar
pickup electrode was connected to the gate of a junction fiel@#eam, the electrode length is equal to a bunch length of
effect transistor(JFET) whose drain was fed to a charge 2W=50 ns.
sensitive amplifier with feedback capacitan€e. The am-

plified signal was recorded with a digital oscilloscope at a C. Detection of ion loss
sampling rate of 12 MHz. The loss of ions from the trap is due to three processes:
The charge induced on the pickiim SI unit9 due to a jon-ion scattering, ion-neutral scattering, and charge ex-
single ionj is given by change(with the residual ggsAmong these three, only the
last leads to the production of neutral particles which exit the
qj(t):%f E;(r;,t)-dS, (1)  trap. These neutrals are detected using a microchannel plate,
located~500 mm after the trap, as shown in Fig. 1. The

MCP signal is proportional to the number of ions stored in
the trap, as described in Rdfl3]. Figure 3 shows typical
decay curves measured with the MCP for two trap configu-
€ations.

wheree is the vacuum permittivityg;(r; ,t) is the electric
field induced by the ion at position; at timet, and the
integral is performed over the surface of the pickup. Th
corresponding potential present on the gate of the JFET is
Vi(t)= .qj(t.)/C The signalV, measured by the oscillo- Il BUNCH DYNAMICS
scope is given by
The dynamics of a trapped ion bunch can be observed in
z qi(t) = Qp(t) 2 the evolution of its size. The longitudinal diffusive motion of
J the ions in a bunch derives from four mechanisms. First, the
ions will dephase due to the intrinsic spread of oscillation
where the summation is over all the ions stored in the traptimes AT; which exists because the trapped ions move on
andQ(t) is the total induced charge at timeThe detection  trajectories with slightly different oscillation timedT; is
system was calibrated by injection of a known chargecharacteristic of the trap configuration and the injection con-

Va(t)=
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d) whereT;(i) is the oscillation time of ion during oscillation
numberj. Since the initial width (V,) of the ion bunch is
s 0 independent of the diffusion process, the bunch width
EQ after n oscillations is given by
> _5t ]
Wi =W+ () = (tn)?= VW5 + At )
-10 : : :
1 1.005 1.01 1.015 1.02

where the averages are performed over the trapped ions. The
distribution of oscillation times in oscillation is character-

FIG. 2. Signal observed with the pickup for a 4.2 kevV*Ar 1zed by a mean(T,) and a widthAT,. The width of the
bunch with an initial width 170 ns stored with,=5.5 kV, at four  distribution of arrival times at the center of the trap can now
different time intervals after injectionta) 0.2-0.22 ms(b) 0.3—  be written as
0.32 ms,(c) 0.5-0.52 ms, an¢d) 1.0-1.02 ms.

T(ms)

AtR=Ath+ AT+ 2((T—(To)) (th-1—(ta-1)))- (7)
ditions. Second, the ions have an initial energy spri&g _ ) ) B
as they emerge from the ion source, giving rise to an addilt 1S evident that, withAt,=0, Egs.(6) and (7) allow the
tional width of oscillation times\ T, . The exact dependency erative evaluation of the width of the bunch after any num-
of oscillation time on ion energy is a function of the particu- ber of qscnlauons. In the following we consider some imple-
lar ion trajectory, and hence this time spread depends on bofR€ntations of Eqsi6) and (7). , ,
the applied trap configuration and the injection conditions. With neither external nor internal perturbations, the ions
Third, the trapped ions are subjecteaternalperturbations are characterized by a dlstr|putlon of OSC|IIa_t|on times with
due to scattering on the residual gas and noise on the appli&@"Stant meakT,)=T and widthAT,=AT, given by
electrode potentials. Finally, the Coulomb repulsion between 5 5
the ions leads to aimternal perturbation of their motion and AT,= VAT, +AT}. ®
hence affects the diffusion pattern. _ _

To evaluate the diffusion dynamics explicitly, we considerHence the trapped ions behave as if they were a closed sys-

an ion bunch of temporal widti, initially positioned at the ~ tem where each ion preserves its initial oscillation time. In
center of the trap. The time of arrival of iérat the center of this case Eq(7) reduces to

the trap aftem oscillations is written as 5 ) 5 5
Atp=Aty_;+(2n—1)AT =n’AT; 9

th(i)=tg(i)+tq(i) (4 and the bunch width becomes
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W,=JWg+n?AT; (coherent diffusion  (10) 1.5
We label this type of diffusion “coherent diffusion,” since (@)
the phase of each ion oscillator evolves unperturbed from its
initial value. 1l -

On the other hand, if we assume that the ions interact with
external perturbations so that the oscillation time of each ion
is changed stochastically after each oscillation according to
the distribution of oscillation times possible for the specific
trap configuration 4T,), the last term in Eq(7) vanishes, 0.5¢
andAti=At;_+AT2=nAT3, which in turn leads to

W, (us)

W,= W§+nAT§ (non-coherent diffusion  (11)

Under these conditions, the bunch expands in a noncoherent 0 20 40 60 80 100 120
way, i.e., the phase of each ion oscillator evolves stochasti- n

cally. This form reflects the central limit theorem of statisti-

cal mechanic$16].

The expression for noncoherent diffusion, Etjl), relies 9
explicitly on the randomization of oscillation times after 10
eachoscillation. A more general result describing the effect
of stochastic interactions on the diffusion pattern is obtained (b) .
by defining a numben,;, equal to the average number of
oscillations before an ion’s oscillation time is randomized, [~ A
i.e., the probability for an ion to change its oscillation time
per oscillation is I,;y. Within this model Eq(7) becomes

LA Y .
& o
TN TN e e
- . .

A(us mV)

At =At:_ + AT+ 2ATo(n—1)exp —n/ng). (12)

Equation(12) represents the general situation between the
coherent and noncoherent diffusion: fof;,—~ Eq. (10) is
recovered, whilen,;,—0 gives Eqg.(11). In any case, Eq.
(12) shows that with purely stochastic perturbations of the 0 . . . . .
ion motion the diffusion pattern is bounded between the two 10 0 50 40 60 80 100 120
limiting cases Eq(10) and Eq.(11). n

Finally, if the ion motion is subject to internal perturba-
function of the trap configuration, the ion density, and the® ~170 ns whenV,=5.5 kV as a function of the number of
exact nature of the interaction. It is the object of this paper tg@Scillationsn. (@) The measured bunch widil, (dots. The solid

look at the effect of this ion-ion interaction on the diffusion g”f ih;‘gs a ﬁTtr:O ;he I:iactizi.witthmO), ‘f’f’thterfa’vod: t167 't?ls and
pattern in more detail. p=5.9 ns. The dashed line shows a fit to the data with(Ed),

whereW,=167 ns andAT,=46.3 ns.(b) The areaA under the
pulse.

IV. EXPERIMENTAL RESULTS

A. Diffusion whereA is the area under the peak/, the bunch widtht,

the average time of arrival of the bunch at the center of the
pickup, anda andb the coefficients of the linear background.
The values ofA, W,, t,, a, andb were free parameters
or each peak. The dots in Fig(a} show the bunch width

Figure 2 illustrates the evolution of a bunch of 4.2 keV
Ar* ions, injected with an initial width of about 170 ns, as
obtained for a trap configuration witi; =5.5 kV. The fig-
ure shows the signal measured by the pickup for four tim

intervals after injection. The ion bunch is seen to broaden n asa funqtlor_\ of_the number of osc_:llla_tloms As the
with time, becoming indistinguishable from the noise ancterperlod of oscillation is 3.15us, 100 oscillations represent

about 1 ms about 315 us of storage time. The initially confined bunch

The temporal evolution of the bunch was quantified byOf lons Is seen to brqadgn with a charaptensﬂc deper!qlence
fitting each peak with a Gaussian profile on a linear back" the number of oscillations. Althougl,, increases signifi-
. cantly with time, it is shown in Fig. @) that the peak area,
ground
' which is proportional to the number of ions in the buiisae
- Eq. (3)] decreases only slightly until the bunch is too wide to
e (TWT2W i at+b (13)  be measured. Measurements of the lifetime using the MCP

V27W, detector located outside the trégee Fig. 1 show that very

V(t)=—
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FIG. 5. Measured effective time spreadT,) as a function of > -5¢
the configuration ;) of the trap.
few ions are lost from the trap during this time, as a lifetime _1015 15.005 15.01 15.015 15.02
of abou 3 s was observed, corresponding to about dsxil- T(ms)
lations. 5 . . .
The solid line in Fig. 4a) shows a fit to the width of the ©
bunch using Eq(10) with Wy andAT , as fitting parameters.
The fit is excellent withWy=167 ns andAT,=5.9 ns. The s 0
dashed line in Fig. @) shows the best fit to the experimental E
data using the expression for noncoherent diffusjiéiaj. S5
(11)] with W,=167 ns andAT,=46.3 ns. Noncoherent -5r
diffusion is clearly not a good representation of the observed
diffusion pattern. _10 . . .
The diffusive behavior illustrated in Fig. 4 is typical for 50 50.005 50.01 50.015 50.02
the evolution of bunches for a variety of potential configu- T(ms)
rations of the trag14]. In general, with the configurations 5 . . .
investigated in this paper, this behavior was seen\for (d)

>4.9 kV. Figure 5 shows the fitted values T, according
to Eq. (10) for configurations of the trap with 49V, < 0 WW
<6.5 kV. The value oAT, rises smoothly from about 2 ns gﬁ

at 4.9 kV to a plateau of about 7 ns fuy above 6.0 kV. > ¢l ]

B. Synchronization

-10 . . .
90 90.005 90.01 90.015 90.02

T(ms)

1. Injection of short bunches

Up to now, the bunch was shown to evolve smoothly, as
would be expected from the statistical assumptions described FIG. 6. Signal observed with the pickup for an initially 170 ns
in Sec. IIl. In this part, we show that a very different behav-Wide bunch of 4.2 keV A¥ stored withV;=4.7 kV at four differ-
ior can be obtained for specific configurations of the ion trap €Nt time intervals after injectioria) 0.5-0.52 ms(b) 15-15.02 ms,
Figure 6 shows the evolution of an ion bunch injected into(® 50~50-02 ms, an) 90.0-90.02 ms.
the trap with an initial widthwy=130 ns. In this case, the
potential of the first electrode was set ¥9=4.7 kV. In  fusion[Eg. (10)]. The initial increase in bunch width is ac-
contrast to the diffusive behavior seen in Fig. 2, the width ofcompanied by a decrease in the peak gee inset in Fig.
this bunch is preserved over the 90 ms shown. More detailg(b)], i.e., ions are lost from the bunch during this stage of
of the evolution of the bunch are shown in Fig. 7 where thethe evolution. After the initial increase, the bunch width sta-
bunch width and peak area are shown as a function of thbilizes around 120 ns but with some large jumps during the
number of oscillations. The inset in Fig(af shows the evo- first 5000 oscillations that are correlated with jumps in the
lution of the bunch width for the first 600 oscillations. Dur- peak area. During this time, large amounts of ions are both
ing the first 150 oscillations, the bunch width increases mucladded to and lost from the bunch. Beyond about 5000 oscil-
like that for the previous configuratioisee Fig. 4a)], and lations, the width is essentially constant, although the num-
the solid line shows the behavior according to coherent difber of ions in the bunch decreases exponentially with time,
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residual gas collisions or noise on the mirror electrodes in
FIG. 7. Evolution of an initially 170 ns wide bunch of Arat  the trap. It will be shown that the origin of the nondiffusive
4.2 keV (V1=4.7 kV). (a) Bunch widthW, . The solid line is the  behavior illustrated in Fig. 7 lies in the synchronization of
expected behavior for coherent diffusifieq. (10)] and the dashed the ions’ motion that occurs for a range of electrostatic po-
line is for noncoherent diffusiofEq. (11)]. (b) The peak ared. tential profiles in the mirror regions.

with a typical lifetime of 270 ms £ 9% 10* oscillations. 2. Asymptotic behavior
Similar behavior was observed for bunches of initial width The synchronization phenomenon was investigated by
~170 ns injected into the trap for configurations ¥{  studying the bunch development for different configurations
=4.1-4.9 kV, while above 4.9 kV the initial bunch diffused of the electrode potentia¥,, initial bunch widths, and dif-
as described in the previous secti@ee Figs. 2 and)4No  ferent ions, namely, Ar and Xe". When a wide bunch of
trapping was achieved for;<4.1 kV. Stable bunches have ions was injected into the trap it was observed to split up into
been observed for up to 330 ms, which corresponds to thearrower bunches during the first tens of milliseconds, while
maximum memory available for our digital oscilloscope, only one narrow bunch with a characteristic width remained
and, since no change in the asymptotic bunch width wast later times. Figure 8 displays the details of this evolution
observed on that time scale, one can safely assume that mufdr an initially 0.9 us wide bunch of Af at 4.2 keV when
longer times are possible. the trap was configured wit';=4.7 kV by showing the
Also plotted in Fig. 7a) are the expected diffusion pat- fitted width[Figs. §a)] and aredFigs. 8b)] [see Eq(13)] of
terns for coherent diffusiofEq. (10), solid line] and nonco-  the largest bunch as a function of the number of oscillations.
herent diffusior{Eq. (11), dashed ling¢ The evolution of the  After a rapid shrinking of both the bunch width and pulse
bunch width as shown in Fig.(&@) is clearly incompatible area(which correspond to a loss of particles from the bynch
with either model, or any intermediate fofigq. (12)], all of ~ during the first 500 oscillations, the largest ion bunch cap-
which imply a smooth increase in width with number of tures and releases other bunches for about 8000 oscillations.
oscillations. Thus, the evolution of the bunch cannot be ex- After about 8000 oscillations, the largest bunch captures
plained by interactions that are stochastic in nature, such ahe last bunch, leaving in the trap a single bunch of constant
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15 FIG. 10. Asymptotic beam lifetime- as a function ofV; for
o trapped beams of Arat 4.2 kV.
o]
8 (b) the asymptotic bunch widthV, and decay number, are
10 w O, T shown, respectively, for a 4.2 keV Arbeam(dot9, as a
g""_ - function of V4, in the range where synchronization was ob-
e ' served. Each point in the figure represents a separate injec-
‘8 . tion. Two modes are clearly observed, for both the width and
5 HACTIL 1 the decay number. For values 8§ <4.45 kV, W, and 7,
..“' 9 increase smoothly. AV,=4.45 kV, a fast decrease of the
. asymptotic width occurs, from 240 ns to 150 ns, whilg
T increases more rapidly from5x10* to ~10° oscillations
0 . . . . (which corresponds to a bunch lifetime of about 300.ms
4 4.2 4.4 46 4.8 5

At the same time that the bunch behavior was monitored
by the pickup, the overall lifetime of the stored ions was

FIG. 9. (a) Asymptotic bunch widthw, for Ar* (dotg and Xe" monitored via the M.CP' TWO decay curves of trapped A-t
(open circles For comparison, the data for Xehave been muilti- 4'3 ke\(/aie4s7f10|l/¥/n Indli}g;i f5orktl//votd|fferelnt tr?p cor?ﬂ%u-
plied by y40/132. (b) Characteristic decay numbey, for Ar* rationsvy =4. andvy = 4. » WO vaiues for whic

(dots and X&' (open circles The initial bunch was-2 us. synchronlzatmn is tf'iklng plaqe..The dgcay curves are char-
acterized by strong ion loss within the first0.3 s(i.e., over

width W,=150 ns, a value close to that measured in thea time scale corresponding to the bunch lifetiraéter which

previous casgsee Fig. Ta)]. After this stabilization has oc- a single exponential decayis observed with a characteristic

. . lifetime of several seconds. Figure 10 shows this asymptotic
purred the bunch area decreases exponentially with INCre€ARratime of the ion beam as a function of the trap configura-
ing number of oscillations:

tion (i.e., V4) over the range where synchronization was ob-

. _ served. In good agreement with the decay numléég.
A(N) = Ao exp( =N/ 77c) (14 9(b)], 7 also shows two branches where the lifetime varies
smoothly, one below-4.5 kV and one above.

v, (kV)

whereA, is a constant andy. is a characteristic decay num-
ber. For the case shown in Fig(t8, 7.=9x10% corre-
sponding to a lifetime of about 270 ms.

The behavior described above is interpreted as a self- To further characterize the synchronization phenomenon,
organizing phenomenon, where the route to the organizefigs. 11a) and 11b) show the bunches for 4.2 keV Arand
structure is complex and depends strongly on injection conXe™, respectively, observed 100 ms after injection, using a
ditions, such as position and angle relative to the trap axigrap configuration given by;=4.7 kV. The asymptotic
and the initial bunch length. However, once formed, the evowidth of the bunches is clearly larger for Xehan for Ar".
lution of the bunch, i.e., its asymptotic widthM,) and decay Some measured widths of Xewith different trap configu-
number @), depends only the voltage configuration. Simi- rations are plotted as open circles in Fig. 9. For better com-
lar self-organizing structures were seen for configurations oparison with the results for Ar (dot9, the values for Xé
the trap where the potential of the last electrode was changdthve been multiplied by the square root of the mass ratio of
in the range 4.£V;<4.9 kV. argon and xenon, which is equal to their velocity ratio. With

The results are summarized in Figga@and 9b) where this scaling the asymptotic widths for Arand Xe" bunches

3. Mass dependence
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T(ms) FIG. 12. The one-dimensional model potential used in the simu-
lations. The slope of the potential wall ég, .
3 the potential is explicitly given by
2 Xe' (b)

0 if |z]<L

V@=) 2= if |2>L,

(19

where 2.=200 mm is the length of the field-free region and
a,, is the slope of the potential walls. It is important to real-
ize that in such a potential the period of oscillation is not a
monotonic function of the particle kinetic energy: For an

4t 1 a,<2E/(qL), the oscillation period of fast particles is

5 , , , longer than for slow particles. This is because the fast par-

100.005 100.0075 1T0(0.0; 100.0125 100.015 ticles climb higher on the potential wall, and the extra time
ms

spent in this region is larger than the time difference between

FIG. 11. Asymptotic bunch widthV, 100 ms after injection for slow and fast particles in the field-free region. There is a

(@ Ar* and(b) Xe* with V;=4.7 kV. The injected bunch width slopea,,=2E/(qL) for which the period of oscillatior of
was about 5 us. the particles is independent of small variations of their ki-

netic energiesE. Under such a conditiond(T/dE=0) the
agree very well. As the bunch widiV, is given in units of diffusion of a bunch of part.icles moving in this potentigl is
time, this agreement demonstrates that the bunch widths i#trongly reduced. A convenient parameter to characterize the
units of length for both Af and Xe& are identical. The ™Motion of a single ion in this potential is the logarithmic
decay numbers#.) [Fig. 9b)] are in reasonable agreement derivative @ of the oscillation timeT with respect to the ion
for the two species as well. energyE:

_1dT 16
*=F4E (16

V. ONE-DIMENSIONAL MODELS OF SYNCHRONIZATION

In this section we demonstrate that the source of the syn-
chronlzatlgn for ions trapped in an electrostatlg: potential Sthis parameter is directly related to the slope of the potential
the repulsive Coulomb force between them. To illustrate ho"\(/valls by
repulsion can counteract diffusion and to gain further insight
into the dynamics of diffusion and synchronization, we have
numerically studied two models: The first is based on the a= i 1-L(a/E)(ewl2)
mean field approximation, while the second is a multiparticle 2E 1+L(a/E)(aw/2)’
calculation with interacting ions. In both cases, we assume
the system to be trapped in a one-dimensional flat-bottomeWhile the slope of the potential wall is bounded ®y> «a,,
potential. Clearly, a one-dimensional model is a rather crude-0, o takes values in the intervalt 1saX2E<1. All
approximation of the experimental situation. However, asproperties of the single ion motion can be expressed through
will be shown, important characteristics related to diffusiona. Here we are particularly interested in the oscillation time,
and synchronization can be understood with the insightvhich is given by
gained through these models. A detailed analysis of the data

will be given in Sec. VI. M 4L
)=V 21 2Eq (18

17

A. The model potential
A drawing of the model potential is shown in Fig. 12, and whereM is the ion mass.
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Another important feature of the one-dimensional poten- 100
tial model is that for a given value af and a specifidVl a
small change in the energy is directly related to a change in

oscillation timeAT by 50}
AT=AE al =AE|a|T 19 g 0

=AE| 5| =AE|a|T(a). (19 N
50+

B. Mean field approximation

In this model, we consider the motion of a test ion of
massM =40 amu and chargg=|e| and a sphere of radius -100
R uniformly filled with N identical ions moving together in 0
the potential given by Eq15).

The main goal here is to understand the behavior of a
single ion in the field created by all other ions, which are
represented by the charged sphere. The force between the ion (b)
and the sphere is given by

200 400 600 800 1000
Tlus)

E if |[Az]<R
e N R
Fn(Az)= — =X 5 (20
Ameo R R AR
AZ?
whereAz is the separation between the test ion and the cen-
ter of the charged sphere. -10, 200 200 500 800 1000
In the real three-dimensional potential the ions are com- T(us)
pressed radially by focusing and longitudinally by the reduc-
tion of velocity inside the electrostatic mirrors. To emulate
this behavior, the radius of the sphere was changed as a o0t
function of its velocity using the following dependence: (0)
v 10}
R=RminT (Ro— Rmin)— (21) =
vo E o
N
whereR,,;, is the minimum possible radiuR, the radius of <
the sphere in the field-free regiom, the velocity of the -10y
sphere, and its initial velocity.
The Newtonian equations for this model system were nu- 20}
merically solved for various values of,, the initial kinetic . . . :
energy difference\ E, between the sphere and the test ion, 0 200 400 600 800 1000
and the chargéN|e| on the sphere. The parameters of the Tlhs)
sphere were chosen to bd&Ry=3.6 mm and Ry, FIG. 13. Three examples of the separationof the test ion and
=0.15 mm for all cases. the charged sphere as a function of time obtained with2E

Figures 183)—13(c) show the value oAz as a function of =0.5 and AE,=10 eV with different numbers of ions in the
the number of oscillations foexX 2E=0.5, AE;=10 eV, sphere(a) N=10% (b) N=10% and(c) N=1C".
and different values dfl. With N=1000[Fig. 13a)], the test
ion and the sphere separate linearly with time, as expected In order to systematically study the synchronization phe-
from the diffusion model. However, foN=10000[Fig. = nomenon, calculations were performed for various values of
13(b)], the motions of the test ion and the sphere are highlyr and N, for a fixed value ofAEq=10 eV. In the subse-
correlated, and even though the charge on the sphere is largguent analysis, the results were identified as either “diffu-
than in the previous case, the maximum distance between ttlgon” or “synchronization.” The result of this analysis is
sphere and the ion is bounded. In short, the motion of thehown in Fig. 14a). Each point in the figure represents an
two particles is locked. When the number of ions in theinvestigated combination dfl and «, with open squares in-
sphere is even largdFig. 13c)], their relative motion be- dicating a case of “diffusion” while filled circles are cases of
comes more complex, where the test ion and the sphere locisynchronization.” As pointed out above, the value=0 is
and slip in a complicated pattern, but their separation is stilbf particular interest as this is where diffusion is strongly
bounded. suppressed. Figure (@ shows that synchronization is ob-
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FIG. 14. Synchronization dynamics in the mean field approxi-
mation.(a) Number of ionsN in the charged sphere vex 2E. The
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(15 with different slopes for the potential walls. The width
of the bunch was computed as a function of the number of
oscillations. For each separate propagation the initial posi-
tions of the ions were chosen randomly according to a uni-
form distribution of meanz)=0 and widthAz=0.6 mm,
while their initial kinetic energies were selected randomly
from a uniform distribution of meaE)=4200 eV and
AE=0.6 eV. For each value af, one simulation was per-
formed for noninteracting ions and one for ions interacting
through the repulsive Coulomb force. In order to allow the
ions to overtake each other in this one-dimensional model,
the Coulomb interaction was given a minimum impact pa-
rametere so that the force between a pair of ionand j
separated by a distandez;; is explicitly

e? 1

= (22
Ameg Azizj + €2

Figures 1%a) and 1%b) illustrate the evolution of this
system fora X 2E=—0.3 anda X 2E= 0.3, respectively, by
showing the calculated bunch width as a function of the
number of oscillations. The solid curves show the results
obtained with noninteracting ions, while the dots show the
results for interacting ions according to E(R2) with €
=1 um. For both values ofr X 2E and for noninteracting
ions the ion bunch width increases as expected from coherent
diffusion, Eq.(10). For X 2E= —0.3, the bunch width in-
creases much faster for interacting ions than for noninteract-

open squares represent points where diffusion was observed, a% ions, and in this case the diffusion is enhanced by the

the filled circles represents points where synchronization wa
found. (b) Comparison between the mean field simulation result
and the criterion given in Eq38). The plot shows\,=AEq/AE,

versusa X 2E. The test ion had an initial kinetic energy of 4210 eV

S?Zoulomb interaction. In contrast, farx 2E=0.3 the width

of the bunch for interacting ions remains bound between 2
and 4 ns. In this case the repulsion has synchronized the

while the charges in the sphere were initialized with 4200 eV ofmOtlon of the ions.

kinetic energy per ion. The solid circles are the values where syn-

chronization was observed, and the line is given by B8).

tained not only at this point, but also at values for which
#0. In fact, except foww=0, there is a minimum and maxi-
mum value ofN for which synchronization can be obtained.
In general, fora>0, the range of possible values bfis
much larger than fora<0, e.g., fora=0.5, 2x10°<N
<10P, while 1X10F<N<2x10° at a=—0.5.

In summary, the mean field approximation describedaft
above illustrates that synchronization can indeed happel):

among mutually repelling ions bound between two potential
walls. Synchronization is strongly favored whet>0, and
always requires a minimum density of particles to occur.

C. N-body simulations

Another way to illustrate the synchronization phenom-
enon observed in the electrostatic trap is to study the motio
of several interacting ions in the potential given by ELp).
The drawback of such a method is the larger CPU time re
quired for completely parametrizing the problem.

Here, we present simulations where a bunchNet 30
ions, each of masM =40 amu and chargg=|e|, was

The N-body simulation also allows us to check the statis-
tical description given by Eq$6) and(7). The central quan-
tity that determines the ion dynamics is the correlaZqr,
an2<(Tn_<Tn>)(tn71_<tnfl>)>- (23

This quantity holds information in a statistical way on the
mechanism of diffusion, as well as synchronization, and
measures explicitly the correlation between the arrival times
ern—1 oscillations and the oscillation times of oscillation
If the value ofC,, is positive, the ion bunch will show

iffusion, while for a negative value @, the ion bunch will
tend to synchronize. For instance, the character of the orga-
nized state is determined by the requiremétfi=At2_,, or
equivalently

AT2+C,=0, (24)

which is to be evaluated for the synchronized ions, and im-
plicitly requires a negative value &@,. The analysis in Sec.
HI showed that without ion-ion interaction the correlator will
always be positiveC,= 0. With ion-ion interaction included,

the size and sign of the correlator result from the interplay
between the ion-ion interaction and the kinematical proper-

propagated for 100 oscillations in the potential given by Eqties of the electrostatic potential.
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2 6 FIG. 15. Evolution ofN=30
25 2 ions, each of mas#1=40 amu
2" 2, and chargeg=|e|, trapped in the
10 ., potential Eq(15) for two different
2 \/-J\/— values ofa. The initial energies of
5] the ions were randomly selected
0 0 from a uniform distribution of
0 20 40 60 80 100 0 20 40 60 80 100 mean (E)=4200 eV and width
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show the results obtained with
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Figures 1%c) and 15%d) show the value ofC, for « sion is much like the diffusion of noninteracting ions. Thus,
X2E=-0.3 (c) and X 2E=0.3 (d), both for interacting in the present case, synchronization is observed onlyxfor
(dotg and for noninteractingsolid curve ions. While for ~ >0. Although a complete parametrization as a functiolof
noninteracting ion€,>0 for all n, this is not true for inter-  was not madédue to the relatively large computational time
acting ions where X 2E=0.3. In this case, the correlator is required for performing these calculationsamples demon-
always negative, and it was found to be negative for all valstrated that synchronization could also be obtained but only
ues Osa=<0.9/2E. Thus, in this case, it is clearly the Cou- for specific values oN and Az when «<0, much as ob-
lomb interaction between the particles that is inducing the
motion synchronization observed in the simulations.

The dependence &,, on the number of oscillations can 10°
to a good approximation be represented by a linear function
[see Figs. 1&) and 15%d)]. Therefore the evolution of the
bunch width can still be well represented by E§0), since 1° |

here the corresponding correlator equé@js= (2n— 1)AT,2).
Thus, to further quantify the effects of synchronization and 4
enhanced diffusion following from the one-dimensional <,
model, we defined an effective time spread per oscillation's 1072}
AT, as determined from the linear slope ©f . AT, was
then determined for several values ef

In Fig. 16 AT, is plotted versusx X 2E. The solid curve

Synchronization

shows the behavior expected for noninteracting ip&Es. 10y e 0000000 1
(19)], the open circles show the results of the simulation with . . .
noninteracting ions, and the solid circles show the results for -1 05 0 05 1
interacting ions. Where synchronization was observed, the a 2E

value ofAT, is zero. There is Very good agre.emen.t between FIG. 16. Effective time spread per oscillation as a function of
the .expect(_ecﬂ'l_'e and that obtalne(_j from simulation W'th_ aX2E as obtained from numerical simulations for the same
npnlnteractmg |9ns. The small de\{'at'on,StemS from the 1E"bunches and initial conditions as in Fig. 15. The solid curve shows
nite number of ions used in the simulations, which causeg,q expected behavior for noninteracting ions, i.e\T,

the value ofAE, to differ slightly from run to run. For in-  —Ag |a|T(«). The open circles show the simulation results ob-
teracting ions, enhanced diffusion, due to the Coulomb retajned with noninteracting ions and the dots show the results for
pulsion between the ions, is observed whenever 0. At jons interacting through the force E2) with e=1 um. The
a=0 there is a sharp transition to ion motion synchroniza-cases for which synchronization occurs, i.e., whAdn,=0, are pre-
tion, which persists untibk=0.9/2E, after which the diffu- sented on the logarithmic scale by adding 40ns to their values.
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FIG. 17. Two examples of trajectories as calculated withon.
The heavy black lines show the location of the mirror electrodes.

served in the mean field model described in the previous . (o)

section. ~ 05}
In summary, the results of these simulations demonstrateg
that the Coulomb repulsion between the ions is responsible & i
for the synchronization effect observed in the model poten

tial given in Eq.(15). For synchronization to occur, a mini- o

mum density of ions is required, and the effect is greatly op=====~7 Te, T T T T
favored whena=0. On the other hand, enhanced diffusion Tee.,
is observed forx<0. Based on these simulation results, we
turn now to a detailed analysis of the experimental data in . . . .
order to develop general criteria for synchronization and dif- - 4 45 5 5.5 8 6.5
fusion. V,(kv)

.
=
o

VI. BUNCH DYNAMICS: DIFEUSION VERSUS FIG. 18. Qalculgted parameters 01_‘ the diffusion as a fL_Jnct_lon of
SYNCHRONIZATION the trap configuration\(;). (a) Total time spread per oscillation,
AT,. (b) Mean value of the derivative of oscillation time with
In order to gain insight into the diffusion and synchroni- respect to energyd(T/dE), atE=4200 eV.
zation as observed in the experiments, numerical trajectory

calculations were performed in the actual three—dimensionaSIIMTgs ;)ntr]l_rlll_sw t;hme tsprea_ztihTi v;as Obta.'t?fd glrectly from
potential of the trap. We used th&miON program[17], y 1lling the trap with a beam with & “>aussian pro-

which can both solve the Laplace equation for a specifidil® of width o(x)=o(y)=2 mm, wherer=yx“+y~is the
potential configuration in space, and propagate isvighout radial coordinate, apd a Gaqssmn distribution of the radial
ion-ion interaction on the computed potential grid. The ki- component of velocity,, of width o(v, /vy) =0.001, where
nematical properties of the trajectories for an ensemble oft IS the speed. Analysis of the oscillation times was then
ions are obtained using Monte Carlo type calculations wher@€rformed and the widthgorresponding ta\ T;) were ob-
the initial coordinates and velocities of the ions are chosen dgined for different values ov;. o
random from realistic values. Two examples of ion trajecto- 10 evaluateAT,, the derivative of the oscillation time
ries can be seen in Fig. 17, where only half of the trap igVith respect to energy, i.edT/dE, must be calculated for
shown (the value ofV, was set to 4.7 kY, Details about the populated trajectorles. This vallue was a_llsp extracted from
these calculation can be found in REE3]. SIMION calculations, and folded with a realistic value of en-
ergy widthAE,=1 eV, to obtain the time spreailT,, .

The total time spread T,= \/ATUZwLATi2 was calculated,
and the results are shown in Fig.(4Bas a function oiV;.

Using trajectory calculations, it is possible to quantify andComparison of these results with the experimental ¢fig.
interpret the experimental diffusion patterns observed in Fig5), for values where synchronization was not observed, i.e.,
4(a) for V1>4.9 kV. As pointed out in Sec. Ill, when exter- V;>4.9 kV, shows that the calculation underestimates the
nal and internal perturbations are neglected, there are twtime spread by a factor of 4, although the overall shape is
contributions to the time spread per oscillation, namely, theeproduced correctly. The value AfT,, is dominated by the
intrinsic time spread T; and the time spreadi T, associated intrinsic time spread\T;, and the dependence &fT, onV;
with the initial energy spread. as shown in Fig. 1@ mainly reflects the variations of the

A. Diffusion
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available phase space under the injection conditions used.in Fig. 15c), i.e., the values o€, increase faster with inter-
The explicit values ofdT/dE calculated usingsIMION, action than without. Thus, the electrostatic potential must
and which are used to calculate tAd, contribution, are favor interaction conditions for which the ions can diffuse on
plotted in Fig. 18b). It is seen thatd T/dE changes sign a time scale faster than the time scale of the repulsive Cou-
around 4.9 kV, i.e.dT/dE<O0 for V,;>4.9 kV, which is the lomb force. In other words, there is a correlation between the
region where diffusion is observed in the experiment. This isnotion of the ions in a potential well witiT/dE<0, which
also fully consistent with the results of the one-dimensionaleads to diffusion that is faster than expected from the geo-
simulations, which showed that diffusion is favored in themetrical trajectory spread, the velocity spread, and simple
regiondT/dE<O0 (see Fig. 1& Coulomb repulsion. Such a correlation can be understood in
The fact that the measured time spread is larger than thierms of the kinematics that exist in the potential well shown
calculated one is consistent with the one-dimensional, manin Fig. 12.
particle simulation results, which show that enhanced diffu- In a potential well for whichd T/dE<O, the fast ions
sion due to the ion-ion repulsion is observed for values ohave the shorter oscillation times. Thus, during one oscilla-
dT/dE<O0. To estimate the importance of the repulsive Cou-tion, the fast particles will tend to be located at the front of
lomb interaction in the diffusion pattern we first consider athe bunch, while the slowest ones will be located at the rear
mean field approximation for the ion-ion interaction. When (tail), thus producing a correlation between position and ve-
an ion bunch enters one of the electrostatic mirrors it is comiocity. Because of this correlation, the Coulomb repulsion
pressed longitudinally due to the deceleration and radiallforce acting between the particles cannot be assumed to be
due to the focusing properties of the mirror electrodes. Fothe result of the average space charge potential as given in
the trap configurations used in this study where the ions ar&q. (25). In fact, it can be shown that the particles located in
strongly focused in the mirror regidisee Fig. 1Y, this com-  the forward part of the bunch will be pushed even more
pression can increase the ion density by 2—3 orders of maderward, thus increasing their velocities, while the trailing
nitude at the turning points as compared to the field-fregarticles will be pushed further to the rear, thereby decreas-
region. The radial extension of the ion bunch at the turningng their velocities. This combined effect causes the average
point can be evaluated from the trajectory calculations, andlistances between the ions to grow more rapidly than in a
was found to be of the order of 0.5 mm for all investigated“mixed” bunch, where no correlation between position and
configurations of the trap. Similarly, the longitudinal dimen- velocity exists, and it is the basic reason behind the enhanced
sion of an ion bunch can be evaluated from the trajectoryiffusion observed in the experiments and simulations.
calculations, and for a bunch width of 200 ns offAat 4.2  Clearly, a minimum density of ion@r number of collisions
keV this size is also of the order of 0.5 mm in the mirror is needed for this effect to occur, but it will be shown in the
region. Thus, assuming that the ion bunch contracts to aext section, where the synchronization phenomenon is
sphere of radiu®,=0.5 mm at the turning point, the space treated, that this minimum is the same for both enhanced
charge potential at the center of this sphere is diffusion and synchronization. It is important to point out
that with a density of ions in the mirror 0f 2x10° cm 3,
the time scale of the Coulomb interaction is abou3, so
that the ions gain their additional velocities in only a very
small number of oscillations.
whereN is the total number of ions at the turning point. With
R=0.5 mm andN=10°, this space charge potential be- B. Synchronization
comesUs~4 V. Hence, the energy transferred to the ions in
the bunch can be of the order of 4 eV in one oscillation. For
V,=5.5 kV, and with a value ofdT/dE=—0.18 ns/eV Although the statistical formulation describing the syn-
[see Fig. 1&)] this corresponds to a change in oscillation chronized state has been given in E24), a more physical
time of AT;=0.7 ns, which when included iAT, gives a  description, as well as specific criteria, are needed. In this
total time spread per oscillation of 1.3 ns. This value is stillsection, we propose three criteria that have to be met to
much smaller than the measured valgsse Fig. 5 Thus, achieve synchronization.
evaluated under the mean field approximation, the addition The first criterion is related to the value dfl/dE, i.e.,
of the Coulomb interaction between the ions still cannot ac- JT
gount for the experimentaly observed difusion pattem for £1-0 (kinematicalcrierion (26
To understand the origin of the enhanced diffusion ob-
served in the experimeiiand in the simulationwe return to  for the potential well in which the ions are moving, and will
the ion motion correlato€, defined in Eq(23), and analyze be called the “kinematical” criterion. This criterion can be
in more detail the interplay between the Coulomb repulsiorunderstood in terms of the kinematical correlation that exists
and the kinematical properties of the electrostatic potentialbetween the ions in the potential well shown in Fig. 12 and
For enhanced diffusion to occur, the value ©f must be has been described in the previous section with the discus-
positive and even larger than without ion-ion interaction.sion of enhanced diffusion.
This is exactly what was determined from tNebody simu- As seen from both the experimental data and the simula-
lation described in Sec. V C, the result of which was showrtion, synchronization is easier to achieve wiEiWVdE=0.

3/ e N
e -
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1. Criteria for synchronization
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In this case, the fastest ions have the longest oscillation 1{W\?/q\/dU
times. For a bunch oscillating in such a potential well, the AZt:§(§ (M)(E) (28
t

fastest ions will tend to localize in the rear of the bunch,
while the slowest ones will tend to be located at the front. ) ) ) i
The correlation produced here is thus the inverse of the on@hereM is the ion mass anddU/d2), is the potential gra-
for enhanced diffusiowhendT/dE<0), and the effect of dient along the trap axis at the turning p0|r!t. Cpmblnlng Egs.
the Coulomb interaction between the particles is accordingly2?) @nd(28), one can extract the asymptotic width, of the
different: The fast particles, located at the back, will haveSynchronized bunch, which is given by

their velocities reduced by the Coulomb force, while the —
slow ions, located at the front, will be pushed further ahead, W=k (M)(du)
thereby increasing their velocities. The combined effect is to ¢ g

move the rearward particles toward the front of the bunch,

and the leading particles toward the back, hence keeping thghere k=350 ns ifR, is in mm, M in amu, q in units of
size of the bunch constant. Thus, the particles will have relag|ectron charge, andlU/d2), in V/imm. The value ofR, is

tive motion of the type shown in Fig. U3. For high density  pecyliar to the trap configuration and the injection condi-
of ions, when the Coulomb force can no longer be considiions, and must be evaluated for the ensemble of ions with
ered as a per.turb.atlon, a more complgx pattern will emerg&imilar values of L,. Equation (29) shows that the

as observed in Fig. 18). Clearly, the kinematical effect is 55y mptotic width of a synchronized bunch depends both on
_not sufficient, as |r_1tera_1ct|o(1:oII|S|on) between the partlc_:l_es the particular type of ion through the mass-to-charge ratio
is needed, and this will be taken care of by two additionaly;/q (in agreement with the experimental observation, see
criteria. Fig. 9) and on the particular configuration of the trap through

The second criterion is that for a group of trapped ions tqhe potential gradient at the turning pointl{/dz), and the
show synchronization, they must all be able to colligéer- i3 size of the beam at the turning poifks.

ach with each other. This means that the phase space they 1 third criterion states that the collision probability at
occupy must be coupled by collisions. This will be called they,e 1rning point must ensure that the ions do indeed lock
focusing” criterion. In the electrostatic trap, the ion-ion col- qi- motion rather than diffuse and this will be called the
lisions are of importance only in the mirror region, where the.cqjision” criterion. Indeed, as observed in both experiment
density is the highed13]. Thus, the focusing criterion can 4 simulations, collisions can lead to diffusion or synchro-
be established by considering the trajectory properties at thgi;a4ion, even if the kinematical condition is fulfilled, as il-
turning points, which are a direct function of the potential irate in Fig. 16, for>0.9, where it is interesting to note
configuration on the electrode mirrors, and, more Specifiyyat the giffusion is not enhanced. To quantify this criterion

cally, on the potential close to the turning point itself, i.e.,\ye first note that a group of noninteracting ions will diffuse
Vy. Trajectory simulations performed USIMION ShOW 5 an initial width W within a characteristic number of
that the trap configurations used in the present study are aascillationsnd given by[see Eq(10)]

characterized by strong radial focusing of the beam inside

dzt

(29

the mirror, an effect that originates in the relatively high T W2
value of V,=4.06 kV. The trajectories shown in Fig. 17 Ng=-—=— 1_(_) (30)
clearly demonstrate that the ions meet at the turning point, so AT, T

that strong compression of the bunch occurs, facilitating the
collisional coupling of their trajectories. However, due to thewhere AT, is the width of the distribution of oscillation
cylindrical symmetry of the electrostatic potential of the iontimes[Eqg. (8)], which is determined by the initial energy
trap, the angular momentuln, about the symmetry axis is a SPpread as well as the configuration of the trap. As defingd,
constant of motion for the individual ions. Consequently, theiS @ lower limit since coherent diffusion has been assumed.
ions will tend to separate radia”y at the turning points ac-As a result of the ion-ion collisions, the oscillation times of
cording to their angular momenta, implying that only ions the ions are altered. Let us defidd. as the standard devia-
with similar angular momenta will be able to interact at thesetion of the distribution of changes in oscillation times upon
points. The criterion that the phase space of synchronizegollision. Then, on average, the number of oscillations
ions must be coupled by collisions implies both strong spathat occurs before the oscillation times have been collision-
tial compression of the ion bunch and similarity of the angu-ally redistributed among the ions is given by
lar momenta of the ions. This criterion can be stated to a first
approximation as AT,

ne= AT,

(31)

Az;=R; (similar L,) (focusing criterion (27)

For synchronization to dominate over the diffusion due to
whereAz, andR; are the axial and radial sizes of the bunch,the initial spread in oscillation timeXT ), the ion-ion inter-
respectively, at the turning point. Using a second order exaction must be strong enough that<ny. On the other
pansion for the bunch position around the turning point, thénand, to prevent enhanced diffusion due to the ion-ion colli-
axial size at the turning point of an ion bunch of widthcan  sions, the change in oscillation time due to a collision must
be evaluated as also be much smaller than the width of the ion bunafi;,
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<W. Combining these conditions, the third criterion for syn- 300
chronization can be expressed as

250t
(32 -

ATp< < ! 1 w)* llisi iteri
w <" aT, =] collision criterion.

Assuming that the bunch widtW/ is much smaller than - et Tiee :
the oscillation timeT, the above criterion has the simple Eq0 :
form 2 o) °

AT T o ® )
p isi iteri © '0:9 9.0
<n< < : Q.. ®.¥, ;Yo
W <Ne AT, (W<T) collision criterion. (33) 150l .S |

Based on this criterion, the synchronization is seen to be
in competition with both the diffusion due to the internal ¢
time spreada property of the trapand the diffusion due to 100 , ,
the ion-ion interactior{and related to the bunch densityn 4 42 4.4 46 48
other words, too few collisions or too many lead to diffusion, Vv, W)
while there is an intermediate situation where collisions can
lead to synchronization. Such a situation can be seen in Figg.
14(a) where for both small and large numbers of iddsn 0

the sphere, diffusion is taking place, while synchronization is - _—
the intermediate situation Is the average number of collisions per oscillation. In a pre-

vious publication13] it was shown that, for a given trajec-

FIG. 19. Calculated asymptotic wid¥, as a function ofV,
pen circles The dots are the measured values.

2. Numerical estimations tory i, A can be estimated as
In this section, we will use theimION trajectory calcula- MU
tions to e_valuat.e the guantities negded to compare the syn- (No)i=k'(N)o /—Oa,”(Avo)Av%
chronization criteria to the experimental values, i.e., the
range of potential on the last electrodg,, for which syn- R.\2/dU\ "1/ 1
chronization was observed. (—0) (—) <—> (34
The kinematical criterion is the easiest to compare. As R dz t Av;

explained in the previous section, synchronization is strongly
favored if dT/dE=0. Experimentally, synchronization was wherek’ is a constant, i, ), is the ion density at the center
observed for 4.4V;<4.9 kV, and this range is in very of the trap,U, is the acceleration voltages.(Av,) is the
good agreement with the region whetf®/ dE=0, as can be ion-ion scattering cross section at a known relative velocity
seen in Fig. 1&). Avg, (Ro/R;) is the ratio between the beam radii at the
To evaluate the focusing criterion E@7), by use of tra-  center of the trap and at the turning poinis;; is the relative
jectory simulations we make the simplifying assumption thatvelocity, and(1/Av;) is averaged over the relevant phase
only ions for whichL,=0 will be able to synchronize space at the turning points. For the present configuration of
through collisions. The radial extension of the ion bunch athe trap, and the range of values\6f probed in this experi-
the turning pointR, and the gradient of the potential ment, assumingr(,),=10° cm 3 and o.=10"1° cn?, it
(dU/d2); are evaluated usingIMION. Using these values, was found than.~100. This value can be compared to the
the asymptotic widttW, is calculated based on E9). The limits for n. as required by the collision criterion in E@®2),
open circles in Fig. 19 showv, for configurations of the trap which are AT/W~0.01 (lower limit) and T/AT=10*-10"
in the range 4.2V;=<4.9 kV. Two distinct branches o,  (upper limi). Thus, the value of. is well within the re-
emerge from the trajectory calculations. Below;  quired range. An important point here is that, sinteis
~4.45 kV, W.~185 ns, while for V;>4.45 kV, W, related to the density of ions, a wide range of values are
~165 ns. The calculated values\df; are in fair agreement possible, and, in particular, bunches of intensities weaker by
with the experimental values shown in Figa® which are  four orders of magnitude are needed in order to observe a
also displayed as dots in Fig. 19 for direct comparison. Theransition from synchronization to diffusion. Unfortunately,
sudden decrease at 4.45 KV is observed both in the calculauch weak beams are undetectable by the present pickup
tion and in the experiment, demonstrating the validity of Eq.electrode. Also, bunches 10—100 times denser than used in
(29). the present experiment are needed to reach the upper limit of
To evaluate the collision criterion for synchronization, Eq. synchronization, intensities that cannot be produced by our
(32), the value ofn, must be estimated. Sinae, is the ion source. Thus, the collision criterion is always satisfied in
average number of oscillations before the oscillation timeshe present experiment.
have been redistributed among the ions due to their mutual An additional check of the collision criterion, E¢B3),
collisions, it can also be expressedras-1/\A, where\ A,  can be made by comparing it with the results of the one-
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dimensional mean field simulatioriSec. V B. Consider a VIl. DISCUSSION AND CONCLUSION

bunch of ions oscillating in the potential EGL5). The ions . . .
have an initial kinetic energy spread &fE,, which is So far, we have considered that the trapped ions interact

equivalent to a spread in oscillation time accordingAf, directly only through scatteringintrabeam scatteringHow-
= AE,|dT/dE| [Eq. (19)]. For noninteracting ions, diffusion ever, the ions can also interact indirectly through the electro-
will ensue within a characteristic number of oscillations Magnetic fieldswake fields they induce in the surrounding

given by environment. In heavy ion storage rings, intrabeam scattering
is known to cause beam loss and increase of the beam em-
1 W 2 mittance, while the wake field interactions can lead to col-
ng=r—=" [1— <_) (35) lective phenomenécoherent instabilities of which several
|| AE, T(a)

types have been investigatgts].

The beam interaction is often described by an impedance
[see also Eq(30)]. The effect of the interaction between the function Z of the beam environment so that the ions are
ions is evaluated by first considering the energy transfegypject to an additional potentisl=ZI, wherel is the ion
Ec(i,n) to an ioni during oscillation numben: current. Evidently,Z is a complicated function, as it must

account for all the different structures affecting the beam. At

. S low energy the main source of impedance is the capacitive

Ee(in)= JnF(I)U(I)dt’ (36) space ch%);ge, while the effect of v[\)/all resistivity can %e ne-

glected. Further, strong modulations of the ion density can

where the integral is performed over the time of oscillation®ccur due to the wake fields if a structure such as a rf cavity,
n, F(i) is the summed force from all other ions on the ipn Which has a highQ value and a resonant frequency close to
andu (i) is its velocity. The net effect of this interaction is to & harmonic of the revolution frequency, exists along the
change the oscillation time of the ion by altering its energy./eam path. _ _ _ _

To evaluate the significance of this effect we consider the 1he So-called negative mass instabiliy], which occurs

standard deviation of the energy transte, . In analogy to at relativistic velocities in storage rings, may be the one that
Eq. (31) we define a characteristic numbt;{r most resembles the presently observed synchronization phe-

nomenon. Briefly, the oscillation time of an ion of enelgy
in a storage ring is given by(E) =O(E)/v(E) whereO(E)
n’ :ﬁ (37) is the path length and(E) is the speed of the ion. Both the
¢ AE.’ path length and the velocity increase with increasing energy,
so that an ion with higher energy will travel longer in one
which measures the number of oscillations that occur beforéevolution, but also faster. At relativistic velocities, where the
the oscillation timesenergies have been collisionally redis- Vvelocity has only weak energy dependend&/dE eventu-
tributed among the ions. ally becomes positivéhe energy wherd T/dE=0 is called
The criterion for synchronization in the one-dimensionalthe transition energy With dT/dE positive, small density
model can then be obtained in a similar way as @@ by  perturbations in an initially uniform coasting beam can in-
requiring thatn,<n} and n,>AEdT/dE|, and becomes deed grow and lead to the formation of several bunches.

explicitly The impedance of the electrostatic trap is clearly non-
trivial due to the presence of the many closely spaced elec-
> trodes along the beam path. In principle, these electrode
T(a) 1 w . .
|| AE, <n/< 1-(=——| . (38 structures could be resonatorlike and cause collective phe-
W || AE, T(a) nomena to occur. However, the synchronization is seen to

occur for ions of different masses for which the oscillation
For bunch widths smaller than the oscillation time, the crite-frequencies are very different. Furthermore, the strong de-

rion can be written as pendence of the bunching on the electrode configuration also
indicates that resonator type impedances are not driving the
T(a) 1 synchronization, since in that case the synchronization

|a|AEOT<né< (399  should be observed for essentially all trap configurations.
From the analysis of collisional properties of the different

) _ ) ) configurations, the asymptotic widttW, of the bunch is

In Fig. 14b) the.res_,ults of the numer.|call simulations are largely reproducedsee Fig. 18 This is a strong indication

compared to the criterion E(88). The solid circles show the  tnat synchronization is intimately coupled to direct scattering

calculated values ai;, as a function ofxx 2E for the cases among the trapped ions. Also, in the numerical simulation,

where synchronization was observed. The solid lines showhere the wake field interactions are neglected, synchroniza-

the upper and lower limits af; as inferred from Eq(38). As  tion emerges, clearly demonstrating that the direct Coulomb

expected, all points of synchronization lie between the preforce in combination with an electrostatic potential can in-

dicted limits. Quantitatively, for synchronization to occaf,  deed cause synchronization.

must be about an order of magnitude from both the upper Thus, the phenomenon observed in the present trap ap-

and the lower limit. pears to be qualitatively different from most of the self-

|a|AEy
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bunching phenomena known in high energy acceleratori&tions and general arguments related to the kinematical and
[18]. The ion motion synchronization observed in the elec-collisional properties of the system of ions in the trap. We
trostatic ion trap occurs due to the interplay between tharrived at three criteria that need to be met for synchroniza-
properties of the electrostatic potential and the direct collition to occur, namely, one related to the kinematical proper-
sions(intrabeam scatteringamong the ions, while in storage ties, another related to the focusing, and the third related to
rings wake fields are the important interaction for coherenthe collisional properties of the system. Briefly, the kinemati-
instabilities. An interplay between the kinematical propertiescal properties of the potential well create a correlation be-
of the ring and the ion-ion interaction is also a key to undertween the velocities of the ions and their positions within the
standing the negative mass instability in high energy accelbunch. This correlation, together with the repulsive interac-
erators. tion between the ions, leads to either enhanced diffusion or
The ion motion synchronization observed in our trap carsynchronization of the ion motion.
also be compared to synchronization phenomena among On the practical side, the synchronization effect described
coupled oscillatord19]. In such a case, each ion can be here can lead to several applications. Among them, we have
regarded as an oscillator coupled to the others by their mupreviously proposed the use of such a system for high reso-
tual Coulomb interaction. Within this framework, the presentlution mass spectrometrjl4]. Because the trap is purely
ion trap can be characterized as a system of periodic deteelectrostatic, the oscillation time of an ion depends on its
ministic ocsillators coupled by stochastic interactions, i.e.mass-to-charge ratio as
binary Coulomb collisions. Although the system is in prin-
ciple deterministic, the large number of oscillators makes the T= EM \/E (40)
system effectively stochasti@0]. In the present case, the f q’
individual oscillators are intrinsically nonstationary as they
generally take on slightly different oscillation times in suc-
cessive turns. Further, the oscillators are only coupled at ce
tain positions in space, i.e., in the mirror regions. Clearly,
connections between our observations and the theoretic

wheref is the oscillation frequency. Hence, by measuring the
Rscillation time or frequency, the mass-to-charge ratio can be
determined. Since, as shown above, it is possible to keep the
Eﬂns confined in a bunch for a very long time, it might be
; . : valuable to try to use such a system for high precision mass
concepts developed in the field of nonlinear dynanilts) spectrometry, much like the so-called Fourier-transform mass

are needed. trometry25]. In that the i trapped under th
Nonlinear dynamics is well known in several types of jon SPEctrome ¥25]. In thatt case, the jons are trapped under the

trap [1], where the most studied cases are the Palbnd influence of magnetic and electric fields, and undergo cyclo-
Penninég trapg5]. In particular, collective motion of ion tron _motion. High resolution is achieve_d because the ion_ mo-
clouds upon excitation with an additional parametrical fielgtion 1S detecte(_j for many cycleg, \_/vh||e the_packet (.)f lons
has been observed in both of these types of [2ip22. In does not lose its poherence. This is much like the.snuat_lon
these cases, the origin of the collective motion is an external’® have reached in the present case, when the motion of ions

field, and not the direct scattering among the ions, as in thé® synchronized. Preliminary resuli26] show that indeed

present case. Also, the effect of Coulomb interactions beYelY high resolution can be achieved.

tween trapped clouds of ions of slightly different masses has ACKNOWLEDGMENTS
been studied23,24].
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