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Phase-space manipulation of stored ions using thed-kick method

S. Goldberg, D. Strasser, O. Heber, M. L. Rappaport, A. Diner, and D. Zajfman
Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 5 August 2003; published 22 October 2003!

We demonstrate compression of the velocity spread of a stored ion bunch in an electrostatic ion-beam trap,
using thed-kick method. An analytical formula for the optimum pulse is derived and is used in the laboratory.
A 20% reduction in the asymptotic velocity spread is observed after application of a single cooling pulse to a
bunch of 4.2-keV Ar1 ions.

DOI: 10.1103/PhysRevA.68.043410 PACS number~s!: 32.80.Pj
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I. INTRODUCTION

Over the past decade, various cooling techniques h
been developed in order to manipulate the phase-space
sity of atoms or ions. Many interesting and new effects ha
been discovered and studied, and as a result of this a b
understanding of the interaction of ions and atoms with
ternal fields has been obtained.

Cooling of ions is different from atoms, in that ions a
easier to manipulate and because, for high particle dens
the Coulomb interaction has to be taken into account. T
has resulted in the formation of structures that have b
observed in ion traps@1# and in both small-@2# and large-
scale@3# storage rings. Cooling is most often achieved w
lasers, although in the large-scale machines the coolin
the fast ion beams has also been achieved by electron c
ing @3# or by stochastic cooling@4#.

Recently, it has been demonstrated that it is possible
reduce the velocity distribution of a neutral molecular be
using the so-calledd-kick cooling @5#. This technique, which
was proposed for atoms by Chuet al. @6# and by Summham-
meret al. @7#, was experimentally demonstrated by Marech
et al. and Myrskoget al. @8,9#. d-kick cooling uses time-
varying ~Hamiltonian! magnetic or electric fields to achiev
longitudinal focusing in velocity space. The method, to t
best of our knowledge, has never been applied to cha
particles. It is important to note that the single-partic
phase-space density is left unchanged in this process, as
well known @10# that conservative forces cannot increa
phase-space density.

The basic requirement ford-kick cooling is the existence
of some known correlation between velocity and position
the particles. For fast~MeV! charged particle beams, whe
bunching and debunching are routinely used, it is commo
manipulate both the spatial and the velocity distribution
the ion beam using time-dependent fields@11#. However, be-
cause of the high kinetic energy of the ion beams, soph
cated devices using rf fields are needed to obtain the des
effects. For~pulsed! beams produced at keV energies, t
distance from the exit of the ion source to the target~or
interaction region! is usually too short for the establishme
of significant correlation between position and velocity in t
ion pulse.

Recently, we have demonstrated that it is possible to s
fast ~keV! ions in an electrostatic ion-beam trap@12–14#,
much like photons in an optical resonator. The ions ha
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kinetic energies of a few keV in the central part of the tra
while inside the mirrors, near the turning points, their kine
energies are reduced to a few meV. We have shown@15,16#
that under specific conditions, it is possible to achieve eit
synchronization of the particle motion~self-bunching! in the
trap, resulting in a bunch whose width is essentially const
in time, or enhanced diffusion of the bunch, in which t
width of the bunch increases rapidly. Both self-bunching a
enhanced diffusion were attributed to the Coulomb inter
tion between the ions in the bunch@17#. In particular, it was
found that enhanced diffusion occurs when faster ions h
shorter periods of oscillation than slower ions. Such a sit
tion exists when the dispersion function of the ion tra
which is the derivative of the oscillation half periodT with
respect to the kinetic energyE, is negative:dT/dE,0. Un-
der this condition, faster ions are located at the front of
ion bunch and slower ions at the rear. The Coulomb inter
tion between the ions transfers momentum between the
in the rear of the bunch and those located in the fro
thereby increasing the velocities of the faster ions relative
the center of the bunch and decreasing the velocities of
slower ions. The net result is an increase in the veloc
spread of the ions, producing a strong correlation betw
the ions’ velocities and their positions within the bunch. A
ter a large number of oscillations, the trap is filled with io
with a kinetic-energy distribution that is wider than upo
injection. Such a large energy distribution might make s
cific experiments, such as high-resolution merged laser-
beam spectroscopy, difficult to carry out. Hence, it is imp
tant to try reducing this energy spread to the small
possible value.

In this paper, we demonstrated-kick cooling for ion
bunches stored in the enhanced diffusion mode of the e
trostatic ion trap. Using simulation and an analytical on
dimensional model, we calculate the optimal shape of
cooling pulse. We present experimental results, comp
them to the model, and discuss the effects of the Coulo
interaction, both in the buildup of the correlation needed
applying thed-kick cooling method and in the reheating a
pearing shortly after the cooling.

II. EXPERIMENTAL SETUP

A schematic drawing of the ion trap is shown in Fig.
The mechanical design of the ion trap and its operation h
been discussed previously@13,14#. The trap consists of two
©2003 The American Physical Society10-1
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coaxial electrostatic mirrors, each of which is made o
stack of eight cylindrical electrodes. The configuration of t
trap is defined by the potentials of five of these electro
$V1 ,V2 ,V3 ,V4 ,Vz%, while the other three are grounded~see
Fig. 1!. The central region of the trap, between the two m
rors, is essentially field-free. The distance between neigh
ing mirror electrodes is 10 mm. The length of the field-fr
region of the trap is;300 mm. When the field generated b
the electrode potentials satisfy certain criteria@12,14#, ions
can be trapped, and will oscillate between the mirrors, wit
lifetime which is mainly limited by the background pressu
The electrode configuration chosen for the present exp
ment, $V1 ,V2 ,V3 ,V4 ,Vz%5$6.5,4.875,3.25,1.625,3.2% kV,
is one of the configurations in which enhanced diffusion
curs, i.e.,dT/dE,0 @14#.

A beam of Ar1 is produced in an electron-impact sour
and accelerated to an energy ofE54.2 keV. The beam is
chopped after acceleration by an electrostatic chopper,
ducing a narrow bunch of ions for each injection. The io
are mass selected first by a 20° magnet and later by a
magnet. Faraday cups located along the beam line a
monitoring of ion-beam current. Typical dc beam curre
~nonchopped! were of the order of 150 nA. Additional ion
optics enable steering and focusing of the beam. The po
tials on the entrance mirror electrodes are grounded in s
chronization with the chopper to allow injection of the io
bunch into the trap. The potentials are rapidly raised bef
the bunch returns to the entrance mirror, thus confining
bunch between the two mirrors. The trap is pumped t
pressure below 3310210 Torr using cryopumps. The numbe
of ions injected into the trap can be varied with the help
slits located upstream from the trap, and ranged betw
83104 and 7.53106 ions.

The evolution of the ion bunch in the trap is monitor
using a cylindrical pickup electrode~see Fig. 1! with length
l p58 mm and inner diameter of 18 mm located at the cen
of the trap. The total capacitance of the pickup was measu
to be;10 pF. The pickup electrode is connected to the g
of a junction field-effect transistor whose drain is fed to
charge-sensitive amplifier. The amplified signal is record
with a digital oscilloscope at a maximum sampling rate

FIG. 1. Schematic view of the electrostatic ion trap and
cooling setup.
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50 MHz using 14-bit analog-to-digital conversion. A typic
measured signal, averaged over several tens of injection
shown in Fig. 2. For every passage of the bunch through
pickup electrode, a negative signal~due to the polarity of the
preamplifier! is measured. Its area is proportional to t
number of ions and its width is proportional to the length
the bunch~as long as the bunch is much longer than t
electrode size!. The signals usually sit on a slowly varyin
background which is due to the noisy electromagnetic en
ronment of the laboratory.

The temporal evolution of the bunch was quantified
fitting the averaged signals@15,16# for each half oscillation
n, with a negative Gaussian function on a linear backgrou
~see Fig. 2!:

Gn~ t !52
Sn

A2pWn

e2(t2tn)2/2Wn
2
1ant1bn , ~1!

whereSn is the area under the peak,Wn is the bunch width,
tn is the time of arrival of the bunch at the center of t
pickup, andan andbn are the coefficients of the linear back
ground.Sn , Wn , tn , an , and bn were free parameters fo
each peak. A similar parametrization technique was pre
ously used and is discussed in Ref.@14#.

An additional set of three electrodes located between
pickup and the exit mirror allowed introduction of a time
dependent potential~see Fig. 1!. The potential on the centra
electrode was variable, while the other two electrodes w
grounded. The inner diameter of these three electrode
10 mm, their thickness is 3 mm, and the distance betw
them isL510 mm. The region between the outer two ele
trodes will be referred to as the cooling region. The cooli
pulse was created by a 40-MHz arbitrary wave form gene
tor and amplified first by a preamplifier and then by an a
ditional fast amplifier, so that a pulse of width 2Tp;1 ms
and of height of up to;2200 V could be achieved withou
distorting the shape of the pulse generated by the wave f

e

FIG. 2. Pickup signal averaged over 50 injections~dots! and
Gaussian fits according to Eq.~1! ~solid line! as a function of both
time and half-oscillation numbern.
0-2
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generator. This pulse was then applied to the central coo
electrode, and the trigger to the wave form generator w
generated by a separate function generator with variable
lay, allowing fine time steps of;10 ns relative to the injec
tion time.

III. ION MOTION IN THE TRAP

In order to apply thed-kick cooling method to the trappe
ions, a good understanding of their motion is needed.
this purpose, we simulated the ion trajectories in the elec
static fields due to the potentials on the mirror electro
given in Sec. II. We took advantage of the cylindrical sy
metry of the system and solved the two-dimensional prob
using theSIMION, Version 6@18# program that numerically
solves the Laplace equations for the potentials on the var
electrodes. This program generates a grid of points where
potential is estimated, on which the motion of ions can
calculated. More details can be found in Ref.@14#. The par-
ticles were chosen to be Ar1 with an average kinetic energ
of 4.2 keV and an initial spread of 1.4 eV, a realistic val
based on the ion source operation. In order to reduce
computation time, the bunch itself was represented by
interacting particles, each with charge of 25 000ueu, so as to
represent the typical overall number of ions (53105) in-
jected into the trap. The motion of the ions was integrated
;100 oscillations, and the position and velocity of each
were registered as a function of time. The half-oscillati
time of the ions was found to beT;3 ms.

For the present work, and to be able to apply thed-kick
cooling method, the quantity of interest is the correlati
between the particles’ positions relative to the center of
bunch (xi2 x̄), wherexi is the position of particlei along the
trap axis andx̄ is their average position, and their velocitie
relative to the mean bunch velocity (v i2 v̄), wherev i is the
velocity of particlei along the trap axis andv̄ is their average
velocity. Snapshots of the~single-particle! phase space afte
increasing numbers of oscillations, when the center of
bunch is located at the center of the trap, are shown in Fi
~left panels!. It is clearly seen that the bunch widens as
function of time, and that the phase space of the partic
changes, so that correlation between velocity and positio
created.

Figure 3~upper right panel, circles! shows the correlation
function given by

Cxv5
^~x2 x̄!~v2 v̄ !&

s~x!s~v !
, ~2!

wheres(x) ands(v) are the standard deviations of the pa
ticles relative positions and velocities forx̄50. The lower
right panel in Fig. 3 shows the development ofg, the slope
of the linear correlation as a function of time, as obtain
from a fit of the simulated phase-space distribution with
linear function

~v i2 v̄ !5g~xi2 x̄!. ~3!
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After ;30 oscillations, the correlationCxv reaches a
value of ;0.85, and is already approximately linear@see
Fig. 3 ~left panels!# with a slope approachingg50.01
60.0015ms21. It is remarkable that such a high correlatio
is obtained after such a short time~about 90ms) while the
size of the bunch has increased by only;13%. Clearly, such
a high degree of correlation does not usually occur in f
space, where the ions are allowed to move without the in
ence of a trapping field. Both the high correlation and t
small bunch size are important for the application of t
d-kick cooling method in the electrostatic ion trap, since t
size of the bunch has to be smaller than the trap length~see
Sec. IV!.

The main reason for the fast correlation buildup is t
Coulomb interaction between the particles. There are, in g
eral, two reasons for the bunch to spread in the electros
trap: First, the particles move on different trajectories~due to
the finite beam size of;4 mm in diameter!, which leads to
a distribution of oscillation times. Second, the particles ha
some initial velocity spread. While the first contribution do
not lead to any phase-space correlation~or rather destroys it!,
the second one does~for dT/dE,0) @16#. For charged par-
ticles, the Coulomb interaction increases this velocity spr
on a short time scale, depending on the density of ions
that the correlation buildup is faster than it would be f
noninteracting particles. The interaction between the ion
enhanced in the mirror region where the density is increa
by about two orders of magnitude@16#. Simulations per-
formed without the Coulomb interaction~squares in the up-
per right panel of Fig. 3! demonstrate that the buildup of th
correlation is much slower, and would make the applicat
of the d-kick cooling method difficult. For the purpose o

FIG. 3. Left panels: Snapshots of single-particle phase spac
a function of oscillation numbern. The line is a fit through the data
points using a linear function. Right panel, upper: Correlation fu
tion as a function ofn for particles with interaction~circles! and
without interaction~squares!. Right panel, lower: Slopeg resulting
from the fit to the phase space as a function of half-oscillat
numbern. All panels are the result of a simulation, using 20 pa
ticles with a total charge of 53105ueu divided equally among them
0-3
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d-kick cooling the number of oscillations is limited by th
finite dimension of the trap. The bunch must reach a reas
able level of correlation before it begins to overlap with its
inside the cooling region. Hence the presence of the
hanced Coulomb interaction between the ions is an esse
ingredient to the fast buildup of correlation.

IV. THEORETICAL MODEL

In this section, we calculate the shape of the optimal pu
to be applied to the central cooling electrode~see Fig. 1!.
Consider a bunch of ions, assuming that the velocity spr
of the ions is small (s(v)! v̄) and that the correlation be
tween ion position and velocity relative to the center of t
bunch is, to a good approximation, linear, as was shown
the preceding section. The velocity of each ion can thus
related by Eq.~3! to the timet i at which it passes through th
center of the cooling electrodes,

v i' v̄~12gt i !. ~4!

When using thed-kick method, a time-dependent force
applied to the ions so that the slopeg after application of the
pulse is close to zero. To achieve this, the required ene
change for an ion with velocityv i is given by

DEi5
m

2
~ v̄22v i

2!'mv̄~ v̄2v i ! ~5!

and can be related tot i through Eq.~4!,

DEi'2Egt i . ~6!

In order to induce the required energy changeDEi , a
time-dependent potentialU(t) is applied to the central cool
ing electrode of the cooling region~see Fig. 1!. The potential
on the trap axis at the central electrode position is given
bU(t), whereb,1 and depends only on the geometry
the electrodes.

The potentialV(x8,t) generated between the electrode
close to the axis of the trap, is given, to a good approxim
tion, by

V~x8,t !5H 0, ux8u.L

bU~ t !S 12
ux8u
L D , ux8u<L,

~7!

wherex8 is the distance from the central electrode, andL is
the distance between the central and grounded electrode

Consider now a single ion with chargeQ approaching the
cooling region from the left. The work done on this ion as
passes through the cooling regionux8u<L is given by

DE52QE
2L

L ]V~x8,t !

]x8
dx8

52QE
2L

0 bU„t~x8!…

L
dx81QE

0

LbU„t~x8!…

L
dx8. ~8!
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Assuming that the change in the ion velocity in the l
frame is small, namely, thatuv i(t)2 v̄u!uv̄u at all timest, we
obtain

DE'
Qb

t F2E
t i2t

t i
U~ t !dt1E

t i

t i1t

U~ t !dtG , ~9!

where t i is defined as the time at which the ion pass
through the central electrode (x850) andt5L/ v̄ is approxi-
mately equal to half the time it takes for a particle to pa
through the cooling electrodes. A general polynomial gu
for U(t) is given by

U~ t !5U0@12~ t/Tp! j #, ~10!

whereTp is half the width of the applied pulse andU0 is the
pulse height att50. Given that the pulse is long enoug
Tp>max(utiu)1t, the following expression forDE as a func-
tion of t i is obtained:

DE~ t i !'
2QbU0

~ j 11!

t j

Tp
j (

k50

j S j 11
k D ~ t i /t!k@12~21! j 2k#.

~11!

To produce the linear (k51) energy correction, required
in Eq. ~6!, the lowest contributing power isj 52, leading to
the time-dependent potential

U~ t !5U0„12~ t/Tp!2
…, ~12!

where the optimal value forU0 is determined from compar
ing Eqs.~6! and ~11!,

U052
gETp

2

bt
. ~13!

V. EXPERIMENTAL RESULTS

The results obtained in Secs. III and IV provide the guid
lines for using thed-kick cooling method on a bunch o
interacting particles in the electrostatic trap.

A bunch of 4.2 keV Ar1 ions, with an initial temporal
width of ;0.12ms ~corresponding to a length of;17 mm)
was injected into the electrostatic trap. A parabolicd-kick
pulse with a variableU0 @see Eqs.~12! and ~13!# was ap-
plied, usually during oscillation numbernc528, chosen so
that the correlation between position and velocity was n
linear with a predicted slope ofg50.0160.0015ms21,
while the bunch was still narrow enough as to avoid overl
ping itself in the cooling region~see Fig. 3!.

In order to assess the effect of the cooling pulse on
velocity spread, we observe the evolution of the bunch wi
Wn as a function of the number of half oscillationsn, before
and after application of the cooling pulse. As pointed out
Sec. III, the main contribution to the increase in the bun
width is the velocity spread of the trapped ions. Thus,
effect of thed kick on the velocity spread can be quantifie
by the change in the growth rate ofWn . Simultaneous moni-
toring of the area of the bunch (Sn) allows one to verify that
0-4
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the changes inWn are indeed due to a reduction in the v
locity spread, rather than the loss of ions.

Figure 4~a! shows the dependence ofWn @obtained using
Eq. ~1!# on the number of half oscillationsn, averaged over
50 injections. The data points obtained immediately after
cooling pulse, up ton;32, are not reliable because of th
electromagnetic interference induced on the pickup. Two
ferent sets of data points are shown, identical forn,28. The
circles are the data obtained without applying a cooling pu
~i.e., U050), and the bunch width is observed to increa
steadily, in agreement with the results obtained by Pede
et al. @16#. The squares in Fig. 4~a! show the results obtaine
when a cooling pulse of the shape given by Eq.~12!, with
U052150 V, is applied to the central cooling electrod
The bunch width, after application of the cooling pulse,
approximately independent of the number of oscillations
about 20 half oscillations, and then starts to grow, albeit a
slower rate than for the previous case, implying that a red
tion in velocity spread was achieved. Figure 4~b! shows the
corresponding time evolution of the bunch area, indicat
that there was almost no ion loss due to the cooling puls

In order to quantify these results, we extract the lo
growth rate ofWn , DW/Dn, in the interval fromn533 to
n543, for different values ofU0. This slope is extracted
from a linear fit toWn versusn. The results are shown in
Fig. 5, whereDW/Dn is plotted as a function ofU0. The
local slope is seen to decrease as the applied~negative! pulse
is increased, from 3 ns/oscillation when no pulse is app
(U050) to almost 0 ns/oscillation when aU052150 V
pulse is applied. ForU0,2150 V ~the largest value which
could be generated was2200 V), the local slope is nega
tive, indicating that the width of the bunch decreased dur
the first few oscillations following the application of th
cooling pulse. This is an indication of negative correlati

FIG. 4. ~a! Measured bunch widthWn as a function of half-
oscillation numbern, with no cooling pulse~circles! and forU05
2150 V ~squares!. The sensitivity of the pickup to the coolin
pulse leads to large errors forn528 and the oscillations immedi
ately after. Solid lines show fits of both sets of data using Eq.~14!.
~b! Measured bunch area as a function of half-oscillation numben,
with no cooling pulse~circles! and forU052150 V ~squares!.
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(g,0) between velocity and position. As a result of th
cooling pulse, the velocities of the faster ions, located in
front of the bunch, are reduced below the average bu
velocity, while the velocities of the slower ions are increas
to values higher than the average bunch velocity. Since in
chosen trapping configuration the dispersiondT/dE is nega-
tive, the faster particles, now located at the tail of the bun
have relatively shorter oscillation times, and therefore mo
forward towards the center of the bunch, while the slow
particles, which are now positioned at the head of the bun
move backwards towards the bunch center. Thus, the bu
width is reduced in the first several oscillations after t
cooling pulse is applied, leading toDW/Dn,0 obtained for
U0,2150 V. The negative correlation indicates that t
cooling pulse is too strong, and that the phase space of
particles is ‘‘sheared’’ by more than the optimal value need
to flatten the velocity distribution. We conclude that the o
timal value ofU0 is ;2150 V, for which the local slope
immediately after application of the cooling pulse is close
zero.

Even after the optimal pulse has been applied, the bu
eventually begins to spread@see Fig. 4~a!#. This is a result of
the same factors mentioned in Sec. III: First, the ions foll
different trajectories, which leads to a distribution of oscill
tion times. Second, the remaining Coulomb interaction
tween the particles results in a ‘‘renewed’’ velocity sprea
Thus, even if the velocity spread has been reduced to a
small value by the cooling pulse, reheating and thus
bunching still occur, and the narrow velocity distribution
kept only for a short time.

In order to quantify the effectiveness of the cooling pu
using the data shown in Fig. 4~a!, we use the parametrizatio
obtained by Pedersenet al. for the dependence of the bunc
width Wn on the oscillation numbern @15,16#:

Wn5AW0
21DT2n2, ~14!

FIG. 5. Local slopeDW/Dn of bunch width after applying the
cooling pulse as a function of pulse heightU0. The local slope
change sign forU05'2150 V.
0-5
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GOLDBERGet al. PHYSICAL REVIEW A 68, 043410 ~2003!
whereW0 is the initial width of the ion bunch andDT is the
asymptotic slope ofWn as a function ofn. Since Eq.~14! is
correct under the assumption that there is no initial corre
tion between the ions’ positions and velocities atn50 ~upon
injection!, it does not generally describe the dynamics of
bunch after the cooling pulse has been applied. Howeve
oscillation n5nc for which the local slope ofWn reaches
zero ~see Fig. 5!, ion velocity and position are uncorrelate
and Eq.~14! is a correct description of the evolution of th
bunch forn.nc , whenn is replaced by (n2nc). The solid
lines in Fig. 4~a! show Eq.~14! fitted to both sets of data
with W050.117ms and DT53.0060.02 ns as fitting pa-
rameters for the case in which there was no cooling~circles!,
andW050.137ms andDT52.4460.03 ns when a pulse o
height U052150 V was applied~squares!. Given DT, the
longitudinal energy spread of the bunch can be evalua
using the relation

DE5UdT

dEU
21

DT, ~15!

wheredT/dE depends on the trap configuration. Using t
value ofdT/dE520.23 ns/eV, calculated as described p
viously @16# usingSIMION @18#, we obtain that the longitudi-
nal energy spreads~after long trapping times! are DE
510.660.1 eV andDE513.360.1 eV with and without ap-
plication of the cooling pulse, respectively. Thus, a decre
of ;20% in theasymptoticlongitudinal energy spread i
achieved when a single cooling pulse is applied~without
particle loss!.

An additional verification that the effect observed
Figs. 4 and 5 represents a real decrease in the width o
velocity distribution and not an overall change of the me
velocity can be achieved by measuring the local slo
DW/Dn as well as the oscillation half periodT as a function
of the time delayDt between the cooling pulse and the a
rival of the bunch at the center of the cooling region. T
delayDt for which DW/Dn is minimum should correspon
to an oscillation timeT which is left unchanged. Only in
such a case, the data presented in Figs. 4 and 5 correspo
a real narrowing of the velocity distribution. The results
such a measurement are presented in Fig. 6~for U05
2120 V), whereDW/Dn ~upper panel! andT ~lower panel!
are plotted as a function ofDt. The shaded horizontal line
denotes the value ofDW/Dn with its estimated error in the
case when cooling was not applied~upper panel! or the value
of T with its estimated error when cooling was not applie
~lower panel!. The four vertical lines indicate the points
which U reachedU0 exactly at the same time when the ce
ter of the ion bunch passed the center of the cooling reg
Since the cooling region is not located at the center of
trap, these points are not equally spaced in time, despite
fact that they correspond to consecutive half-oscillation nu
bers. The data~upper panel! show clearly that there is a
decrease inDW/Dn to ;2 ns whenever the passage of t
bunch and the cooling pulse coincide. At the same time,
half period of oscillationT is unchanged~lower panel! indi-
cating that there is no overall change in the velocity, b
rather only a narrowing of its distribution. For delaysDt
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which are shorter or longer, the oscillation time is seen
decrease or increase, respectively, indicating that the ave
velocity has been increased or decreased, respectively.
additional regions whereT is left unchanged is when th
bunch is completely outside the cooling electrodes when
cooling pulse is applied.

In order to compare directly the experimental results o
tained in this section with the theoretical prediction dev
oped in Sec. III@Eq. ~13!#, we assume the predicted value
g50.0160.0015ms21. The geometrical constantb50.77
is extracted by usingSIMION @18# for the actual geometry o
the cooling electrodes and fitting the numerical poten
along the electrode axis using a linear function. The ha
time it takes for a particle to pass through the cooling el
trodes is calculated to bet586 ns. With these values, th
predicted optimum value isU052159625 V, which is in
very good agreement with the experimental value
2150 V ~see Fig. 5!.

Although the correlation slope atn528 cannot be ex-
tracted directly from the data, its value forn590 can be
estimated and compared to the simulated value by using
asymptotic longitudinal energy spread, which is extrac
from the data by fitting the noncooled data shown in Fig
~as discussed above!, which corresponds to a velocity widt
of s(v)50.022 cm/ms. Combined with the measured bunc
size atn590, W9050.3 ms, we obtain

g~n590!'
s~v !

s~x!
'

s~v !

v̄W90

50.0052ms21, ~16!

a value which is slightly lower than the simulated value f

FIG. 6. Local slopeDW/Dn of bunch width~upper panel! and
the oscillation half periodT ~lower panel! as a function of the time
delayDt between the peak of the cooling pulse and the arrival
the center of the ion bunch at the center of the cooling region.
shaded regions correspond to the values ofDW/Dn ~upper panel!
and T ~lower panel! and their respective errors when the coolin
pulse is not applied. The vertical lines correspond to the del
when the peak of the cooling pulse and the time at which the ce
of the bunch reaches the center of the cooling region coincide. E
bars show 68% confidence intervals.
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the correlation slope at half oscillationn590, g
'0.006ms21 as shown in Fig. 3. The fact that the expe
mental and simulated correlation slopes are close to e
other demonstrates that the dynamics of the ions in the tra
well understood, and can be faithfully represented by
numerical simulation including only 20 ions.

VI. CONCLUSIONS

In this work, we have demonstratedd-kick cooling of
ions trapped in the diffusion mode of the linear electrosta
trap. Both the shape and the height of the cooling pulse w
chosen based on the results of the one-dimensional m
presented. Although the correlation between ion velocity a
position within the bunch was assumed to be near linear,
one-dimensional model can easily be extended to other ty
of correlation. The experimental results indicate that wh
the cooling pulse is timed correctly the diffusion of the io
bunch is reduced, while the average velocity and the num
of ions in the bunch remain unchanged. These experime
facts taken together are a clear indication of the compres
of the ions’ velocity spread. We estimated that the cool
pulse reduces the asymptotic longitudinal energy sprea
the ions by;20% without ion loss, based on the rate
which the bunch spreads with and without application of
r,

n

er,

an

ll-

n

.-C

.

am
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cooling pulse. Although the resulting energy spread is s
high (;10 eV), the reduction was achieved with a sing
pulse. Clearly, the energy spread just after the kick is m
narrower, but since no measurement of the velocity spr
could be performed at this particular time in the experime
it is not known whether it is possible to achieve a veloc
distribution narrower than the initial one~i.e., upon injection
in the trap!.

An important extension of this experiment is the develo
ment of a cooling cycle, based on multiple cooling puls
which are applied successively to the bunch of ions. In s
a case, a stronger reduction of the asymptotic energy di
bution should be possible, allowing the storage of ions in
trap with a reduced energy spread. This might have imp
tant application in experiments such as merged laser-
beam spectroscopy in the trap, where the final spectral r
lution is a function of the velocity spread of the ions.
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