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Abstract

ERL-05-09

The rest-gasin the beam-pipe of a particle accelerator is readily ionized by e�ects
like collisions, synchrotron radiation and �eld emission.Positive ions are attracted
to electron beamsand createa nonlinear potential in the vicinit y of the beamwhich
can lead to beam halo, particle loss, optical errors or transverseand longitudinal
instabilities. In an energyrecovery linac (ERL) wherebeam-losshas to be minimal,
and where beam positions and emittances have to be very stable in time, these
ion e�ects have to be avoided. Here we investigate three measuresof avoiding ion
accumulation: (a) A long gap between linac bunch trains that allows ions to drift
out of the beamregion,a measureregularly applied in linacs; (b) a short ion clearing
gap in the beam that leads to a time varying beam potential and produces large
excited oscillations of ions around the electron beam,a measureregularly applied in
storagerings; (c) Clearing electrodesthat createa su�cien t voltage to draw ions out
of the beam potential, a measureused for DC electron beamsand for anti proton
beams.

For the parameters of the X-ray ERL planned at Cornell University we show
that method (a) cannot be applied, method (b) is technically cumbersome,and (c)
should be most easily applicable.
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1 In tro duction

Cornell is planning to build an X-ray facility basedon an ERL extensionof
the storage ring CESR that is currently used for the Cornell High Energy
Synchrotron Source(CHESS) [1,2]. Figure 1 shows the CESR tunnel and the
layout of the ERL extension.Electrons from a 10 MeV injector (1) would be
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Fig. 1. An ERL in an extendedCESR tunnel.

acceleratedto the right in a 2.5 GeV linac (2). A return loop (3) would send
them into a secondlinac which is located in the samestraight tunnel (4) and
acceleratesto 5 GeV. An arc (5) injects the electronsinto the CESR ring (6)
wherethey travel counterclockwiseuntil anotherarc (7) injects them back into
the �rst linac, where they are deceleratedto 2.5 GeV. The return loop leads
the electronsto the secondlinac sectionwhere decelerationback to 10 MeV
leadsto the beamdump (8) [3].

A return arc is alsoshown which connectsthe arcs(5) and (7) sothat electrons
canreturn to the linacsafter accelerationwithout passingthrough CESR.This
connectionhasbeenchosensothat the ERL could be built and commissioned
while CESRis still usedasa storage-ringlight source.Other advantagesof this
upgradeplan are that all of the CESR tunnel is reused,which createsspace
for a large number of insertion devices.The straight tunnel housestwo linacs,
which reducestunnel cost aswell asthe required length of cryogeniclines and
cables.The tunnel is laid out longer than required for the two linacs, so that
an extensionof the facility by extra undulators or by an FEL is possible.

In the white-paper description [1] of Cornell's X-ray ERL the issueof positive
ions close to the electron beam was discussedin the following way: It was
calculatedhow long it takesuntil a signi�cant optical error is createdby the
accumulation of ions in the electron beam's potential. It was then proposed
to have an ion clearinggap after a bunch train that is no longer than this ac-
cumulation time. The length of the following ion clearinggap wasdetermined
by the time it takes ions to drift out of the beam potential and to hit the
chamber wall. Below we have redonethesecalculations for parametersof an
ERL extensionto the CESR ring.

We alsoevaluate transient e�ects of the RF systemat the start of each bunch
train and at the start of each clearing gap. It turns out that thesetransient
e�ects require the ion clearing gap to be very long.

In storagerings, ion clearinggapshave to be quite short, i.e. a fraction of the
circumferenceof the ring. This doesnot give enoughtime for all ions to drift
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out of the beamregionand the ion clearingmechanismthereforehasto di�er
from that in linacs. In rings, a short ion clearing gap that has a fraction of
the circumferencegivesthe attractiv e beampotential a time structure sothat
the ions experiencea time dependent forcewith many frequencycomponents.
Ions are thereforeexited to large oscillations, and are thereby clearedout of
the beamregion.When this ion clearingapproach is used,it hasto be checked
that no relevant ion speciesaccumulate in the beam'spotential.

Even though an ERL has only one, or a very limited number of loops, this
strategy of cleaning ions with frequent but short clearing gapscan be used.
It has the advantage that transient RF e�ects are avoided when the distance
betweenclearing gapsis a integer fraction of the length of the ERL loop, so
that the bunch-gap in the acceleratingand in the deceleratingbeamcoincide.

Transient RF e�ects will however remain in the injector linac, which at Cor-
nell acceleratesa beam current of 0.1A to 10MeV, and in the electron gun,
wherethis current is acceleratedin a 0.75MV cathode-anode gap. It is shown
below that in both instruments thesee�ects are very destructive, and if no
remedy is found the ions have to be clearedwith static electric �elds. These
are createdby electrodeswhich producean electric forcethat pulls ionsout of
the electronbeampotential. At the electrodesions are neutralizedand return
into the gasphase.Often the buttons of beamposition monitors havebeanput
on an electric potential for that purpose.However, sinceonecannot have such
electrodesalong the completebeam-pipe, they have to be positionedat loca-
tions where ions accumulate due to longitudinal electric forces,and the time
it takes ions to drift to these longitudinal positions has to be appropriately
short.

Three working modesof the plannedCornell X-ray ERL are investigated:
(1) A high current mode with a current of I = 100mAwhereevery RF bucket
would be �lled. The nominal emittance is � xn = � yn = 1 � 10� 6, even thought
calculations have shown that the injector which is currently being built has
the potential for signi�cantly smaller emittances.
(2) A high brilliance mode with reducedcurrent of I = 10mA and reduced
emittancesof � xn = � yn = 0:1 � 10� 6. All other parametersare equivalent to
mode (1).
(3) A short bunch mode with bunch length of � t = 100fswhile only every
1300th bucket is �lled. The averagecurrent is I = 1mA so that the bunch
charge is 13 times larger than in mode (1). The emittancesare assumedto
be � xn = � yn = 5 � 10� 6. All other parametersare assumedto be equivalent to
mode (1).

The RF frequencyis � RF = 1:3GHz. Other relevant parametersare the fol-
lowing: In the main section of the ERL, from the start of the main linac at
an energy of E low = 10MeV to the return loop at Ehig h = 5GeV and back
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through the decelerating linac, the average beta function will be assumed
to be � aver = 50m and the minimal beta function will be assumedto be
� min = 1m. The bunch length is � t = 2ps and the gaspressureis assumedto
be pgas = 6 � 10� 10Torr, which is the pressurethat is achieved in CESR under
good conditions.

2 Ion trapping

2.1 Trapping in bunched beams

Assumingthe beamis in�nitely long and has a Gaussianshape in the trans-
versedirection, its Coulomb potential can be computed [4]. In linear approx-
imation in x and y the transverseforcesare given by

~F =
e2

4� � 0
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� x
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� y
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with � being the number of electronsper length of the beam. In the rest of
the paper, this formula will always be usedwhencomputing the forcethat an
ion experiencesin the electronbeam.

The electron beam has ne electrons per bunch where bunch centers are a
distance� L apart. When the ion beampartially neutralizesthe electronbeam
by a fraction � , the averagechargedensity is ene

� L (� � 1). The attracting force
in the vertical plane during the bunch gap is
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During the electronbunch of length � s the averagefocusingforce is
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With � = � s
� L , the vertical velocity _y that an ion accumulates while a bunch

of length � s passesis then approximately
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and over a bunch gap � L g = � L � � s it is
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y
� y

(5)

with the classicalproton radius r p = e2

4� � 0mp c2 .

Using the linear focusingforce that the ions experiencewhile they are within
the electron bunch, the vertical phase spacepoint changesaccording to a
quadrupole matrix, which in thin lensapproximation leadsto
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During the gap between bunches the ions are defocused under their own
Coulomb expulsion,
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The focusingstrengths � and � are de�ned by Eqs. (4) and (5). This motion
is stablewhen the trace of the matrix hasan absolutevaluebetween2 and -2,
i.e. if 4 > � � L g

c � � � s
c = A � 1

ion
ner p � L g

(� x + � y )� y
(1 � 2� � ).

The condition for ion trapping in the vertical dimensionin linear theory [8,5]
is therefore

A ion �
nerp

4(� x + � y)� y
� Lg (8)

when either � s � � L or � � 1. For trapping in the horizontal dimensionx
and y have to be interchanged.The smallerof the two beamdimensionsleads
to the more stringent equation.

The smaller the beamsize,the larger the attracting �eld of the electron cur-
rent, and the larger the mass of the positive ion has to be in order to be
trapped. Also, for a longer distance between bunches, ions have time to es-
cape the attracting force of the bunches and ions have to be heavier to be
trapped. In the operation modes (1) and (2) where � L = c=�RF = 0:23m,
no ion can escape the beam potential and the electron beamsappear to the
ions asa chargedstring or ribbon. In the short pulseoperation mode (3), the
bunchesare separatedby 1� s and only particles with A > 28 will be trapped
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Table 1
Collision crosssectionsand neutralization times of dominant ions at ERL energies.

Ion � col, 10MeV � col, 5GeV � col, 5GeV

H2 2:0 � 10� 23m2 3:1 � 10� 23m2 5.6s

CO 1:0 � 10� 22m2 1:9 � 10� 22m2 92.7s

CH4 1:2 � 10� 22m2 2:0 � 10� 22m2 85.2s

in the beam potential. The most relevant gasesin the vacuum chamber are
H +

2 with A = 2, CO+ with A = 28, and CH +
4 with A = 16, however CO+

2 has
A=44.

3 Trapping times

Ions can be createdby di�eren t processes.Here we investigate the dominant
e�ects: collisionionization, tunneling ionization, and ionization by synchrotron
radiation.

We usethe collision crosssections� col from [6]. This crosssectiondependson
the electron energiesand in the range of E low = 10MeV and Ehig h = 5GeV
the crosssectionsare speci�ed in Tab. 1.

The time it takes to accumulate as many ions as electronsper length of the
acceleratoris given by � col = (� col� gasc)� 1, wherethe gasdensity is computed
from the pressure,the Boltzmann constant and the temperature by � gas =
pgas=(kB T). This time is also shown in Tab. 1. The ions that are neededto
accumulate in the beam potential are therefore produced very quickly after
the beam is switched on. Due to the di�erence in neutralization times, the
neutralizing ion beamwill mostly consistof H +

2 ions.

Ions could also be producedby tunneling of the electronsfrom their orbit to
a free state in the forceof the electronbeam.According to Eq. (3) in [7], the
tunneling ionization rate is given by

W = 8� 3ck2
Ce

� E ion

Fmax
e� 4

3 �k C e
� E ion
F max ; (9)

wherekCe = p=~ is the Comptonwavenumber, � is the �ne structure constant,
� E ion is the ionization energy, and Fmax is the maximal forcean electronin an
atom canexperiencewhenit is closeto the electronbunch. We useparameters
from [7] to �nd the ionization energyof CO+ , i.e. � E ion = 11:21eV. And we
usethe forceof Eq. (1) at a distanceof 1� x from the beamcenter to estimate
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the maximum force in the electronbeamas

Fmax �
e2

4� � 0

nep
2� � s(� x + � y)

: (10)

In all three working modesof the ERL the ionization time by tunneling is far
longer than the bunch length, not allowing su�cien t time for this ionization
process.

Similarly, ionization by synchrotron radiation should not contribute signi�-
cantly [7]. However, asmentioned above, scattering aloneproducesions su�-
ciently quickly to have a negative in
uence on beamdynamicsvery quickly if
no counter measuresare taken.

4 Bene�ts from ion neutralization

For low beamenergies,the Coulomb forceswithin the beamlead to nonlinear
beamdynamicsand emittancegrowth. The magnetic�eld of the beamcreates
a force that compensatesthe Coulomb expansion in the highly relativistic
limit. However, the ion density � ion producesonly Coulomb forces and no
magnetic �eld since the ions have no longitudinal velocity in a reasonable
approximation. The total spacechargeforceis thereforeproportional to � e(1�
� 2) � � ion . When the ionsfully saturate the electronbeam,the electrondensity
� e in the center of a Gaussianbunch is related to the density of the ions by
� e(0) = � ion

� Lp
2� � s

. Having ions fully neutralize the electron beam therefore

reducesthe spacecharge force whenever j1 � � 2j > j1 � � 2 �
p

2� � s
� L j. The

maximum energywherethe neutralization by ionsreducesspacechargee�ects
is determined by � 2

max = 1 �
p

2� � s
2� L . For operation modes (1) and (2) it is

8.4MeV and for operation mode (3) it is 1.4GeV.

When the beamis neutralizedby ions, ion electronscatteringcan increasethe
emittance. The mean free path of an electron in the beam center is � lcol =
(� ion � col)� 1 = � L 2� � x � y

ne � col
, which evaluatesto 9:8km for a neutralizing H +

2 beam.
In the few metersof the injector linac of an ERL beforethe energyof 8:4MeV
is reached, emittance growth due to electron-ion scattering is therefore not
signi�cant.
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5 Ions in linacs

In a linear accelerator,the length of the electron-bunch train should be short
enough so that optical errors due to the ions have not accumulated to an
intolerable amount before the train has passed.To establish an estimate we
allow a betatron phaseerror of 10%to accumulate. This error in phaseadvance
is approximated [1] as

� � y

� y
=

R 1
pc

dFy

dy � yds
R

� � 1
y ds

=
re



ne�
� L

h � y

� y (� x + � y ) i

h� � 1
y i

: (11)

For round beamswith � x = � y and � x = � y, this leads to a phaseadvance
error of

� � y

� y
=

1
2

re

� ynh� � 1
y i

ne�
� L

; (12)

whereh: : :i indicatesan averagealongthe beampipe.For the operation modes
(1) and (2) this amounts to � � y

� y
= 73:3� and for operation mode(3) it amounts

to � � y

� y
= 0:15� . For an error of �� y

� y
� 0:1, the degreeof neutralization is

� = 0:1=73 for mode (1) or (2) and � = 0:1=0:15 in mode (3). Using the above
calculatedtime it takesionization by collision to neutralize the electronbeam,
a phaseadvancechangeof 10%would occur in 7msfor mode (1) and in 3:74s
in mode (3).

According to [1] it is a conservative estimatethat ionsclear the gap in � clear =
2=fp wheref p is the plasmafrequency,

� clear =
�
c

s
2A ion � x � y � L

nerp�
: (13)

In all operation modesthe ion gap would have to be at least 31� s long.

6 RF beam loading

While an ion clearinggap of 31� s every 7msmight be tolerable, there are RF
beam loading e�ects which require that the beam current is not switched o�
instantaneouslybut slowly, and the clearinggap would have to be about 2ms
long.
The reasonfor this relative slow current ramp comesfrom an RF power drive
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limit. If the beam would be turned o� instantaneously, the current stored
in the machine would continue to passthrough the main linac cavities, and
deposeRF power in the cavities. For a 100mAbeamcurrent and a decelerating
�eld of 16MV per cavit y, the deposedRF power per cavit y would amount to
P = VI = 16MV � 0:1A = 1:6MW. Avoiding beam induced �eld transients
would require an equal amount of RF drive power from each main linac RF
transmitter, which is morethan a factor of 100higher than the actual available
RF power per cavit y. Not compensatingthe RF power deposedby the beam
would result in �eld amplitude transients

� V = 2
R
Q

QL I (1 � e� ! 1=2 � t ); (14)

where R
Q gives the strength of the coupling of the beam to the fundamental

mode, QL represents the loadedquality factor of the fundamental mode, and
! 1=2 is the half width half maximum bandwidth of the same mode. For a
recirculation time of � t = 6� s, R

Q = 390
, and a beam current of I = 0:1A,
the beaminduced �eld transient is about 1.9MV. This beamtransient is not
tolerable. The only alternative is to slowly ramp the beamcurrent down and
subsequently up again for each ion gap. With a 10kW RF transmitter per
cavit y, the shortest possibleclearing gap would then amount to about 2ms

� t r amp = I
V

Ptr ans
� t r ec (15)

= 0:1A �
16MV
10kw

� 6� s = 1ms:

However, having 2ms clearing gap out of 7ms is not tolerable for the syn-
chrotron radiation users.It would not only signi�cantly reduce the average
beam current, but many fast experiments would have to gate data taking in
order to takeaccount for the ion clearinggap.The 
ux that would beavailable
while the current is ramped down and up again during the 2mswould not be
usablesincethe beamsizewould changeconsiderablyduring when the bunch
chargechangesduring this time.

Gating data taking would be necessaryin all experiments that want to follow
(with time resolution) a processthat extendssomewhatover one ion clearing
period. An exampleis X-ray crystallography wherethe rotation of the crystal
takes at least many times 10ms,during which many re
ections are accumu-
lated. The data gap causedby a beam gap could causecritical re
ections to
be lost sincethe rotation ratesof the crystalsare too high to easilyallow start
/ stop of crystal rotation.
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The fact that the beam size would change during the 2ms gap would also
causeproblemsfor static, integrating measurements wherethe sampleremains
exposedto X-ray, accumulating radiation doseduring the period of enlarged
beam size, thus radiation sensitive sampleswould su�er more than without
the gap. A rotating mechanical shutter could be usedto gate the X-ray beam
to avoid this problem.

Theseproblemswith X-ray experiments could, in principle, be resolved with
advanced gating techniques. Our goal, however, is to build an ERL source
which allows standard storage ring experiments to be performed with min-
imal modi�cation to the experimental technique. Hence,below, we describe
alternative ion clearing methods to accomplishthis goal.

7 Ions in rings

The RF beamloading e�ects can be avoidedwhen the clearinggapsof length
Lg would be much shorter than one ERL circumferenceL er l and would be
separatedby an integer fraction of this circumference.Then the gap in the
acceleratingbeam would be simultaneously in the linac with the gap of the
deceleratingbeam.The ERL cavities would thereforealways have zerobeam
loading. One would now have to study which ions can be trapped by a beam
potential that has gapsof length L g. This analysis is similar to what has to
be done for storagerings where short ion clearing gapsoccur on every turn.
As discussedin the section2.1, the beam appearsas a chargedstring to the
ions for the operation modes(1) and (2). Thereforewe candescribe the bunch
train as one long bunch of length L er l � Lg and of charge ne

L er l � L g

� L . Using
Eq. (8), we �nd a requirement for L g in order to avoid accumulation of ions,

(Ler l � Lg)Lg �
A ion 4� y(� x + � y)� L

nerp
: (16)

Experiencehas shown that choosing A ion � 44 to avoid trapping ions as
heavy asCO+

2 is su�cien t [5]. For the operation modes(1) and (2) this leads
to L g 2 [124m; 1376m].

However, this formula resulted from a small kick or thin lens approximation
and is not very good when ions are not trapped and the kicks are there-
fore large. The focusing of ions in the electron beam can be described by a
quadrupole matrix or a seriesof small kicks for each bunch in the train with
ions freely drifting in the clearinggap. The trace of the matrix that describes
one bunch train and one ion clearing gap has to be larger than 2 or smaller
than -2 for ions not to be trapped.
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Sincethe focusingforcedependson the beamsize,it variessubstantially along
the accelerator.Figure 2 shows the trace of this matrix for CO+

2 (A=44) and
for CH +

4 (A=16) for a vertical beta function � y 2[40m,60m]and an average
horizontal beta function of � x =50m. The clearing gap was assumedto be
500 RF buckets long. Over this limited change of beam size, ions rapidly
change from being trapped to not being trapped in the electron potential.
The regionsin � y whereions are trapped are smaller than about � � y =0.5m
and the regionsalongthe acceleratorwheretheseionsaretrappedaretherefore
quite short. If a waist at � �

y = 50m is in the center of this region, its length
would be � L ion = 2

q
0:5m� �

y = 10m. It is worth noting that for lighter ions
and for smaller beta functions the sectionsare shorter. Since the velocity
change in Eqs.(4) and (5) is inversely proportional to A ion � y(� x + � y), also
smaller electron emittanceslead to shorter sectionswherean ion speciescan
be trapped.

As described in the next section,the changingbeampro�le and the changing
sizeof the vacuum chamber leadsto a changing longitudinal beam potential
and to a longitudinal forceon ions. Ions will thereforenot stay in each region
where they can be trapped but will drift longitudinally into a region where
they are not trapped. Thereforethe short sectionswhereions can be trapped
actually accumulate ions only if they contain a minimum of the longitudinal
potential.

For a rough estimatewe assumethat a waist in the beamand alsoa minimum
of the longitudinal potential only occursapproximately 4 times per betatron
phaseadvanceof 2� so that with Eq. (12),

� � y

� y
==

re

2� yn

ne�
� L

4� L ion

2�
: (17)

For the operating modes (1) and (2) this evaluates to � � y = 19� y. An ac-
cumulation region of 10m is thereforetoo long. Clearing gapsthat are longer
than the assumed500RF buckets of 0:4� s would reducethis length. But this
would becomea signi�cant fraction of the approximately 6500buckets of the
ERL circumference.Other ways of clearing ions out of accumulation regions
will thereforebe investigatedbelow.

However, the presented estimate is probably very pessimisticsince someof
the accumulation points can be in regionswhere ions are not trapped, and
since only vertical trapping forces were analyzed. This was done since the
ion motion in the �eld of magnetstends to lead to ion trapping. But outside
magnets,horizontal ion oscillationsmight not be stable in someof the regions
wherethe vertical oscillationsare stable.
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Fig. 2. Trace of the ion oscillation matrix for di�eren t � y(m) for CH +
4 (left) and

CO+
2 (right).

While beam-loadingin the main linac is eliminated by such clearing gaps,
there would still be signi�cant beamloading in the injection linac and in the
electron gun. In contrast to the main linac, the installed RF power in the
injector in principle allows to compensatebeam transients from ion clearing
gaps. However, the RF transmitters will have a �nite bandwidth of several
MHz, and thereby are limiting the rate at which the RF drive power can be
ramped.The worst-casetransients canbecalculatedfrom equation14.For the
injector cavit y ( R

Q = 110
), the transient of a 0.4 � s ion clearing gap would
be about 4 %.
The transient e�ects in the electrongun occur becausethe power drawn from
the HV power-supply variesbetween75kW and 0 from beamto clearinggap.
This change in power cannot easily be achieved in one bunch gap of 0:8ns.
This problem would be eliminated if the clearing gap was producedby a fast
kicker after the gun. Fast kickers with a rise time of below 0.8ns would be
requiredwhich have a 
at top of about 0:4� s and a very small amplitude after
its excitation.

There are important X-ray experiments where even a short interruption of
a few � s in the beam has disadvantages.An example is X-ray crystallogra-
phy where a crystal is rotated in lessthan a secondby about one degreeto
image re
ections at many thousand lattice plains. Somere
ections can illu-
minate their imagepoint for very short times sothat the recordedintensity is
in
uenced by very short gapsin the beam.

8 Ion clearing electro des

The above analysishasshows: (A) that ions in Cornell's X-ray ERL accumu-
late signi�cantly quickly to causeproblems, (B) ion clearing gapsafter long
bunch trains of about 7mshave to be about 1mslong to avoid RF beamload-
ing e�ects, (C) short bunch trains of lessthan the ERL's length, i.e. about
6� s, avoid beamloading in the main linac and require clearing gapsof about
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0:4� s length, which could not clear all relevant accumulation points of ions.
Additionally , transient e�ects in the gun and the injection linac currently seem
intolerable.

Therefore ions have to be eliminated from the electron beam region by some
other means.The only tested approach are electro-static clearing electrodes.
They produce a DC electric �eld which is strong enoughto draw ions out of
the electron beam'spotential. Sincethe electron beam is very narrow in the
X-ray ERL, this potential is very steepand the required force is much larger
than for other acceleratorswhereclearing electrodeshave beenused.

Equation (2) for the force on the electronsrather than on the ions evaluated
at y = 1� y leadsto an approximation of the strongestattracting force of the
accumulated ions on electronscreating a bending radius of

� =
(� x + � y)� L

rene
: (18)

For the three working modesthis evaluatesto modest curvatureswith � being
1544m,4883mand 345313m.The electric �elds to overcomethis force would
have to be 150kV

m , 50kV
m and 0:7V

m respectively.

Sincesuch clearing electrodesare hard to assemble along the completeaccel-
erator, they have to be placedat thoselocations wherelongitudinal forceslet
the ionsaccumulate. The longitudinal forcesareproduceby changingelectron
beampro�les and by changingvacuum chamber dimensions.In �rst approxi-
mation, the ions accumulate at placeswherethe electronbeamis narrow, and
wherethe groundedvacuum chamber is wide.

For this strategy to work, the time for ions to travel to the accumulation
regionswhere the electrodesare located has to be signi�cantly shorter than
the beamneutralization time. To estimate this time, we assumeround beams
in a round beampipe of uniform diameter. According to [8] the potential of a
round uniform beamin a round groundedbeampipe is given by

V0 =
I
� c

1
2� � 0

[ln(
r0

a
) �

1
2

] : (19)

For a beam pipe radius of 4cm and a low beta function of 1m we obtain for
the �rst and secondoperation modes47V.

Assumingthat the beta function changesas in a �eld freeregionaccordingto
a parabola, oneobtains that it takesonly 0:4� s for the ion to travel 3m to the
beamwaist. Ions would thereforebe clearedmuch morequickly than they are
createdby collisions.
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Similar calculation are possiblefor a rectangular beam-pipe using formulas
from [8](annexI I) which is credited to [9].

9 Fast ion instabilit y

During the short time it takesions to move to clearingelectrodes,the fast ion
instabilit y [10] has to be avoided. This instabilit y arisesfrom a magni�cation
of random beam centroid oscillations by the increasingnumber of ions. In
high current storagerings this instabilit y can have a rise time of as little as
several � s and could thereforedevelop before ions are eliminated by clearing
electrodes.The characteristic timescale[11] of this instabilit y is given by

� f ast =
1
n2



q

3� y(� x + � y)
3p

A ion

4� gas� colrec� y

q
n3

erp� L
: (20)

This refersto the n-th bunch in a bunch train. The clearing time of 0:4� s has
passedafter about 500bunches;and for n = 500we obtain for the X-ray ERL
� f ast = 1ms. The characteristic time is therefore su�cien tly longer than the
cleaningtime.

10 Exp eriences with ion clearing electro des

In the 3.3km long antiproton storagering (Recycler)at FNAL there are close
to 400BPMs usedasclearingelectrodes,but problemswith ion trapping nev-
erthelessbeginat about 2mA coastingDC beam.At that point the emittance
growth beyond what can be cooled with the stochastic cooling system.For a
barrier-bunched beam with a several microsecondgap there are no problems
with ions.

In the singlepassDC electronbeamat 4.3MeVthat is usedfor electroncooling
of the antiprotons, ion accumulation beginsat 10mA currents. To control ions
in the electron cooler, BPMs are usedfor which onebutton is at about 300V
and the other is grounded.The e�ciency of this clearing method is not yet
known [12].

In [13] experienceswith the CERN electron-positron accumulator (EPA) are
described. \In practice, even with a large number of electrodes, uncleared
pockets always remain, and contribute to typical residual neutralizations of
a fraction of a few per cent. No small electron storagering exists which has
reached a fully satisfactory ion-freesituation, even with clearing electrodes."

14



In the CERN antiproton accumulator (AA) a neutralization of below 1%were
reached with clearing electrodes,but neutralization pockets still remained.It
should be noted that, following from section 5, 1% neutralization leadsto a
very strong optical error of about �� y

� y
� 0:1.

In the EPA, the AA, and other rings [13] shaking the beam has successfully
beenusedto increasethe e�ectiv enessof clearingelectrodes.While electrodes
alone lead to a neutralization of 2-3% in the EPA, additional beam shaking
reducedit to well below 1%. For this purposea kicker is usedthat shakesthe
beamwith a frequencythat is on the onehand closeto a revolution harmonic
of the tune, creating small beam oscillations,and on the other hand closeto
the frequencywith which ions oscillate in the beam potential, exciting large
ion oscillations.Shakingaloneis reported to be not ase�cien t. It is suspected
that the clearing electrodesincreasethe longitudinal motion of ions. And for
shaking to be e�ectiv e, ions needto move longitudinally into a region where
their oscillation frequencyis in resonancewith the shaking frequency.

11 Ac knowledgmen ts

Andrew Hutton pointed out that ion-clearing mechanisms for storage rings
can alsobe usedin ERLs while avoiding transient beamloading by a suitable
separationof clearing gaps.This important hint is thankfully acknowledged,
even though transient e�ects in the gun high voltage and in the injection
linac might not allow us to useit. Dave Sagan'svery helpful hints about ion
trapping in storagerings, and SergeiNagaitsev'sremarkson experienceswith
clearing electrodesat Fermilab are also thankfully acknowledged.
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