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Abstract

The present ledure is based ona revised version d the one given 6 yeas
ago at the CERN Accderator Schod [1]. After a brief review of the alverse
effed of neutralisation in particle storage rings, the basic topics of ion
production byionisation d theresidual gas are recdl ed: ion production rate,
natural cleaingrates, ion kinematics and conditions of trapping for burched
and unburhed particle beans with pcsitive or negative space darge.
Different methods of cleaing are described and their performance
discussed, namely, DC cleaing eledrodes, empty buckets (in eledron
storage rings) and hkeam shaking. Examples of neutralisation effeds and
diagnastics are taken from CERN macdhines, such as ion cleaing current
measurements on el edrodes, tune shifts and emittance measurements.

INTRODUCTION

In acceerators and storage rings, ions creaed by the drculating particles from neutral moleaules of
the residual gas may be trapped in the bean-spacecharge potential and may generate dl sorts of ill

effeds: reduced bean lifetime (increased presaure), emittance growth and losses throughexcitation o
resonances, and coherent beam instabiliti es. While they can occur in proton keans (e.g. CERN ISR
trapping eledrons), these neutrali sation prenomena mainly affed madines with negative beam space
charge such as eledron storage rings and antiproton acaimul ators.

Low energy madines are more subjed to ion trapping becaise of their small size which leaves
littl e spacebetween burches for ions to escgpe the beam paotential, and suffer most becaiuse of their
inherent high sensitivity to spacecharge dfeds. The ion-induced spacecharge tune shifts AQ can be
unacceptably largeif yis gnal (low energy) and/or the neutralisation 17 is high.

1. NEUTRALISATION OF A BEAM: A SIMPLE DESCRIPTION

The drculating particles in a stored beam colli de with residual gas moleaules produwcing pcitive ions
and eledrons. A negatively charged beam (e.g., eledrons or antiprotons) captures the ions and repels
the dedrons towards the vaauum chamber walls'. If other possble natural or artificial cleaing
medhanisms are not present, the neutralising ions acawmulate up to the point where the remaining
trapping pdential is effedively zero, i.e., urtil the number of static neutralising particles is equal to
the number of bean particles. The beam is then fully neutralised. The average neutralisation fador is
defined by

_n
=L (1)

where n, is the total neutralising charge measured in units of the dedronic charge and n_ is the
number of stored bean particles. The neutralisation is often nd homogeneous along the machine
azimuth s, and we define alocd neutrali sation fador by

' Positi vely charged coasting beams trap eledrons, and this effed has been extensively studied in the CERN ISR
(see references). Bunched proton a positron keans do nd suffer from neutralisation problems becaise the
eledrons are nat stably trapped (cf sedion 5).
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where 27R is the macdhine drcumference and (dn/ds) is a locd linea neutralising charge density
(measured in urits of eledronic charge per meter)”.

In order to get a feding for the orders of magnitude involved in neutralisation problems, we
consider a set of madine parameters correspondng to typicd values for the CERN eledron-positron
acamulator (EPA). We disregard, for the time being, the fad that the EPA eledron keam is burched
and orly cdculate longtudinally averaged values. Also, for the sake of simplicity, we assume around
beam with a homogeneous transverse diarge distribution. The beam current is| = 100mA, the energy
isE=500MeV andthe beam radiusis 0.5mm. The @rrespondnglinea particle density is

a1 =2 x10° particles/m 3
T ds efc P ©
The dedric field at the bean edgeis obtained via Gausss law.
e= el =1.2x10" volt/m. (4)
2rE a

0

The magnetic field at the edge is obtained via Ampere's law:

| Lo 5
B=——=4x10"T. 5
o8 ®)

Thetotal dired spacecharge forceona drculating eledronis L

Ifze(§+\7xl§)=|59+|5mzlfeF, (6)
wherey isthe total relativistic beam energy in urits of the rest energy and F, isthe dedrostatic force
The fad that the two forces counterad results in thg so-cdled relativistic cacdlation. With
neutralisation, the dedrostatic force is changed from R to lfe(l—n) and the magnetic force is

unchanged. Then

-
T ©

The force which we have cdculated at the edge of the beam isin fad propationa to the distanceto
the centre of the bean. The mrrespondng locd quadrupde has a strength (with the Courant and
Snyder definition [2])

1dF

k@=-Z—- ©)

We simplify the formulaeby introducing the dasscd eledronradius
2

=——=282x10"m.
4drreg,mcC 9)

e

?Some authors define an average neutrali sationfactor for burched beams as the ratio of the average neutralising
charge density to the bunch charge density. This is related to ou definition through the burching factor B =
(N,L)/(2rR) where N, is the number of burches and L, is the bunch length. This definition is useful when ore
compares the incoherent spacecharge tune shift with the neutrali sation induced tune shift.



andthe locd beam volume density
dn 1

d, :d_se% =2.7x 10 particles/mi (10)

s0 that, with Egs. (4), (7), (8), (9), and (10),

k(9 2 q 01 ’7D
S)=~" lele 2~
y =57 an
and the correspondng tune shift is
1
AQ=7—~ J’B(s)k(s)ds 12

where (s) is the usual Twiss parameter and the integration is dorne dong the machine aimuth.
Instead of caculating the integral, we use average values for all quantiti es involved™:

21R)B
Angz—yden. (13

For E = 4mand 2rR=126m, wefind
AQ=2n (14)

and macdhine performancewill be limited for values of 1 above afew percent.

2. THEIONISATION PROCESS

The drculating beam interads with the dedrons of the moleaules of the residual gas and with the
ions trapped in the beam. In turn the trapped ions interad with the moleaules in many dff erent ways.
In the foll owing sedions, we briefly review these phenomena.

2.1 Transfer of energy to free Incident eledron

eledrons

An estimate can be obtained through the
cdculation d the dedrostatic interadion
between a free éedron and the primary

particle (Jackson [3] sedion 13.). The Target eledron
energy transfer E'(b) is a function d the _ _
impact parameter b (Fig. 1). Fig. 1 Theimpad parameter b.

Equation 13.2 & Jadkson, where the field at the dedron is obtained by a Lorentz
transformation, can be rewritten in mks units and with the dasscd eledron radius:

2m, 2 r2

E'(b) = B b (15
or
bZ = 82i M ,
E P (16)

3We now disregard the small direa spacecharge mntribution.
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where Sc isthe velocity of the primary particle and E'(b) isthe transferred energy.
The adosssedion do for energy transfer between E' andE'+ dE’ is

do = 2rtb db (17)
or
m, ¢ , dE'
do=2m 5 I = (18

One sees immediately an unphysicd situation for E' = 0 (b large, distant collisions) and E" = o« (b
small, close wllisions). The difficulty is slved by the definition d a minimum energy E' .= and a
maximum energy E' . .The maximum energy E'., can be obtained from pure kinematic

considerations,* whereas the minimum energy requires a detail ed analysis of the medium in which the
interadion takes place

The @ove formulae
canna be used to compute the
exad ionisation crosssedion,
as we shal see below, bu
they give afair description d
the phenomenon. Detailed
measurements of do/dE
have been made [95] and are
shownin Fig. 2.

An ionisation event
takes placeonly if the energy
transferred is abowve the
ionisation pdential. Most free
eledrons creaed in such an
event will be left with a rather
small energy and will
therefore be trapped by the
bean (Fig. 2. In Ref. [9€], it
has been cdculated that Fig 2 Reative probability of different processes induced by fast (100 keV) eledrons
about 80% of the dedrons in water, as a function o the energy transfer in a cllision [95]. The maximum

have an energy below 4%V, kinematicaly all owed energy tranfer, E,ax= 50 keV in this case, is also shown.
the average being around a

few eV. The ion energy will be smaller in the ratio of the masses and therefore negligible. These
eledron energies, hawvever, shoud be used to cdculate their drift velocities (cf. sedion 3 becaise
they are several orders of magnitude higher than the thermal energy (=107 eV at 300K). Thisis nat
the cae for ions. The propation d ions nat trapped becaise they are aeaed with an energy larger
than the patential well i s negligible (lessthan 4% for a potential well of afew hunded vdts[96]).

2.2 lonisation crosssedion

The ionisation crosssedion depends on the moleaule of the residual gas and onthe velocity of the
ionising particle but neither on its charge nor on its mass. Measurements have been made [98] for
various incident eledron energies and the results were fitted to the theoreticd expresson by Bethe

(see[4], p.45:

* For relativistic incident particles, quantum or relativistic feds further reducethe maximum energy transfer [4].
® Here we only consider ionisation by charged particle impad. Photo-ionisation in eledron machinesisanalysed in
ref. [97].
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OmecOp HE™ @-B0 H B
4nB—HZ =1.87x10724m?2 . (20)
omeQ

The experimentally determined coefficients C and M? for different moleaules are shown in Table 1.
Figure 3 shaws aplot of the dosssedions given bythe formulae dove.

Tablel
Value of the M? and C constants for cdculation
of ionisation crosssedions

Molealle M? C Z A
H, 0.5 8.1 2 | 2
N, 3.7 34.8 14 28
(6(0) 3.7 35.1 14 28
o, 42 | 388| 16 | 32
H,O 3.2 32.3 10 18
CO, 5.75 55.9 22 44
CH, 175 | 1624 46 76 Fig. 3 lonisation crosssedion \s y

for CO,and N,
2.3 lonisation rate

Thetime it takes for one drculating particle to creae oneionisgiven by.
1

y=—————
m dmamBC

where d_ is the moleaular density (m®); T_ is the ionisation crosssedion for moleaule m (m%); Bc is
the velocity of the drculating bean (m.s™)

(21)

The moleaular density d_is related to the partial pressure P_ in torr by the relation (valid at
20°C).
d, =33x10%P, (22)

If there ae several types of moleaules in the residual gas then the total ionisation time 7, is given by
therelation.

1 5 1

Ti m Tm

In eledron storage rings with typica residual presaures of 1 nTorr compaosed of CO and H,, the
ionisationtime is of the order of one seoond @ less

2.4 Beam heating

Distant collisions with large impad parameter — much more probable than close ones leading to
ionisation — are important, since they feed energy dfferentially to ions. In some drcumstances
(neutralisation packets) this may be a ¢eaing mecdhanism, i.e. when the trapped spedes get enough
energy to escape the beam patential V:

1 dE
R____

= e e_l\/ J':ma*AE(b) (27N db)

min
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This represents the "natural” cleaing rate for a singly-charged spedes. The expresson ketween
bradkets is the number of projediles passng at distance b to the ion target during time dt. N, is the
projedil e density of charge Z = 1.

To goodapproximation b, and b, can be dosen to have the same values as the ion and
nucleus radii respedively, leadingto [3]:

21Tm, c ro2 DNp Z'
B eV

with m andr, beingm, r_if the trapped spedesis an eledron, m, r, for aproton; 2 m,r, foranion o
charge Z'.

R = fn (310 2727) (23

As an example, typicd cleaing times for the EPA madine with 6.10" eledrons (300 mA),
1 mmbean radius, giving abeam patential of ~50V, are shownin Table 2.

Table2
EPA natural ion cleaing rates
ClearingrateR, Clearing time {_
(s) (9)
H* 3.10° 350
H,’ 6.10° 166
Cco’ 0.04 25
co,’ 0.07 15

The process is thus dow compared to typicd ionisation rates. But it may be important to
explain why in some drcumstances, e.g. pakets with very low gas presaure (5.10" Torr, seeAA case
in reference[116) fully ionised light ions can acamulate to a dangerous level, as they replaceheavy
oneswhich are chased away by bean heding.

2.5 Gascoding

Seldom taken into acourt, gas coodling could be an important processfor high presaures and longion
resting times. Charge-exchange phenomena by which a paositive ion captures an eledron from a gas
moleaule may occur at ion energies of only a few €V. The new ion is creaed with the primary
moleaule's energy, while the newly creaed neutral spedes caries away the initial ion energy.
Resonant cgpture aosssedions between an ion and its own neutral moleaule can be very highat low
energy:

0=12x10"12cm? for He' in He

for anion energy of 3 eV. With this crosssedion, it would take only 27 seconds at 10° torr for an ion
to capture an eledron and thus leave a ©@d ion kehind. Capture aosssedions are even higher for
heavy gas gedes.

2.6 Limitsonion accumulation

In the vast majority of cases (eledron storage rings with typica pressures of 10° torr and ionisation
times of aseand a lesy, ionisationis the dominant effed in the asence of any cleaing mecdhanism.
The neutralisation readed at equili brium is grondy dependent on the quality of the vaauum (gas
spedes and densities). To ill ustrate this, we consider the over-simplistic case of constant ionisation
crosssedions. The production rates are, for singly-ionised spedes (density N*):

d(N*

(d—t'): NaN,0:c - N *N,o.c= N,g,c(N,~N")
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doulby ionised:

d Ni++ _ + ++ _ + ++
S =NNoe N, N,oic=Noc(N, *-N")

etc. urtil (Z' beingthe total number of eledrons of the gas atom):

A ,
d(N(.jt ): Ni(z _1)+Npaic.
In the stealy state:
Ni+ — Ni++ = = Ni(Z'—1)+ < Nm.

Therefore partialy ionised ions can, at most, read the
moleaular density N_. Only the fully ionised state N** could
get close to the particle density (usually much larger than the
gas density) divided by the final charge state: N** < N/Z
correspondng to full neutralisation d the particle beam.
(“Over” neutralisation can for most cases be excluded, since
the resulting pdential would chase the spedes to the chamber
wall.)

The degreeof neutralisation d a particular beam can be
estimated from the incoherent tune shift (see Sec 9). Almost
full neutralisation hes been measured in the CERN AA when
al the deaing eledrodes are turned off (Fig. 4).

3. THEIONORELECTRON MOTION

The temperature of the moleaules of the residual gas will be

slightly increased by the interadions with the beamn. However,

the reservoir of moleaulesis © hig that the energy in the gas

will be the energy related to the temperature of the vaauum  Fig. 4 AA transverse verticad Schottky
chamber walls, usually 300 K. The energy of the dedrons scan showing the band (7 + Q))f . with
aqquired through momentum transfer from the drculating cleaing eledrodes turned OFF (full
beam in the ionisation pocesswill be of a few €V and the neutrdisation) and ON  (little
energy o theions|lower by the massratio neutrali sation)

Am, (29

where Am is the massof the ion, and m, the massof the dedron. The dedrons and the ions creaed
inside the beam will either be dhased ou or oscill ate in its potential well. Their motion will be
influenced by magnetic fields. The analysis of these different energies and motions is the objed of
this sdion.

3.1 Energy, temperature, velocity

The distribution d velocity of moleaules of massmin agas of density d_at temperature T is given by
the Boltzmann equetion

1 ! M - leuleol)
dI’IZEdm We 2KkT dUXdedUZ, (25)



where dn/du,dv,dv,is the number of particles per unit volume aound \elocities v,u,v, and

k=1.4%x 10® JK or k=8.6x 10° eV/K is Boltzmann's constant.

Onefinds siccessve mean velocities by integration

BT
W)=up = B b
(A =om =2
(o =(lu) =(dy=0, = BT
with naeturally
(,y=(v,)=(v,)=0,
o that

Un =20, (Annexl)

The mean kinetic energy is

1 1 3
E= <§ mu2> ZE mu2..= 5 KT.

Table 3ill ustrates for diff erent moleaules the relation between energy, temperature, and el ocity.

Table3
Relation T(K), E(eV), y, (ms?) for various moleaules
A Vims Vi
H 1 2.7x10° 3.7x 10°
H, 2 1.9x10° 2.6x 10°
3
5.3x10% joule | H20 18 6.5% 107 1.0x10
T=300K,E=[] S COIN, 28 5.2x 10° 0.7x 10°
BB.9x10%eV | o, 44 4.1x 10 0.6x 10°
e 1/836 | 1.2x10° 1.6x 10°
H, 2 9.8x10° | 13.5x10°
T=78x10K,E=leV [N, 28 2.6x10° 3.6x 10°
e 1/1836 | 6.0x 10° 8.3x 10°
H, 2 3.1x 10" 4.3% 10"
T=78x10K,E=10eV |N, 28 | 8.3x10° 11.5x 10°
e 1/1836 | 1.9x 10° 2.6x 10"

3.2 The dedricfield and the potential well

Before analysing the motion d theions, we compute the fields which ad on the ions and the dedrons
which have been ‘'just creaed'. In the asence of external fields, an eledric field is produced by the
circulating beam. This field defines a patential and the value of the patential is fixed by the faa that
the vaauum chamber is at ground pdential. We aconsider the simplified case of a drcular bean in a
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circular chamber, where a is the radius of the bean with uriform density in red space r the radial
variable andr the vaauum chamber radius. We have seen adrealy that the field can be cdculated with
Gausss law:

O eA r

—— rs<a
21, a

£, = . 2
' %ex\ 1 @7
=~ r=a

Rme, 1
The potential is obtained by integration
V= —J'e,d,, (29)

the constant being fixed bythe condtion
V=0 for r=r,.

Theresultis
|:| 2
o %— r2+l+|n§h§ r<a
V=S 02 2 a (29)
O@nﬂl r=2a.
r

Figure 5 represents the potential for our nominal beam with 100mA circulating current, a vaauum
chamber of 100 mm diameter and dfferent bean sizes. Figure 6 represents the value of the central
potential V, for different ratios a/r .. The motion d ions or eledrons in this field is very smple: in a
beam of eledrons or antiprotons, eledrons are dhased and arrive on the wall with an energy €V, ,ions
are trapped if their transverse energy is lessthan eV, . Since the probability of energy transfer larger
than the patential well isvery small, ions are dways trapped (seesedion 5for stability considerations
in burched beams).

The detailed cdculation d the patential well for noncylindricd geometries has been made
[26]. We givein Annex |l the resulting formulaeto be used in pradica cdculations.

Fig. 5 Potential well for different bean sizes. The number Fig. 6 Depth dof the potential well vsbeam size
attached to eadh curveistheratior, /a
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Figure 7 is the result
of the cdculation made for
the ISR. These potential
wells have been dredly
measured [34, 83.

If the vaaium
chamber size or the beam
sizevaries in along straight
sedion, the dedron a ion
will  drift towards the
degoest potentia well. The
kinetic energy gained in the
process can be mnsiderably
higher than the thermal
energies snce the variations
of patential energy can read
fﬁgr%iallteennserog;ee!arvéhgfe :Eg Fig. 7 Bean patentia in the ISR. The position d the deaing eledrodes is

order of 102 eV indicated by dds.

3.3 The dfed of the magnetic field

The motion d a particle in a uniform magnetic field is smple, it is the well known cyclotron motion
[3]. When the field has a gradient perpendicular to the field dredion, a drift of the particle occurs
which is cdled the gradient drift. If the gradient of the field isin the diredion d the field there is a
containment effeda cdled the magnetic mirror. This edion studies these three dfeds.

3.3.1Cydotron motion

In al these problems one separates the vel ocity
into its two comporents (Fig. 8):

v, parallelto B

U5 perpendiculato B
Fig.8 ug an UH

with
v’ =uf + VA (30)

If the field is uniform gB / or = O, then the velocity alongthe field vy, is uniform and urchanged. The
perpendicular velocity uy induces aforce and therefore an acceeration.

du
m—-= =euy x B.
dt :

Thisis a central force perpendicular to v, which gves a drcular motion, the radius r of the drcleis
obtained by equating the central accéderationto the centrifugal force

UZ
ev, [(B=m—
r

The anguar frequency «, also cdled cyclotronanguar frequency is
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0, =2 (31
r
which gves

mu,
r=———- 32
eB (32
w, = eB (33

m

with the remarkable result that w, does not depend onuy : in agiven field the larger the velocity the
longer the radius, bu the frequency does not change for agiven particle.

3.3.2Effed of atransverse gradient (the gradient drift)
We have dready seen that

eB
UD:r_:rwc
m
but here
B=8B +0—BDK
0 T ox

The projedion d the velocity onz gives (with X =r cos wt)

eB e 0B
U, = U, COSw,t :choswct + rr_n W [ cosw,t [Eosw,t .

Then the mean velocity is nat zero, correspondng to a drift
1 ,eB 1B

Up ={U,)=—I"———.
0 ={v.) 2 m B &

This cdculation orly appliesif the field variation ower the gyclotron motionis snall, that is, if
oB

r— [B.
ox
This effed is cdled the gradient drift. It can also be written:
ool o8
2w, 7 B dx

This gradient can oy be aeded by a arvature of the magnetic field, particles with a velocity
paralel to the magnetic field v, will have to follow the field lines. This curvature will give an
additional drift [3] so that theflnal drift can be written as

10,10
Yo =5 M TV

C

oB

1
B ok’ (34
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3.3.3Effed of alongtudinal gradient (the magretic mirror)

We asume that B, changes with z. This gives a set of lines of force &
sketched in Fig. 9. When the particles move to the right towards higher
fields, the field lines are more dense. A variation d flux through the
orbit would induce an eledromotive force and therefore an exchange of
energy between the static magnetic field and the particles. This is not
possble so the flux circled by the particle is constant. (The exad
demonstration makes use of the adionintegral (seeJadkson[3] p. 422.) Fig. 9 The magnetic mirror.

mBré=mB, ¢

or, usingthe eguation d the gsclotronic mation,

Sincethe kinetic energy of the particleis conserved v” = u¢. So that (Eq. 29

B
0
If B becomes large enough,then U||2 = 0. The motion d the particle is gopped. Detail ed cdculations

show that the particle in fad spirals bad.

Lookingat Eq. 34it isclea that the particle will be trapped if v, can read zero,
that isif

U 0B 2
<O -17. 36
Unol By O (39

With anisotropic distribution d speed at the time of credion d the particle the propattion d particles
trapped will be:

_._BEo
R—l-E. (37

3.4 Combined effedsof € and B (the crossfield drift)

We mnsider the magnetic field of a magnet and the dedric field of the
bean (Fig. 10. The dedric force is. es and the magnetic force is:
el x B. At equili brium

£

UDZE,

This equili brium can only be dtained if u; canread €/ B that isif

Figure 10: Crossfield drift

£<
—<C
B

A rather smple analysis iowsthat indeel if € <cB this equili brium is aways readed. However, the
time it takes to read that equili brium is approximately the time it takes for the field to accéerate the
particle to an energy correspondng to the velocity u;. In pradice during the accéeration phase
where up [B is very smal compared to &, the magnetic field can be negleded. If &B > c this
equili brium will never be readed, the magnetic field can be negleded. In al the pradicd cases which
will be mnsidered, the motion can be described by a pure accéeration a a pure drift. Where &/B « ¢
the eyuili brium is readed in lessthan a us and the transverse displacement islessthan a um.



