4, A FEW EXAMPLESOF ION OR ELECTRON MOTION

41 Field-freesection

Let us consider a straight sedion with enlarged vacuum chamber Beam and vaauum chamber
(Fig. 17). The potential well at the centre of the beam is +

%QD 1D (39) 25=38 mm
a

beam

D

K

} 7
giving the arve of potential represented in Fig. 11as a function stom | Z=02mm

of the azmuth. In this example the ions creaed between B and C *
will be trapped, the ions creaed between A and B will drift 2=100mm
towards C and continue to the right with an energy between O and
6eVv. P §

4

4.2 Puredipolefield

With ou nominal beam parameters (sedion 1), the dedric field
at the edge of the beam is 1.2 x 10° Vm™ so that the aossfield |
drift velocity varies from zero at the cettreto 8.6x 10' ms" at the
edge of the beam. The crrespondng energies are 2 x 10* eV for

Potential at beam centre (V)

+ . ] Fig. 11 Potential well in a field-free
eledrons and 11 eV for Ny ions. The o/clotron radius for segion.

eledrons in the ceaitre with energy of abou 1 eV is 2.4 um
(0.6 mmfor ions).

Particles with the same dharge & the bean are chased ou of the potential well in the verticd
plane. Particles with oppaite darge drift towards the end d the magnet, bu are contained in the
potential well i n the verticd plane.

4.3 Combined function magnet

Let us consider a magnet like the EPA magnet with afield of 1.4 T onthe central orbit and a gradient
of 1 T/m onthe central orbit. We have seen that the typicd energy of particles creded in the potential
well isafew eledron vdts, the mrrespondng velocities are (sedion 3.J):

forions~2.6x 10 ms".

for eledrons~ 6 x 10° ms™.
The gyclotron radii in the cantre ae very small. The alditional gradient drift for ions or eledrons of
1 eV isof the order of 0.5ms" and therefore negli gible with resped to the aossfield drift.
4.4 Thequadrupolefield

If the beam is centred in a quadrupde with gradient 3 Tm*, the aossfield drift at equili brium at the
edge of the beam will be Eq. (37)

v,=8x10 ms'
correspondng to an energy for ions of 9 MeV. This energy would have to be provided by the

patential well, which is of only afew tens of volts, so that the equili brium required for the cossfield
drift will never be reated. The dedric field of the patential well dominates theion motion.

Particles with the same darge & the drculating bean are chased toward the poes of the
guadrupde. In some caes a magnetic mirror effed could ensure the containment of these particles.
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45 Undulator

The field of an unddator is dipdar but with alternatively positive and regative pdarity along the
azmuth. The main effed in the horizontal plane is the adossfield dift, bu the fad that the field is
aternated gives apaosshility of containment. In the verticd plane the field is concentrated in the poles
so that a magnetic mirror effed can develop. This mecdhanism can be dfedive for eledrons or ions
depending onthe geometry and the beam pdarity. Since the potential well is not required to achieve
containment, it is not easy to find the medchanism which limits the acamulation d ions in an
unddator.

5. BUNCHED BEAMS

All previous dudies arein principle valid ony for unburched circulating beams. In fad the bunching
only introduwces additional effeds. In Refs. [7, 14, 57, 7 ore finds a study d the stability of ionsin
single-beam and calli ding-beam machines. We shall only summarise the results of this dudy in the
case of single-bean madines.

Here, we have danged the definition d the neutralisation fador 7 from the locd definition
used in Ref. [14] to the average definition gven abowve in Eq. (1). This explains the difference
between ou formulae and those of Ref. [14].

At agiven azmuth, an ion sees siccessvely the focusing (or defocusing) forcesinduced by the
burch passage, followed by a drift time between burches. If a verticd dipoe magnetic field is
applied, the horizontal transverse and longtudinal motions will be cuped, the verticd motion
however being independent of the magnetic field. The horizontal motion will not be studied here [83].
It gives gmilar resultsin drift space in a bending magnet the horizontal motion is usually stable. The
present study is therefore limited to the verticd motion.

The forces induced by the passage of a burch have been studied by severa authors (e.g. [8,
14]). With the time a independent variable the bunch passage is gmilar to afocusing (or defocusing)
lens; if the burch is dhort the dfed on the ion can be described by a matrix equivalent to athin lens.
The nortlinea effeds are not considered here.

Letyanddy = y bethe position and speal of theion. Then the passage of a burch is described

by
0
%é _El: 1%%
. ne 4p 1
with a = FWK (40)

where n/n is the dharge per burch, n the number of burnches, r the dasscd proton radius, a, b the
bean size haizontal resp. verticd, A the aomic weight of the ion and Sc the velocity of the
circulating keam.

Between burches the ion difts fredy during the timet = T/n. Where T is the revolution time,
correspondng to the matrix transformation
t
1% '

One period d the forces applied is described bythe matrix product

"=
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The stability isinsured if the traceof the matrix satisfies
-2<Tr(M)<+2

that isfor

T0O
—1<Sua2—nm<+1.

The + signisto be seleded for cases where the beam and the ion are of the same sign. Eledron beams
therefore canna acaimulate dedrons, and proton beams canna acaimulate paositive ions, which is
obvious. For the oppdsite sign, the requirement is:

1—al>—1.
2n

If A.m,isthe massof theion, ore can expressthe ebove formulaeby the foll owing criterion: all ionic
masses larger than a aiticad massA_ will be acemulated.
r 21TR
A"l )
+ =
B Db2gl pU

In most pradicd cases the aiticd mass varies between 0.1 and 100.This explains why eledrons
(A~ 1/2000 never acaumulate in burched beams of pasitrons or protons.

In burched beams of eledrons with a large number of burnches (e.g. synchrotron radiation
sources) the aitica masscan be very small ~ 10% Then the ion acamulation can be treged asin DC
beams:. theions are too heavy to 'seé that the beam is burched.

When the aiticd mass is above 44, the ions usualy found in vaaium systems canna
acamulate.

Intermediate cases:
1<A<44

require adetail ed analysis[14].
Note:

There is ome nfusion onthe values to be used for a and b after a red measurement of particle
distributions. They are related to the cantral density of the transverse distribution d particles. If the
measured distributions were redanguar then a and b would be the measure of the red half width of
the distributions. If the distributions are Gausgan, asimple cdculation shows that

a=o2
b=0,42

6. CLEARING MEANS

6.1 Missing bunches (electron storagerings)

Many small eledron storage rings prone to ion trapping have partly solved their problem by
introduwcing ore or several gaps in the bunch train by nd filli ng certain buckets at injedion. Over one
revolution period d atrain of p conseautive burches, the motion (here verticd) of atrapped ionisthe
solution d:
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5 Bh
with the transfer matrix

Mmoo tgp 1 (h-p)tc
g ale o & 1 F “2

where the terms in parenthesis represent the linea kick receved at the p burch passages interleared
with drifts of duration t, f being the radiofrequency. The period d p successve kicks plus drifts is
terminated by the drift in the time interval (h-p) t, where h is the cavity harmonic, i.e. the maximum
number of burches that the madiine can hande. The Floquet's condtion o stability for the ion o
massto-charge A:

-2<Tr(M)<2

does nat lead to a simple aiterium defining which A's are stable. Rather, the trace of the transfer
matrix (42) is of order p in N, the total number of circulating perticles. This means that there ae p
stable bands of ion massto-charge ratios for a given N, or that a given ion will be stable or unstable,
depending onthe number of beam particles. Figure 12 ill ustrates the mndtions of linea stability for
variousions in the EPA ring, as a function d the number of beam particles and conseautive burnches
[89].
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Fig. 12 Linea stability of ionsin EPA asafunction d total beam intensity and number of
conseautive bunches for nomina beam emittances.

Although no always absent, ion trapping is indeed less gvere with missng burches. This
stems from the fad that since agiven trapped ion can be further ionised, it then has a goodchance of
fallingin an urstable band and thus of being cleaed.

6.2 Clearing electrodes

Cleaing eledrodes consisting d negatively pdarised plates fitted into the vacauum chamber provide a
transverse dedric field, which diverts bean-channelled ions onto them, where they are neutrali sed
and return into the gas phase. Figure 13 qulitatively represents the potential variation aaoss a
vaauum chamber of radiusr, with an eledrode on ore side with apotential of U_.
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Fig. 13 Transverse potentia distribution aaoss a Fig. 14 Extraded ion current vs. eledrode voltage in EPA.
vaaium chamber due to the bean space targe and a
cleaing eledrode.

A minimum condtion for capture of the passngionis that the transverse field provided by the
eledrode gquals the maximum beam space darge field:

U I
—>E(@)r» ———
2r, (®) 2mBce,a 43
In fad, because ions may have — as we have seen — transverse and longtudinal velocities
correspondng to energies of up to afew eV (possbly upto the field at the ceantre if singly ionised)
and kecause a ¢eaingeledrodeis necessarily limited in size the field provided bythe dedrode must
usually be larger than the cdculated bean field. For instancein the EPA ring, where dedrodes are of
the button type with a diameter of 20 mm and install ed flush to the beam, transverse deaingin field-
freeregionsis complete with the foll owing parameters [89]:

Uee=6kV

eledrode field: 30 kV/m on beam axis. Beam max. field: 12kV/m for | = 0.3 A and [0 10° m-rad
horizontal emittancewith 10% couging.

Measurement of the dedrode deaing current as a function d the gplied vdtage provides a
verificaion d the required maximum to be gplied for full cleaing, since the arrent will saturate
once asufficient field isreaded (Fig. 14. The number and the optimum locaion d eledrodes arein
principle dictated by the tolerable degree of residual neutralisation. In pradice, even with a large
number of eledrodes, urcleaed packets aways remain and contribute to typicd residual
neutrali sations of afradionto afew percent.

Few (if any) small eledron storage rings
exist which have readhed a fully satisfadory ion
free situation, even with cleaing eledrodes.
Perhaps one reeson for this is that cleaing
systems have not been upto now very complete,
partly owing to the fad that cleaing eledrodes
complicate the mechanicd design d the vaauum
chamber and may contribute to the madiine s eiecraoee
impedance. At CERN (EPA), butontype e st
cleaing eledrodes presenting regligible mugding
charaderistics to the bean have been designed.
They are made of a caamic body, coated with a
highly resistive glass layer (thick-film hyhbrid
techndogy), and are terminated with a highly Fig. 15 EPA button-type deaing eledrode.
lossy wide-bandfilter as snownin Fig. 15.

FEEDTHROUCH
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6.3 Resonant transver se shaking of the beam

Neutrali sation effeds can be reduced when exciting verticd coherent oscill ations with a transverse
kicker at a given frequency [103, bah in eledron storage rings (burched) and antiproton
acawmulators (unburched). This tedhnique of “RF knock ou” of neutralising ions has been
nicknamed “beamn shaking’. It has been determinant in solvingion poblemsin the CERN AA, where
it has been studied bah theoreticdly [103 and experimentaly [102] and where it was permanently
implemented, with the foll owing parameters:

shaking: verticd

shaking frequency: 490 kHz

sideband frequency (fradional tune g,):480 kHz
length of kicker eledrodes: 0.6 m

kicker field: 020V/cm

Beam shaking experimental observations can be summarised as foll ows:

1) Beam shaking works best when applied verticdly: one possble reasonis that neutralisationis
highin dpadle fields (low ion dift velocity) where the motion along the lines of forceis the
only pradicd degreeof freedom.

2) To work, bean shaking relies on the longtudinal motion d the ions. Due to changing beam
dimensions, the ion "plasma frequency" spedrum is wide mmpared to the "knock out”
frequency: ions have to "sweep" throughthis resonance For this, they must be freeto move
longtudinaly.

3) Bean shaking depends on the nonlineaity of the beam spacecharge field: this allows the
“lock on’ of the sweeping ions onto the resonance where they keep large oscill ation
amplitudes, thus reducing their density in the beam centre.

4) Bean shaking is efficient even with RF kicker fields of only a few 10 V/cm, provided it is
applied close to a bean betatron side band whaose frequency lies close to the ion dasma
frequency. In this case, the beam resonant resporse ensures aifficiently large nonlinea
forces on the ion. Experimentally, it is foundthat for a we&kly exciting RF field, shaking
works best above aband (n+Q) or below a band (n-Q). This observation d asymmetry of
wed resonant shaking is important in that it validates the nonlinea charader of the ion
motion and the “lock on" condtions.

To ill ustrate this in a simple way, we use aquasi-linea description d the two-body resonant
condtion[117] for an unburched beam. We consider only one ion spedesi, of massto-charge ratio
A, with the following definitions:

Q: circular revolution frequency of circulating beam (Q = 2rt)
Q = 2rf/Q: theion bource number in the beam potential well
_2Nr.c?
“b(a+b)R

If Q, isthe beam particle unperturbed incoherent tune and Q, the beam particle bource number
in theion-potential well where

Qi 2Qi2

2N r c’
2 2: i
29 T R

and

Q=@ +q)
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is the perturbed beam tune, then a bean particle and an ion okey the cuped set of linea differential
equations

particle: %0? +0 ﬁﬂyp + QZQZyp _ QpZQZY’i = e (44)

ion: EdZDy +Q, °Q° (y| Yp) 0

where the bar on y denates the average verticd posmon d eath beam and the F€® term is the
harmonic of the externa drivingforce dose to beam ion resonance

W f (hzQ)Q FQ @
Assuming solutions of the form:
y,=¢ &%
y, =§,e

the ion amplit ude becmes:

T2 2 —2 2 22 (45)
PR - (0 -@)-Q
with X:%)a(niQ)~Ql.

Therefore, shaking works when'y, becomes large, i.e. when the denominator in Eq. (45) - 0. But, as
shown in Fig. 16, as the ions gain large anplitude, we have nortlinea detuning such that X > Q?
(lock on). Therefore for y, to become large, requires that:

(h+x)°-Q*>0
i.e x<n- Qfor excitation rea a"sow-wave' bean frequency: w O(n - Q)Q;n>Q

x> n + Q for a"fast-wave" frequency : @ O(n+Q)Q;:n>Q .

ion ampl itude :

e l'pck on path of ion

04 dr1v1ns freguency
small amp11tude ion
resonance frequency

Fig. 16 Qualitative Amplitude resporse airve of an ion versus the driving frequency nea resonance
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This asymmetry has been verified bah in the CERN and Fermilab antiproton acaimulators and
in the EPA ring[102 [105. Figure 17 for the Fermilab AA, shows that shaking below a"slow wave"
excited byionsis more dficient than shaking abowe, sinceit suppresss the instability signal.

19-MAR-1989  VERTICAL SCHOTTKY SCAM 5.3 18" peaRs
I 1 1 1 | |
2-q, SIDEBAND COHEREMT SIGHAL [
ORIVEN BY_IONS (HO SHAKING) (876 kHZ)
UERTICAL
:1:“ SHAKING (1 W)
BELOW. T
SHAKING ABOUE THE SIDE
BAND DOES MOT SUPPRESS
THE INSTABILITY SICHAL
L 1]
852.2—SHAXKING BELOW~ 902.2
kHz  THE SIDEBAND SUPPRESSES THE INSTABILITY kHz

Fig. 17 Verticd Schottky scan showing the suppresson d an ion-driven
dipdar instability by shakingin the FNAL Antiproton Accumulator.

The analysis developed above simply hints at the redity. In fad, when ore @nsiders ions
"locked” onto resonance, the amplitude of their coherent oscill ation y, depends only little on the
amplitude of the excitation o the oscill ating external force F in Eq. (44), when it is applied below or
abowve asideband[103:

F_oF, =F+Q%y, (x+nf 2 Q.

7. THELIMIT OF ACCUMULATION

The containment of particlesisin general due to the potential well. When charges gart to acaimulate,
they diminish the depth of the potential well. The limit is readied when the density of acaumulated
charges is equal and oppaite to the density of circulating charges 9 that the net resulting charge is
null.

0=d-d,.

The neutralisation fador 1 isthen, at most, equal to |. The beam is fully neutralised. Clealy the same
limitation d neutralisation existsin burched beams.

Aswe have sea, several cleaing effeds due to various drifts will limit t he locd neutrali sation
fador to lessthan 1. If required, cleaing eledrodes will colled eledrons (or ions) and reduce the
neutralisation in appropriate places. However, in some extreme caes the trapping d the ions or
eledrons is nat due to the potential well, so that one could have locd acaimulation o charges to
neutralisation levels higher than 1. We have seen that the unduators are probably very efficient in
acamulatingions. Detailed cdculations shoud be made in this particular case. It is not excluded that
simil ar situations be foundin the cmmbination d end-fields of conventional magnets or quadrupdes.

8. THE EFFECTS OF NEUTRALISATION

There ae several effeds of neutralisation. The particles (ions or eledrons) chased from the bean and
hitting the wall with the energy o the potential well can creae desorption. The ions dored in the
bean modify the locd presaure and therefore the life-time of stored beams. The most important
effeds come from the dedric field of theion (or eledron) cloud. This induces a shift and a spread o
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betatron oscill ation frequencies and a cuding d horizontal and werticd motion. Finally, the ion
cloudcan interad as awhale with the beam and induce instabiliti es.

81 Thepressurebump

The mechanism of the presaure bump is rather simple. In abeam of protons the ions are chased ou of
the potential well and ht the wall with enoughenergy to induce desorption d n moleaules per ion
(here n is the desorption fador and nd the neutralisation fador). If the rate of filli ng the vacuum
vessl with these moleaules is higher than the pumping speed, the presaure will i ncrease. The exad
treagment is given in Refs. [62, 69. It is however possble to oltain a first indicaion and ader of
magnitude by equating the pumping speeds to the desorption rate.

The equation d pumping d avaoauum vessd isin the ésenceof desorption[2]:
dP _ SP

Vv
where P is the pressure (torr), Sthe pumping speed (m*. s*) and V is the volume (m°) . In terms of
moleaular density d_and linea pumping speed s, this can be written as

44 -_54 (46)
dt " A

where A isthe qosssedional areaof the vessel (and nd amoleaular masy.

The rate of production d ionsis (I/e)d o ions per second and per metre (I/e is the number of
protons per second and d_o is the probability of ion production per metre). The desorption rate is
therefore

d 1 |

—d = do. 4

o O =ML O 47
Combining the two effeds gives

d d 0. o

—d =-np|= - 48

da " A[{7 e % (49

leading to an exporential increase of density or presaure if

nss. (49)
e

Ex: the ISR presaure bump at the beginning d operation
n=4
| =4
o

Z =6.25x107%
e

gives
no/e)=10 m &L,

If in some places the dfedive locd pumping speed is reduced below 101 s* m™ the pressure bump
can develop.

* Therisetime of the presaureis of the order of A/swhich is, for standard vaauum chambers, a few
semnds. This could explain the oscill ation d the vacuum presaure observed in a slow cycling
maahine with high currents like the PSor the Fermilab Main Injedor.
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*  The desorption coefficient n depends on the energy of the ion striking the wall and therefore on
the potential well depth: V.. It also depends onthe deanlinessof the vaauum chamber.
8.2 Pressureincreaseduetoions

The residual gas density and composition enter in the cdculations of beam lifetime due to scatering
of particles of the beam by the residual gas or of bean emittance growth due to multi ple scattering.

The dfedive density to be mnsidered isthe sum of moleaular andionic densiti es.

We have seen (Egs. 3and 10 that the drculating beam density is
11 1
de=——— . 50
° efem? 9
The neutrali sation fador n givestheion density

d =nd..

The moleaular density is
d =3.3x 10°P,

If we use the data of our nominal beam
d,=2.7x10°m?

With 130 neutrali sation
d=27x10m"*

correspondngto a'partia presare’ :
P,=8x 10°torr.

In dtra-high vaauum systems, the presaure increase due to ions can be equal to the residual gas
presaure [43, 67, 7%

8.3 Tuneshifts

The problem of tune shifts induced by reutralisationis smilar to the problem of tune shifts induced
by space darge. One aames that the transverse distributions of ions are the same & the
distributions of circulating particles’ .The cdculations are made with constant red spacedensity [7]
for abeam of width 2a and height 2b. Theion density is (1 isthe neutrali sation fador)

1 1
d==—=—nn,. (51

The dedric field o this distribution hes been cdculated by several authors [7]; it can be
written for the horizontal plane a (mks units)
5_8_ e d

b

Thelocd quadrupde strength asdefined in [1] is

® This assumption is made for the sake of simplicity. In fad , cdculations [19] based ona one-dimensiona linea model of
theion cloudmotion show that thisis nat true. In that model, the width of theion dstribution is much smaller than the width
of the dedron beam distribution.
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where E isthe energy o the drculating particle.
The wrrespondng tune shifts are obtained using
1
AQ=— s)k(s) ds .
Q= [ AE)KE)
Thetraditionisto introducethe dasscd eedron (or proton) radius
1 €
r (59

° E, 4meg,’

where E_ is the rest mass of the dedron. The integration is made aoundthe drcumference of the
macdhine where 3, a, b vary as a function d s. One usually replaces the quantities by their average
aroundthe madine (8 = R/Q). This averagingis partly justified by the fad that the quantity ra’/g is
an emittance

AQ —r—l—R 1 Hi) (59
X ey QX 7_B(a+b)n e
AQ, :re1 R 1 (56)

yay_nb(a+b)'7me'

The values AQ,, and AQ, are in fad tune spreads as well as tune shifts because the distribution
of ionsis nat uniform in the bean, so that the fields are strongy nonlinea. The nontlineaities of the
field produced by the ion cloud introduce ®uping effeds’. This is particularly visible in €'e
machines[8, 12, 78. These dfeds have been dredly measured [66, 69.

8.4 Ingtabilitiesin proton beams

The motion d the dedrons (or ions) in the potential well of the drculating beam and o the motion o
the drculating beam in the dedron cloud povides a feaedbadk mechanism which can drive bean
instabiliti es. Two such instahiliti es have been deteded in proton machines. They receved the name of
ionic oscill ations [11( and d eledron instabiliti es [113. The detailed theory of these instabiliti es
does nat have its placehere. The mecdhanisms however are rather simple, and smplified formulae ca
be derived to oltain arders of magnitude.

8.4.1 Theionic oscillations

The proton burches leave ion-eledron peirs after their passage. With a bunched beam the light weight
eedrons are so stirred upin theionisation processthat they are lost to the wall aimost immediately.

The heavy pasitive ions, even thoughthey are of the same palarity as the beam, will stay longer
in the vaauum chamber because they are aeaed with thermal energies and are more difficult to move

[11Q.
The detail ed cdculations go throughthe foll owing steps:

" Recant ceculations [18] show that the muping produced by an ion cloud whose transverse distribution is a replica of the
distribution o a symmetricd bi-gaussan flat beam is much small er than what is observed experimentally [89]. This suggests
that, either asymmetric ion dstributions are present, creaing stronger linear couging a that other (possbly coherent) effeds
play arolein the phenomenon
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- adosed pattern o oscill ation d the beam aroundthe machine is defined:
x(6,t) =acodQ -n)X2t+né

which impliesthat at a given time (e.g.t = 0) the centre of gravity of the beam is distributed
along n il ations around the machine and that a given particle (¢ = ¢, +Qt) oscill ates
with the betatron frequency Q€. For simplicity we define

w=(Q-nQ
then
x =acoqwt +n@) (57)

- The oorrespondng pettern of ions will have the same asped but with a phase shift due to the
ionmotionin the bean field.

x = b, codwt +n8)+ b, sin(wt + n@)

We shall skip the difficult caculation d b, and b.

- The presence of these ions will induce aforce on the proton keam to be inserted in the
equation d motion d the proton.

% +HQQY x=K, (59)

- Thedefinition d x (Eq. (52)) no longer satisfies this equation d motion. The technique is
to let the two constants a and w vary dightly to take into acourt the small extra force

introduced.
a- atat
W - WHow.
Then
% O-a(w+0w)? codat +n6)-awsin(at +ho) (59)

can beintroduced in EqQ. (58).

- The resolution d the msine terms gives a negligible change in the tune shift. The
resolution d the sine terms leals to the rate of rise of the instability.
1 a

T, a

where 7 isgiven asafunction d b, andb,.

- For . > 0 the anplitude is unstable. This is only obtained for Q - n negative which means
that only patterns with n> Q will be unstable. Thisisagoodsignature of the instability.

- The final result [11Q is remarkably simple for the dense beams which are cwmmon in
present acceerators
8Qy
T, = T,
(h-QA

where 7 isthe ionisationtime and A the @aomic massnumber of theion.

For example & low energy (y [71) in the CERN PS(Q = 6.25,n = 7) with a presaure of 10" torr
of N, (A= 28) onefinds



T =10mst =20ms

8.4.2 Electron-proton instabilities

Thisinstability was first observed in the ISR. Thefield of the dedrons acamulated in a proton kean
induces a tune shift AQ. This effed can be introdued in the equation d motion d the protons
[70,113 (we have seleded the verticd mation)

Z, +Q2£222p =Q%Q(ze—zp) (60)

where z and z, are the transverse positions of the centre of gravity of the beam and d the dedron
cloudand Q, isgiven by (Sedion 8.3

1
2 = == 61
Qp ZQAQ y m m(a+ b) |].le . ( )
In asimilar way the egquation d motion d the centre of gravity of the dedron cloudcan be written as
2, =Q2022(2p - 7) (62)

with
2 r Rn
Q=——2—R.
e g a(a+ b)

Asin the previous case we can define apattern of oscill ation d the proton beam

z,=A, ", (63)

Note that the introduction o the complex exporential will simplify the cdculation d the phase shift
and d therate of rise that was treaed with red sine and cosine functionsin the previous example.

The dedrons have only alocd oscill ation:
Z=A €. (64)

The substitution d Egs. (58) and (59) in (55) and (57) gives two hamogeneous equationsin A and A .
A, and A can be diminated with the result that the defined quentities must satisfy the resulting
eguation where the reduced frequency x = (w/Q) has been introduced:

(@ -x*)|Q*+ @2- (- %)’ |=Qéi. (65

InthisequationQ, , Q,, Q and n are the parameters and x is the unknown.

If xisred it means that there exists ared frequency of oscill ation d the system of two beams.
The system is gable. If x is complex the solutions come by pairs; one with a positive imaginary part
correspondng to a damping d the pattern; one with a negative imaginary part correspondng to an
anti-damping d the pattern. A detail ed examination d Eq. (65) shows that for large values of Q, the
solutions become complex.

Thethreshold value of Q, is
ih — (n_Qe)2 -Q

Q
ZJ Qe(n - Qe) (66)
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and d=fines the threshold of the instability. Abowe this threshdd the imaginary part of the complex
conjugate solutionsx is

©_ % | Q 6
ImQ— > F‘b—e). (67)
The growth is
1 w
T——_QImE. (68)

r

with N =6 x10°,a=3x 10°m, b=10"m, y=16andQ = 8.75.
Then
Q, =200 (Eq. (62) .
The most dangerous mode n will give the smaller threshold Qtph This is obtained for n = 209
(Eq. (66))
th
Qp =0.052.
Equeation (56) gives the mrrespondng average neutrali sation required

n="t =2x10°
n,

and Egs. (67) and (68) give the growth rate
T =8T
where T istherevolution period d the ISR
T =25us.

The instability is extremely fast and the frequency observed is, in general, above the bandwidth of
pick-up eledrodes

1
ZTQE.Q =64 MHz

8.4.3 Landau damping

In redity these instabilities are much less predictable than in the &owve simplified picture. The
complexity comes when, instead of analysing the behaviour of the beam or of the ion cloud as a
whole, ore aayses the behaviour of ead individual particle or ion before averaging the
displacements. The fad that neutrali sation forces are very nonlinea, that the frequency of oscill ation
of eledrons depends on the azmuth as well as the number of eledrons trapped complicaes the
picture further. The cdculations canna be made on a single frequency but rather on a distribution o
frequencies. It is far easier to explain why a given instability occurs in a given machine than why it
does nat occur in another madine.

8.5 Ingtabilitiesin antiproton beams

8.5.1 Coherent instabilities

Transverse wherent instabiliti es where lledive oscill ations of the beam centre or the beam shape
grow exporentially due to the interadion with trapped ions have been identified in antiproton
acaimulators (coasting keams with negative space targe) at CERN and FNAL. These "two-bean”
instahiliti es have been severe intensity limiti ng mechanisms for these macines, where they have been
studied in detail [117]].
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For dipde instabiliti es, the theory oulined in Sedion 8.4.2applies. The essential difference
with proton madines trapping eledrons is that the ionic oscill ation frequencies in the beam potential
well are much lower than with eledrons (typicdly 1to 2 MHz for H" and H?, versus 20 to 80 MHz
for eledrons). The lowest transverse bean modes (n - Q)Q are thus excited. These low frequency
modes are the most unstable becaise of their low frequency spreals, resulting in loss of Landau
damping.

For this reason, dpde instabiliti es driven by ions (H*.H3) occur at very low neutralisation
levels (< 0.01), lower than in proton keams. The neutrali sation resulting from a single neutrali sation
pocket around the ring creaed for instance by a locdised vacuum chamber enlargement, may be
sufficient to drive an instability [116]. Dipde instabiliti es can be dfedively damped by a transverse
feedbadk system using a high sensitivity resonant pick-up tuned at the frequency of the single
unstable mode [10§].

Quadrupde instabiliti es caused by ions, whereby the beam transverse shape or envelope
oscill ates, have dso been identified in the CERN AA. This instability manifests itself as a kind d
‘breahing mode or fast emittance blow-up prenomenon causing eventually beam loss at a
quadrupdar frequency (n - 2Q)Q which can be aslow as 400 KHz in the CERN AA.

The theory for this instability, smilar to the dipolar one, is also well developed [117]. The
threshold neutralisation at which this instability occurs is higher than the one for a dipade instability
by a fador 2 to 4 depending onthe type of quadrupde instability, for which four breahing modes
exist. The required frequency spreals in ionic oscill ations and bean mode frequencies for Landau
dampingto be dfedive ae dso lower by the same fadors. In the CERN AA this instability appeaed
only after the dipole modes had been cured by transverse feedbadk damping.

8.6 Incoherent effects

These ae single-particle phenomena, by comparison to coherent eff eds where the beam oscill ates as
awhade.

Tune shifts due to the space targe field creded by trapped ions cause particles to cross
resonancelinesin the tune diagram:

nQ, + mQ, = integer (69
n,m=0,+1,£2. (70)

Very similarly to the ecitation d nonlinea resonances by the bean-beam interadion in colli ding
bean madines, the dedrostatic field of ion clouds in reutralisation pakets causes nonlinea
detuning, and its uneven dstribution may excite very high ader resonances (up to 18h order in the
CERN AA) [109. This effed, still present at low neutralisation levels of a fradion o a percent, is
very detrimental to antiproton acaimulators which have low transverse emittance ®aling rates.

8.7 Instabilitiesin eectron beams

In eledron storage rings that trap ions, the enisson d synchrotron radiation by the drculating
particles results in high damping rates of their transverse motion. It is unlikely that high ader
resonances can be harmful, since their strength deaeases as their order increases. Otherwise, the
physics of ion-beam interadions is smilar to antiproton acaimulators or proton madines. Cougding
resonances excited by ions yield spedaalar emittance dfeds, in particular in the verticd plane,
where normally the beam sizeis naturally very small [78].

Transverse mherent instabiliti es may induce pulsations of the beam size This occurs when the
emittance growth rate due to an ion-induced instability is larger, and the neutralisation rate smaller
than the natural damping rate. As the bean inflates ions are thased away by the instability, the beam
then shrinks, neutralisation bulds up again and the process repeds itself in a sort of relaxation
medhanism [13].

Experience on modern machines dows that ion-induced tune shifts of a few 10° caused by
neutrali sation levels of afew percent or less arealy present annoying emittance dfeds.



9. DIAGNOSTICSAND PHENOMENOLOGY

As described in the precealing sedions, the presence of trapped spedes in a bean is diagncsed
qualitatively by olservation d the bean behaviour: intensity limitations, reduced particle lifetime,
emittance blow up, coupding and coherent bean instabilities. To asess ®mi-quantitatively an
effedive degree of neutraisation is very difficult. The experimenter has esentialy three posgble
means a his disposal, namely tune-shift measurements, ion cleaing-current recrdings and
Bremsdrahlung dagnastics. None of these means is aways applicable or absolutely rigorous.
Nevertheless they can be powerful tods in understanding the rich prenomendogy d ion-trapping

physics.
9.1 Tune-shift measurements

The incoherent spacecharge tune shift expressons (Egs. (55), (56)) provide, in principle, a means to
measure the average neutralisation in a beam. This suppcses the posshility of cleaing the bean of its
ions (cleaing eledrodes, beam shaking, asymmetric burch filli ng) so that from measurements of the
tunes Q,, Q, with and withou ions, the neutralisation 7 can be obtained from Egs. ((50), (51)). AQ,,
are usualy extraded from frequency spedral analysis of a transverse betatron sideband (the
difference signal from a pair of eledrodes arounda mode frequency ((n £ Q)Q). Since the tune shift
produced by ions is in this case incoherent, cae must be taken to measure the incoherent tune
(Schottky nase). This is an eassy matter for unburched beamns like atiprotons. For eledron keans,
transverse cuged-bunch mode signals are more difficult to interpret predsely, particularly in cases
of high reutralisation levels. Obtaining the maximum frequency shift experienced by a particle by
comparison d two transverse spedra is only approximate; it pre-suppases the predse knowledge of
the transverse distributions of the beamn particles and d the ions. For ions, this distribution may vary
from placeto place aoundthe ring and it canna be measured. The measurement shown onFig. 18,
taken from the CERN AA, requires unfolding several spedra of the betatron cscill ation amplitudes
and the energy dstributions of the bean particles [77]. If one suppases identicd initial bi-gausdan
transverse distributions for the beam particles and ions, the maximum frequency shifts AQ,, can be
obtained by multi plying the shift of the pe&ks of the distributions by approximately 2.5[87].
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Fig. 18 Left: antiproton transverse tunes in the AA as a function d their momentum, with full
(cleaing df) andlittl e (cleaing or) neutralisation. Right: particle emittances. The tune shift with
cleaing df is consistent with an average neutrali sation close to unty.

9.2 Clearing-current recordings

If ion cleaing is procured by eledrodes, and if secondary emisson phenomena and dred
phao-emisson d eledrons from these dedrodes can be negleded (a serious difficulty for eledron
storage rings), the aurrent drawn by eledrodesis a dired measurement of the ion charge produced by
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the beam. Eledrodes are usually spread more or lessevenly aroundaring, with interspadng dstances
ranging from a few deametres to several meters. Stable ions produced ouside the field of adion o

eledrodes are channelled by the beam to the neaest eledrode, provided no patential barrier exists
(magnet fringe fields, eledrostaticaly charged insulators, etc.). On the other hand, urstable ions
which are for instance destabili sed by the burnching d the bean or shaken ou of the beam potential

by beam shaking, either voluntarily applied or resulting from ion-driven instabiliti es, do nd end up on
eledrodes. Their absence, diagnosed as atemporary deficit on the recorded cleaing current, provides
a powerful means to uncerstand the neutralisation plenomendogy. The CERN AA for instance

equipped with a sophisticated ion cleaing current monitoring system, has produced many interesting
experimental results [88]. In madines with synchrotron radiation, cleaing current measurements are
rendered dfficult — if not impossble - by the phao-emisson d eledrons produced by impinging
phaons on eledrodes. On the CERN EPA however, a deaing eledrode equipped with a shielding
mask against synchrotron radiation and locaed at the end d along straight sedion, tes yielded some
interesting measurements of the relative neutrali sation levels for various burnch distributions (seeFig.

19), thus confirming theoreticd predictions quaitatively [89].

Fig. 19 Cleaingcurrent in the CERN eledron acamulator for various bunch distributions.
The lessthe neutrali sation, the lessthe deaing current.

9.3 Bremsstrahlung measurements

High energy phdons (gamma rays) are produced when the dedrons of a drculating bean colli de
with the nuclel of ions trapped in the beam. By courting the number of these bremsstrahlung phaons
produwced per second, ore can estimate the density of target ions along the beam path seen by the
detedion system. Thisis a Cerenkov (leal-glasg or scintill ator courter of dimensions large enoughto
corntain the dedromagnetic shower produced by the gammas. The whale system is aligned with the
beam, looking througha metalli c window in a bending magnet vacuum chamber at a straight sedion
or asedion d the beam orhit inside the dipole magnet.
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The bremsdrahlung radiation covers a wide spedrum with energies extending upto the kinetic
energy o the primary eledron and hes a very sharp collimation with a dharaderistic opening angle
given by 1y where yis the relativistic energy o the stored beam in unts of the rest energy. This
alows the use of leal collimation to prevent gamma rays from other sources (mainly shower debris
from lost beam eledrons) from reading the detedor.

An important advantage of this tedhnique with resped to the more cnventional tune shift
measurements described above is that it all ows the measurement of the locd neutrali sation rather than
the average over the whae machine. However, since many dfferent ion spedes may be trapped, some
asumption must be made @ncening the trapped-ion compasition. In fad, since the total
bremsdrahlung yield is propartional to the square of the gomic number of the target atom, the count
rates are propartional to a weighted average of the ion densities, ead ion spedes contributing with a
weight Z°. Also, collisions with the neutral residual gas moleaules produwce an additional
bremsdrahlung yield which ore must either evaluate theoreticdly from the known residual gas
composition a experimentally, e.g., by running the macine with pasitrons or comparing dfferent
maahine cndtions (e.g. cleaing eledrodes orVoff) .

The first observations [90] were made in the KEK Photon Fadory storage ring in the form of a
correlation between sudden changes in lifetime with busts of bremsdrahlung events. Later [91],
bremsdrahlung count rates were registered in synchronism with a verticd blow-up caused by the
acamulation d ions. The murt rates as afunction d time showed arapid deaease & the time of the
blow-up, followed by a slow increase which was attributed to the aedion o new ions. The time
constant for this dow rise was foundto be in goodagreement with the expeded ionisation time for
CO.

In Refs. [92, 93, averticd blow-up was artificially produced by means of an external resonant
excitation and the variation d the bremsdrahlung count rates was observed in bah a uniform filli ng
and partia filli ng modes of operation. Since the bremsdrahlung yield from the neutral residual gas
moleaules is expeded to be independent of the beam dimensions, a deaease in the count rates during
the blow-up was interpreted as asign d the presence of trapped ions, and the comparison ketween the
uniform filli ng and the partial filli ng confirms the theoreticd prediction that fewer ions are present in
the partia filli ng.

In Ref. [94], astudy d the longtudinal motion d trapped ionsis presented. Severa gamma-ray
courters were amed at successve straight sedions of the UVSOR storage ring. By looking at the
time resporse of the ourt rates in these @urters to a pulsed high vdtage gplied to a deaing
eledrode, the authors arrive & a spread in longtudinal ion velocities substantialy larger than that
expeded from thermal considerations only.
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ANNEX |
COMPUTATION OF THE MEAN VELOCITY IN THERMAL MOTION
By integration from —co 10 + oo of the Boltzman equation (Sedion 4.1 over u, and v, one obtains the

eguation
Ux
dn =d LU e_mz_kT.
do, mJanT

lp \=— — —
v J f_oond dy, =O0.
m

The mean value of v, isby definition

We aeinterested in the mean velocity in ore diredion. Either:

dn

_ 1 +00
<|UXD()2 - dm/ZJ-O Uy dUX de

or

1 .+ d
(o) =5 [ Jod g, .
In bah casestheresult is

_ |2KT
<|UX|> - nl:h.'

andtherefore \|Uxl) = Un ! £ and nd v /4 as quated in several papers.
ANNEX |1

ELLIPTICAL VACUUM CHAMBER AND BEAM

The detail ed cdculation d the patential in aredanguar vaauum chamber of width 2w and height 2h
induwced by a beam with current |, velocity 8¢, height 2b and width 2a has been made [26]. The
following formulae & ow the detail ed computation o the patential at the ceantre of the beam:

U =
0 &: EO
ns = s
° 2w
¢ - Yo
° 4bw n,
o = cos/](w - a) - cosn, (w +a)

nsCal-nz &
Then the potential in the centreis

_gH_costnb-b)g.
V(0,0)—Z%L coshn. Ecssmnsw.



ANNEX 11

NUMERICAL VALUE (MKSUNITYS)

£ = 8.85x10" (Fm*or Cv'm?)

U, =  4nx 10 (Hm*or A" Vsm?)
C = 3x10 (ms?)

r = 1.53x 10" (m)

r = 2.82x 10" (m)

m = 1.67x 107 (kg)

me = 9.10x10% (kg)

m/e = 1.0x10° (T-sor kg C?
m/e = 5.7x10% (T-sorkg C"
h = 6.85x10" ev-s

1.4x 10% J

>
1



