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whars ¥{s) is the magnetic focussing funciion of the storage ring and kis)
reprogents the electrostatic interactions with the other charged particles
in the vicinity of the test particle, Due to the relativistic velociti:s
of the electrons there is cancellatlion of the mutual coupling forces and

hence ne contribution te kis) from the (n 1) electrons of the bgam. How-

avaer the presence of N lonsa trapped in the electron beam vicinity by the

L
beamw space charge does provide a contrivution tov k(s) producing & @ shift

away from the value that is characterlsed by Xia} alone,

Maxing the assumptlon that the trapped fons will have the same trans—

werse distribution as that of the electrons in the beam means that egn. {6b),

giving the electric field within the electron beam, alsc describes the

electric £ield dus to the ions with ﬂe becoming N, , the mumber of fons

1!
trapped around the ring. Equation {(8b} shows a linear Jdependence of

slectric field upon transverse displacement so that kis} can be readlly
avaluated in terma of this electric field and eyn. {8} is valld for these

mall perturbaticns of the focuasing function,

{4)

Courant and Snyder glve an expression for the § shift due to a

soall pertuchbation of X(s] as:
¢
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where B{s) is the amplitunde fumction in the reglon where the perturbation
ooonrs and the integral sums the effect of such perturbations ki{s) distri-~
buted around a ring of circumference, €. Following usval accelerator

theory. the perturbation function can be written aa:
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where v ia the electron beam energy 1o rest masgs units. ‘The electric
field dependd on the electron beam size at the polnt, ®, 30 that kis} can

e expressed in terms of the amplitude function and the average electron

beat size:
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with r, as the classical electron radius (2.81 x 10 150} and B as the
sverage value of the applitude function., Substituting for kis) in egn. (%)

and getting § = RJQ gives:
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From eqn.{l2), it 1l evident that the operating @ shifte to higher
values as lona accumnlate in the space charge reglon, The posaibility then
exlsts of & ahife sufficlently great to reach a fractlonal integey walue
for which & driving force exists and beam loss can be expected. Taking
the working podnt in the SBES for the horizomtal plane as Qu w 3.25, then
the 3'/1 rescnance is the nearest higher peint at which beam blow-up
might be expected, aithougyh the required superpericdicity of ten for the
driving erxor is not cobvious in the storage ring lattice. Compumtzmms{&j
suggest that the 3'/y  rescnance has 2 width of < 0.02 in the horizontal
plane so that the mextmum allowsble @ shift is M (3,33 =~ 0.02 -~ 3,25

~ 0.05.

It is perhaps more convenlent to consider a neutralisation ratio,

n o “1*’%' and re-arvangement of egn.(12} allows an upper Limit to be set
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where K(s) is the maghetic focussing -function 'of the storage ring ‘apd K (5)
represents the electrostatic interactions with the other charged particles
in the vicinity 'of the test particle.  Due to the relativistic velocltlss
of the electrons there is cancellation of the mutual coupling forces and

hence no contributisn tok(s) from the in 1) elections of the beam. How-

ever' the presence of N, ions trapped in the electron beéam vicinity by the

beam space charge does provide a contribution to X (sj- producing a'Q shift

away From the valué that is-characterised by K(s) ‘alone.

Making the assumption that the trapped ions will have the same trans-

verse distribution as that of the electrons in the beam means that egn. (&b},

giving the electric- field within the ‘electron béam;"éléﬁ'déscribes the
elec;ric field due tgutrg ions w1t§ ﬂe bepoging Ni' the ngmber of %opg
trappea ;round the ring. Equa@ipn_(ﬁb) shows_a_11nea; dgpendgnce °€:
electric field upon transverse displacement so that k{s) can be rxeadily

evaluated in terms of this electric field and eqn. {8) is valid for these

small perturbations of the focussing function.

(%)

- Courent'and -Snyder give an expression for ‘the { shift due to a

small perturbation of K(s} asi’
c .
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where B(s) is the amplitude funcfion in thé region where the perturbation
occurs and the integral sums the effect of such perturbations k(s) distri-

buted around a ring of circumference, C. Following usual accelerator

theory, the perturbation function can be written as:-
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where Y is fhe eléctron beam enexgy in rest mass units. The electric
field depends on the electron beam size at the point, s, so that kis) can
be expressed in terms of the -amplitude function and the average electron

beam size: . T B

Pok(g) =
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with ¥, as the classical electron radius (2.81 x 10 '5m) and B as the
average value of .the amplitude function. Substituting for k(s) in egn.(9)

and setting B = R/Q gives:
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From eqn.({l2), it ls evident that the operating @ shifts to higher
values as lons accumulate in the space charge regidn. The possibility then
exlats of a @ shift sufficiently great to reach a fracticnal integer value
for which a driving force exists and beam loss can be expected. Taking
the wo?king point in the SRS for the horizontal plane as Qx_= 3.25, then
the 31/3 resconance ls the nearest higher polnt at which beam blow-up
might ‘be expected, although the required superperiodicity of ten for the
driving error is not obyious in the storage ring lattice. _Computationsts}
suggest.thaé the 31)3 resonance has a width of < 0.02 in the_ho:izontal

plane so that the maximum allowable Q shift is &g ~ (3.33 - 0.02 - 3.25)

~ 0.05.

it is perhaps more convenlent to consider a neutralisation ratio,

n = Nilﬂe, and re-arrangement of eqn.(12) allows an upper limit to be set



&t 1079 vorr, Nq w7 x 1092 x 1072 atoms/m? and o = 10 22 p? for a mass 28

gas molecule., Thus egn. (15) glves a producticn tiwme of 0.47 sec,

If gome external field of sufficient magnitude to counteract the baan
potentlal acts upon the trapped ions, then lon loss will ceccur in this
‘sink' and the neutralisatlon ratio will become very small. It is not
usually practical to maintain such clearing’ fields over the full length of
the drift region, and an alternative approath provides compact tlearing
field regions spaced so that the neutralisation ratico does not butld up

to Lts critical walue {in terms of ¢ shift).

A tharacteristic transit or loss time due to ton migration can be
estalklished assuming that the clearing regions are spaced at reqular

intervals, £, around the ring aso that:

Tyosa = "= (16)
"
where v i3 the longitudinal component of the r.m.s. thermal drift velocity

of the gas molecule, approximately 300 m/s at 300°% for a mass 28 molecule.

These two characteristic times allow a simple rapregentation of the

neutrallisatlon ratio by:

» iz an
n=T o

losa

Equations {16} and {17} sllow an estimate to be made of the spacing

regulred between ifon clearing stationa:

Rt .2 (18}
P B

where the neutralisation ratlo that should be maintained le given by

agn. {13}, This spaciny applies to sections of the ring where there 18 no
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restraint imposed on the longltudinal drift of the ions., Interactior
between the magmetic guide field and the charged gas melecules may produce
trajectories resulting in non~thermal, effective Arift velocities, and the
foliowing section takes up thie point in yreatey detail. To maintain
values of 0~ 10 % reguires the distribution of clearing stations at
intervals of approximately O.3m intervals. A ring vacuum of 10 ¢ torr has
heern assumad, and any ilmprovement in this figure, particularly through a
yeduction in the partial pressure of the heavier constitvents such as nitrxo-
gen, water vapour and carbon monoxide, would permit an increase in the

sepsration between clearing stations through the Tp term in eqn.(18).
6. ION MOTION IN THE DIPOLE MAGHET REGIONS

Congider an ion moving along the s-axls in the co-ocrdinate system of

Fig.4. The force on the particle will be given by;

F o= ai{vill + B} {1%)

The velority vector has gomponents along all three axes due to thermal
smotion, oniy —BY exiotn in the dipole magnet, and the electric field vector
has two components syiy} and Ex{x} e to the radial distribution of the
transverse gpace-charge {egn.{&b}. FProos eqn. {19}, three eguations of motion

can be written:
?xﬂn;wa% 5+ ek (x)
£y = My = eE (v}
rg-n&-»-a.ayi

where M is the mass of the fon and E_(x) is given by egn.(6b). Further
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re-arrangement produces:

EH

wm‘;i»ﬁxx«o {20)

.

+§Yy'wo

+uX B o (213

13

eB
wiere w = mgx- from consideration of the radial motion of & charyed

particle in a maguetic fleld and

% M Gﬂtaﬂcx px*by)
Integrating eqn. {21} and eliminating 8 from egn.{20) gives:

x#+olx+uk=o (22)

where a® = £ # o and k 1s a constant of integration. Eguaticn (22) has
X 4

the form of a second order linear equation with a selutien of tha type:

x-nmsst+n$mut-ﬁ {23}

02
Putting in bomdary cenditlons of x = o, X = Gx,i (8. the ion is assumed to
be within the beam and most probably at the bottoz of the potential well
moving with thermal velocity, ﬁx, at t = o glyes:
v

x=5-y‘-{cosat—l)*;£$$nut {24)

al
Integrating and substitutiag for x gives;
. we - Y
B - k-»g {Cosat-1} + v = Sinot + X = o (25}
a
with boundary conditions of § = ;s at t = ¢ glves

k=wv: {26}
8
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so that eqn. {25} becomes:
o 7
- 2 Ve Y
Bmv - Eyo X sinac +
o a?

CosaL (21

Equations {24} and {27} indicate a cycloidal trajectory in the x - s plane
with the amplitude of this motjon in the transverse {(x} direction determ-
ined by the beam intensity through the }”/52 term. For low beam lntensities
the cyclold has a large amplitude, decrsasing sy the beam Intensitcy
incgreases. This change in amplitude is reflected in a variable rate of
progresalon of the ¢ycloid aiong the 8 axls; as shown In egn. (27}, the
longltudinal velocity is_ modified by the beam intensity dependant term

- NZ}’GZ%. The saturation characteristics of this term are depicted in

fig.5.

The spacing of clearing stations in the dipole magnet is thus a more
complex function than eqn, (18] suggests due to the presence of a cxossed
magnetic and electyic field term. BAn energy dependence might be expected

in the u»"’z

/a?) term though an increase in maguetic f£leld with emergy
iu offset by the change in beam size so, a5 Table 1 shows, the longitudinal
velocity is substantially independent of beanm energy and closely approaches

the thermal velocity value at bheam currents of lA.

Table 1 Ign Longltudinal Velocity In the dipole regions of the SRS

for 1A stoyed beam,

Enexyy Type 1 Type 2

{Ge¥]
. 08 1Lov, w03
[
2.0 .81 Ve .9 Vg

From eqn. (18) it might be expected that s decreasing ion longitudinal
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veloclty with decreasing current would be offset by the greater neutralisa-
tion ratieo that could be tolexated at the lower beam currents. In prac«
tice the overall dependence of electrode spacing on beam intensity is a
complex one and caleulations show that the most critical situation still
occcurs for vertical @ shift at injection gnergles. reguiring clearing
electrode spacings of £ v 0.3m. Forx mechanical reasons, the most likely
gsolution is a continuous electrode gystem fiteed along the full length of
the dipole chambers. Detalled caloulations of maximuz tolerable spacings

within a dipole region are tharafore not toos important,
7. BSUMMARY

The potential well associated with the stored electron beam space
charge will trap gas ions produced in the vicinity of the beam. The number
of icns trapped by this means is defined in terms ©f & neutralisation
ratieo, and an upper limit on this ratio is set by the uncorrected Q shift
that can be tolearated before rescnant blow-up might oeotur, In ozder to
maintain a specified neuwtralisation ratic, electrostatic lon ¢lsaving
stations can be provided at intervals alcng the oxbit path. Buch clearing
statipns should maintain an electric field gradlent sufficient to countex-
act the beam potential for the period of time that allows lon drift to

the collecting plates.

For the Storage Ring, we have agsumed a working point of 3% in both
planes and anticipate an uncorrected positive tune shift of .05 before
bean loss at the 31/ resonance becomes a problem. The dependence of
the neutralisation ratic on snergy makes the injection pericd more criti-
cal than higher energies when ratiss of n £ 16 7 should be maintained
around the ring. This neutralisation ratio can he achieved by clearing

electrode systems providing an electric field of £ 120V/un at the equili~
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brium orbit (the exact minimum value will depend on the beam size at the
location of the electrodes) spaced at intervals of 0.3mw. The electrode
size in the beam direction need not be large particularly where electyic
fields well in excess of beam potentlal requirements are applied so that
lons are accelerated out of beam region. At electrode potentials Just
sufficient to neutralise the beam potential, electrede lengths eguivalent
to the electrode-to-orbit spacing wonld be adeguate to permlit lon clearing
at thermsl drift velocities. Should the total length of the ion elearing
electrode systen become apprecisble, then the integral in eqn, (%) need
only be considered over the uncleared fraction of the ring circumfersnce.
This would lead to larger values for the permissible peutralisation ratie
with a consequent increase in electrede spacing, If voltage breakdown conw
siderations limit the clearing field to a value just sufficient to
neutralise the beam potentlal or other criteria dictate long electrodes,
then the spacing argument should be modified to take account of the lon-

free reglons along the bean orbit,

It should be smphasised that these recommendations are based on &
tolerable, uncorrected § shift of } 0.05 in either plane, a § shift that
allows little margin for error. Any decrease in this ¢ shift figure would

require a pro rata decrease in the separation of ion clearing stations.

Ho attention has been devoted to the longitudinal structure of the
bean and 1t3 posgible effect on the ilon Arift velocity, Qualitatively,
the bunching of the electrons would be expected to superimpose an oscilla-
tory component on the lon velocity but with a uniform bunch structure no

average yeloclty change is expected.

Finally, the assumption of s "hard-edged” beam of width 40 should net

be overlooked since this model neglects secondworder effects that might be

i&



of greater importance in machine operatioh. In principle, the § shift
that the model predicts can be corrected by straightforward  control
though the second srder effects resulting from 'a *fuazzy' beam edge will
probably lead to a broadening of the pperating peint in (-space with evi-

dent repercussions on chromatleivy.
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FIGURE CRPTIONS

Fg. 1 Co-ordinate System for an electron moving with velocity ¥
Fig. 2 Space charxge potential due to a column of chaxge at the centre
af a cireular pipe of radius A
Pig. d{a) Transverse section of an electron beam in a dipole chamber
{not to scale)
(b} Equipotential curves for a potential of 2V volts applied to
the slectrode configuration of (a)
{c} Equipotential curves for a petential of 2¥ volts applied to
the internal screen of {a)
¥ig. 4 Co-ordinate system in dipole magnet

Pig. S Longitudinal ion drift welocity in dipole magnet region
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