Lawrence Berkeley National Laboratory
Recent Work

Title
SHAKING OF PARTICLE BEAMS TO REMOVE NEUTRALIZING IONS

Permalink
https://escholarship.org/uc/item/9386r5gw

Author
Peterson, J.M.

Publication Date
1971-02-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9386r5gw
https://escholarship.org
http://www.cdlib.org/

i;j:fen:zf atcthe Particle
- or 'onference, R :
Chicago, I11., March 1-3, 1974 PESPI;‘TZ’SMSG)
’ in

J. M, Peterson

February 1974

AEC Contract No, W-7405-eng-48

4 | )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
“which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
- J

. [IE;;WRENCE RADIATION LABORATORY
- IVERSITY of CALIFORNIA BERKELEY

P

a D 95¥02-T¥on

—

—



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or -
reflect those of the United States Government or any agency thereof or the Regents of the -
University of California.



SHAKING OF PARTICLE BEAMS TO REMOVE NEUTRALIZING IONS

J. M. Peterson

Lawrence Radiation laboratory
University of California
Berkeley, Californie

Introduction and. Surmary

Positive ilons produced through ionization of the
residual gas by the electron beam in an accelerator or
storage ring can be trapped in the rotential well of
the beem and produce focusing forces on the beam that
can shift the betatron frequency onto a resonance or
stimulate other beam-dynamics effects. At low beam in-
tensity the ions can be removed by means of the elec~
tric field imposed by clearing electrodes; however, at
high intensity clearing electrodes can become ineffec-
tive when the local field of the beam is greater than
that imposed by the electrodes or even harmful because
of electromagnetic interaction between the beam and
the electrode system. The ions can be removed also by
letting them coast to the walls in the interval during
an empty gap in the beaml, but the length of the neces-
sary gap in many cases is impractical. "In this paper
a new method, called "beam sheking",is proposed for
removing the neutralizing ions by inducing increesing-
ly larger emplitudes of ion oscillation about the beam
until they are driven to the walls.

Beam Sheking, General Features

The positive ions produced by ionizetion of the
residual gas by an electron beam move under the com-
bined action of the local electric and magnetic fields.
The dominant field in a high-intensity, large-radius
machine can be the coulomb field produced by the elec-
tron beam. In a round metal vacuum chamber of radius
R, the electric potentisl produced by a beam of I
amperes uniformly distributed within a beam radius b
and centered a distance d along the (transverse) x-
axis from the center of the pipe is described on the
x-axis by the function V(x,d) (in units of volts):
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v(x,d) = 5 [l ﬁf;glf + 21ln R ],
for §x-d} < b (within the beam) (la)
2
601 -xd -
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where Bc¢ 1is the velocity of the electrons in the
beam.

The potential et the wall V(+R,d) is zero. At
the center of the besm
v(4,d) = - 301/B[1 + 2 1n(R -a? }/bR]. We note that
the. potential difference between the beam snd the wall
decresses when the beam moves from the center of the
-chanber, but only By the relatively small amount
601/ 1n (1 ~ 4@ / -The positive ions in the cham-
ber tend to oscillate in the coulomb well between the
turn-around points corresponding to the total energy
(kinetic plus potential) with which it was formed. An
ion formed by an ionization event in the electron beam
is born with negligible kinetic energy and ordinarily
is trapped to oscillate within the beam, always within
its original radius to the beam center.

Now if the beam is suddenly moved sideways, an
ion instantaneously finds itself at a new potential,
but with its 0ld kinetic energy, and thus begins to
oscillate st a total energy equal to the sum of the
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cld kinetic and new potential energies. If the chenge
in potential energy is positive, -the total energy of -

~the ion is raised, and it begins to oscillate with lar- .
- ger amplitude

It is obvious that repeated movements
of the beam in this manner can increase the amplitude
of the ion until it can reach the wall and be lost.
Even if the amplitude is not enough to let the ion

‘reach the wall, en increased smplitude can serve to
" decrease 51gn1f1cantly the average neutrslization of

the electr-n beam. "Beam shaking" is the term used to’
describe motion of the beam that will tend to increase
the amplitude of the i»n motinn, such as to drive the
ions into the well or merely t» reduce beam neutraliza-
tion by diluting the ion density within the electron
bean.

Programmed Besm Sheking

If the detsils of the ion motion are sufficiently
well known, it is possible to remove the ions with just
two "shekes" of the beam. Consider, for example, the
situation in which the electron beam is initially cen-

_tered in a round metsllic vacuum chember 8 times lar-

ger than the beam. Let us follow the changes in ion
energy as the beam is switched from the center to +R/2
and theh to -R/2 on the x-axis, as illustrated in Fig-
ures la, lb, and lc. A singly-charged ion born in the
beam is somewhere in the cross-hatched area of Figure )
la, where the potential energy is (-140 + 15) I/B elec-
tron volts. (We are ignoring the potentTal due to the
positive ions). When the beam position is abruptly
moved to R/2, the potential energy of the ions is
raised by about 113 I/B and the ions are transformed to
the cross-hatched area on Curve 2 in Figure lb. The
ions then proceed to oscillate across the new potential
well (Curve 2) in the region bounded by horizontal
dashed lines, where the total ion energies are in the
range (-27 + 15) I/8 electron volts.

If the next switch of the beem from x = R/2 (Curve
2) to X = -R/2 (Curve 3) is delayed about 1/4 ion-osci-
llation period, when the ions will be oscilleting
through the beam and have their meximum kinetic ener-
gies, the gain in ion energy will be optimal. For an
ion at R/2 its increase in potential energy due to the
beam switch is- 124 I/5, and its total energy becomes
(+97 + 15) I/B, so thet it is sure to strike the wall
and thus be removed within e half ion-oscillation per-
iod.

Random Beam Shaking

If the oscillation period of the ions is not known
or if there is a variety of ions present, a programmed
method of shifting the beam at the optimal time of
greatesl ion kinetic energy may not be workable. How-
ever, a method of shifting the beam at random times’

‘also can be effective in raising the ions to escepe en-

ergy.

Consider Figure lc again; the cross-hatched area
extending up into the positive energy region is the lo- .
cus of the energy regicn of Curve 2 (Figure 1b) between
(-27 + 15) I/B trensformed by the shift in the beam '
from “x = +R/2 to x = -R/2. Note that each point in
the positive x-region is raised in energy while each
point in the negative x-region is lowered. If the beam
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:Figure 1. eSuccessive'steps in beam shaking.
(1a) Iong formed inside the beam have energies
: - .and movement shown within the cross hatched
L .~ area on potentlal ‘curve .1,
- (1b) Beam displacement to .R/2 moves ions up in
- total energy to small cross-hatched area on
. curve 2. - Jons then oscillate over the wi-
: 7 der cross-hatched area:
‘(lc) .. Beam displacement to '-R/2 transforms fon

‘energies to cross-hatched area of curve 3.
Those 1ifted to ‘positive energies will be
lost to the wall within a-half oscillation
.perlod. N

* gwitch occurs at a random time,

of the maxima in.the sinusoidal closed-orbit.

the probablllty that -
an ion will increase its total energy is equal to the

. fraction of its period that it is in the 'positive x-

region. For an ion of =30 I/B total energy, e.g., this
probability is about 60%, so that even with a random

switch time there is a good probability that’ an ion of

this energy or less will be "pumped" upward in total

energy. Repeated switches of the beam position between

+R/2 will thus produce a random walk of the ion energy

up toward energies of escape. - The typical step in .this
random walk is about 100 I/B, so that only a small num-

ber 6f .steps should be sufficient for raising the ener-. »
&y of most of the ions by the 150 I/B typlcally needed
for-escape to the walls. It is worth noting that ions
having total energies between O 'and -22.5 I/B spend’
less than 50% of their time in the positive x-region.
of curve 2, so that a random beam shift is likely to
lower their energies. However, this energy band is
narrow relative to the typical energy step and thus’
will eventually be skipped over.

This discussion of the ion motion in the x-direc-
tion has neglected the motion in the other transverse
direction and also the effect of a magnetic.guige field.
Although these matters complicate the details of the-

.ion motion, the energetics of the interaction are qual-

itatively unchanged. The magnetic field, if strong

enough, serves to 1limit the ion motion to helical paths
parallel to the flux lines. If one arranges the direc-
tion of" the beam shaking to be parallel to the magnetlc
field, the effect of the field is beneficial in that it

- serves to limit the motion in the other transverse di-

rection.

. The osc1llation period of an ion in the otential
of equation 1 is somewhat laborious to evaluate. When
the ion is formed inside the beam centered in the cham-
ber (d = 0), the period T ‘is given by .

& =
c

2
| [Mc S] 1/

e oz
When the ion is oscillating with an amplitude appre-

ciably greater than thé beam radius b, the period is
given approximately by ) .

o B[]

301Z

T = (2a)

(2b)

where. x, and are the maximum displacements in
the * dl%ectlons Mc® is the rest mass of the ion,
(in electron volts) and 7 1is its charge state. For
exsmple, for a Nz+ ion oscillating within a lOO amp-
ere relativistic electron beam of 1 om radlus, ‘the per-
iod is about 1/2 microsecond. When the ion oscillates
out to + 8 cm from the center of the bean, the period
is about 3 microseconds.

Productlon of Transverse Beam Motion

Moving the beam abruptly and holdlng it in-the dls
placed-position as required in 'this beam shaking tech-
nique can be accomplished in a variety of ways.
requirements are that it be done both in a time much g
shorter than the ion period and in'a way that does not ;
produce’ appreclable collectlve OSC1llat10n of the beam

An easy way to perturb ‘the closed-orbit into a
sinusoidal path about the normal closed-orbit is .by
means of a ‘single- dipol: magnet - 51tudted'anywhere along
the orbit. If this magnet can be switched on in a time
much longer than- the circulation period of the beam but
much shorter than the ion period, the beam will adiaba-
tically move 51deways without collective oscillation

and thus induce the desired motion in the ions. Such
motion can be used to drive out the ions in the regions
Another
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such distorting magnet situated an odd number of quar-

 ter betatron wave lengths from the first can subse- -

quently be used to produce maxima in the perturbed
closed-orbit where the first magnet had "zeroes". i
However, the use of this simple, single-magnet method
of distorting the closed-orbit can be used only when
the bean circulation period is imich, much shorter than
the ion oscillation period.

A more generally applicable method of suddenly
displacing the bean sideways without producing collec-
tive oscillation is the use of two kicker magnets sep~
arated by_a.n integral number of half betatron wave
lengths. - After magnet number one is switched on, elec-
trons passing through this magnet follow a sinusoidal

- trajectory about the previous closed-orbit. If the’

second magnet is placed at the last “zero" in this - _
sinusoidal path before one complete revolution of the
machine, and if the second magnet is turned at the

‘time when the first perturbed electrons reach it and

in such a manner as to cancel the effect of the first
magnet, then no dilution of beam emittance will occur
because the closed-orbit of the machine will lie along
the path taken by the central beam particle -- i.e.,
along the sinusoidal trajectory between the two kicker.
magnets over most of the machines circumference and
along the old, unperturbed central closed-orbit for:
the remaining small section of the machine.

" A second pair of kicker magnets shifted 90° in
betatron phase will complement the first pair by hav-
ing large emplitudes in the distorted closed-orbit
where the first pair produced zeroes. Similarly, a
third pair could help clean up the small portions of
the circumference (between the kicker pairs) where the
closed-orbit was undistorted. ‘ .

Obviously, there are infinite number. of kicker
magnet distributions which will do an equivalent job
of suddenly shifting the beam in a transverse direc-
tion. The use of kicker pairs is conceptually the
easiest, but sensitive to the exact betatron tune. .
The use of kicker triplets is more flexible and allows
compensation for changes or ignorance in the betatron
tune and for limitations in availsble positions for ..
the kicker magnets. '

Conclusions

The scheme to remove neutralizing ions from the
eirculating beam in an accelerator or storage ring by
the method of beam shaking seems feasible and practical
for machines with vacuum apertures considerably larger
than the size of the beam. The method was described
as applying to the removal of positive ions from elec-
tron beams, but it can be applied alsc to the removal
of electrons or negative ions from beams of positive
particles. It can in principle apply also to the re-

- moval of neutralizing jons from non-circulating beams,

such as in a high-intensity or a de¢ linear accelerator.
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