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. ABSTRACT

In the develbpment of a resonaﬁt extraction system for
the Bevatrén it has been necessary to consider the effects
of ﬁhe strong nonlinearities in the synchrotron guide field.
The variation of particle oscillation frequency with ampli—-
tude and distortions from sinusoidal form have been analyzed.
Effects on the resonant growth process have been calculated
and observed. Guided by the analysis, 1t has been possible
to achieve satisfactory behavior with only minor alterations .
of the guide field. Use of a small spill—control perturba—
tion is discussed and performance of the extraction system

is reported.

Introduction

The plans for the Bevatron resonant extraction system were described

"in. a previous paper.l As tests of the system have proceeded, effects

of the variation bf focusing with radius became evident, inteffering with

the study of the resonant process . and limiting flexibility for future use.
AlﬁhOugh it is difficult to remove nonlinearities, it has been possible to
compensate the tfoubleéome effects and obtain a satisfactory extraction.

behavior.

* : '
- Work supported by the U. S. Atomic Energy Commission.
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Wevshall remind the reader'that thé’BeVatron resonant extraction
Operates at an initial betatron freqﬁency~of 2/3 + Ay, with Av about —0.02,
It is controlled by a single magnet which has three independent coils:

(a) the perturbation excvit‘ing the resonant growth, (b) the spiller
controlling the rate of extraction, and (é) the first septum. This magnet
is plunged close to the accéléfated beam. - Figure 1 shows.the perturbation
and spiller in reiation to the closed orbit and to the 0.13—inch éeptum.v'
Because one 1s not restricted to ex;itation by thé loweét—order multipole
(in this case, sextupole), the particle trajéctories may be adjﬁsted by
shaping the perturbation. This flexibility could also be utilized to
offset nonlinearities in the synchrotron guide field, but we desired a
more nearly lineér behavior in the developmental stageiand.sqme under—

standing of the nonlinear effects.

Effects of Nonlinear Guide Field

The radial dependence of betatron frequéncy with cidsed orbit
position in the Bevétron at 5.7 GeV is shown in Fig. 2. The departure -
from constant gradient is cénsiderabie and produces a variation in average
frequency, ;, withvoscillation amplitude. Because the motion of particles
near resonance is criticaliy dependent upon 7, a variation Qith ampiitude
can modify or arrest the gréwth of amplitude beforé particles reach the
extraction septu‘mf |

To estimate the deviation of v from the value Vs at-Small amplitude,

we assume the particle to'be oscillating 1n a restoring force of the form - 0
' ' -2 2 3 ' '
= — X + +
F Vs X C2 X C3 X y

' for which the anharmonic oscillation frequency 1s readily calculable.z
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- This form does not match the Bevatron guide fields, but we feel'jﬁstified

in terminating the expansion because the oscillation frequency is strbngly
influenced by the restoring force near maximum amplitude. Hence, for

each amplitude, a, the constants C_ and C3 were evaluated to make the forces

2

at fa’'each equal to those in the Bevatron.  The equation to determine 02

.and C. becomes

3

o) -

RO + a .
- v2 a+ C a2 * C a3 = o vz dR.
) e 3 R

o

Using theée constants, the frequency at each amplitude was calculated.
This estimate indicated substanfial variations of v within the 6-inch
amplitude needed to.extract.

For more detalled calculation of particle motion we later de&eloped
a'cqmputer program that used the measured small-esmplitude v values for the
BeVatron. (See Appendix A.) From this program we may obtain values of v
vs. amplitude, and example results for two closed—orbit radii are shown in
Fig.'B, curves A and A'. _Case A shows little frequency deviation out to
the required 6 inches, and extraction at this radius was possible. For
extraction with Case A', the frequency could be shifted to give the proper
value of Av at émall amplitudes, but the deviation of 0.0l at 6 inches
wouid arrest amplitude growth before.particles reach the septum.

A secohd effect of the nonlinearities arises from the departure of

Athe_motion from sinusoidal form. The effect of a perturbation on amplitude

and phase must be calculated with details of the relation between these
guantities in the nbnlinear oscillation beiﬁg taken into consideration.
In thisvit is a simplification to have an azimuthally local perturbation,
since the motion in any small portion of an oscillatiqn may be .considered

to be sinusoidal with frequency appropriate to the ldcaiAfocusing force.




L | UCRL-19213

This approximation was used to calculate the deflection which, when
applied once each M turns, would be needed to produce a fixed point of -
order M. ILet the average betatron frequency be o .

N

- =2+
= M Av,

with Av small and N and M -integers. Divide the M turns into two portions:.

turns to complete N oscillations, and a small fraction M %Z of a turn
v _ ” ‘

<l|z

in which the excursion y is sinusoidal with a frequency vp'appropriate to

the guide—field réstoring;—force near the fixed point. A deflection A %—%

- at the center of the latter portion produces a fixed point. The motion

of the particle near the Ifixed point ié described by

'y =y _ cos v (G—Mﬂ——Av)
0 p -
v
and
“Av
V4 = yp/c_os.vp‘Mﬂ e

where yp,is the displacement of the fixed point from a reference closed
orbit. The local deflection needed, obtained from the slope at 6 =0, is
4

Cav v v
A =2y V() tan Mx (£) av ,
v ae P '; "_;

and differs from that for linear motion to the extent Vp/; differs from

unity. The value of vp may be obtained from the w—vs—R relation using

"p

' / v2 dR.
y=0

2 1
'V = vt
b pr,

A typical magnitude of 113 for v, = 6 in. in the Bevatron is x 1.1.
v

=
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In the experimental progfam, the use‘of curfents in the ﬁevatron
pole—face windiﬁgs pfovided a'limited control of guide—field nonlinearities.
Because of limitatiéps on current, we could not simply remove the gradient
variations; but it was poésible to compensate particular effects. As noted
before, a similar control of any particular set of fhese nonlinear effects
is offered)by the adjusfment of the perturb@fién.shapé, but for our tests
the pole—face Windings were more suitable.

We were concerned at fifsf with the variation of v with amplitude,
but we leérned that we cbuld correct v by means of pole—face winding

currents; this correction did aid extraction in some cases; but did

not réduce abnormél behavior in all situations. When we recognized and

~ allowed for the effect of local focusing force in altering the action of

perturbation, we found agreement between predicted'énd cbserved results.
of'gradient‘changes.‘

Particle motions from computer calculations for,three cases of
w—vs—~R are shown in the figures. As noted before, Case A in Fig. 2 is

the unaltered guide field. The phase diagram for that case is given in

"Fig. L4a; a stable fixed point appears at —6.5 inches, but particles still’

proceed past the septum satisfactorily. Case B has a linear change in
y=vs—R of -0.02 inch and is of interest because it has little change of

v with amplitude (see Fig. 3). However, in thls case, observed experi-. .

>mentally, growth per turn is very small at the septum, with larger growth

appearing at smaller amplitudes. Also, not all beam spilled out with

reasonable perturbation strength. The phase diagram of Fig. 4b supports

this behavior, our interpretation being that high restoring force in the

vicinity of the perturbation has produced the stable third—order fixed
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point on the beam side of the.septum. In Case C, fhe gradient was altered
to reduce the restoring force near the_perturbation; A small secondary
effect 1s seen in the average frequency in Fig. 3, but experimental
behavior was improved, and fluctuation of parameters had less influence.

on good growth per turn at the septum. This case is also shown in the
phase diagrams of Fig. 4a. Pole—face windings needed for this compeﬁsated
case are less than one.half what is needed for less satisfaétory extraction

through attempts to produce a simpler—appearing v—vs—R relation.

Beam Spilll Control

A shaped field of variable amplitude hésfbeen'used“to cdntroi spill—
out of the beaﬁ while other pafameters of thé'accelerator are héld consﬁant.
The shaped spilier coil is added to the perturbatién magnet. It provides
é flexible control for either slow or fast'spillout, and should héve a
simple, fast responsefuseful in design‘of feedback systems. -

The shape of ﬁhe»spiiler field has been choéen to‘cancel most of the
sweeping of angle at fhe'septumbés particles of progrgssively smaller
initial betatron amplitudes are extracted. Figure 1b shows sﬁccessive-
sequences of particle positions as.the spiller amblitude increases and
moves the unstable fixed point towdrd the‘closed orbit during spillout.

A fair degree of coincidence of angle and growfh per thrée turns at the
septum has been aéhieved. Cbnsiderable variations in fhe spiller design

is possible as experience adds new specifications.

4
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Performance

The scale of the Bevatron beam size is suggested by noting that about

70% of the particles afe within a total radial amplitude of * 1.5 incheé;

the phase oscillations account for about * 1/4 inch.
‘The growth of amplitude per resonance—period (three turns) has been

found, 1in good agreement with calculations, to be about 0.8 inch at the

'septum of the first extraction magnet. The septum 1s located at a radius

- 5.5 inches smaller than the closed orbit. Figure 5 shows a radiogutograph

éf é‘goid‘foil ;rradiated ét this location over a lY—hour period.

Experimental observations have_éhown that all internal beam participates
vin the reéonan£ process andvreaches the first septum magnet. Therefore the
beam measuredlat this first extraction magnet has become the référence for
extraction efficiency.

‘With the new 0.13—inch—thick septum and the growth per resonance period
of 0.85 inéh, the theoretical extraction efficiency is 85%.‘ Measurements of

49

the relative amount of L Tb produced by irradiation of gold foils show a
survival of ~ 87% bf the beam at the entrance to the second magnet. An
apefture restriction that the beam encounters at the transition into the’

external beam channel intercepts m~ 20%, as indicated by measurement of 65%

survival outside the synchrotron. The emittance of the external beam, -

 full area in the radial plene, has been estimated to be about 1 cm mrad.

The extracted beam current shows ‘1ittle or no rf modulation after the

rf system has been turned off for a few milliseconds. However, a slow

vvertiéal growth takes place, which is presently under iﬁvestigation.,
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‘With a narrow target aﬁ.the same azimuth as'thé‘first extraction
magnet the amplitude growth can be traced back several resonance periqu.
Whene§er the shadow of the targeE falls on the septum a-minimum of beam
curfent is lost. This "orderly" behavior of the resonant excited'beam'
encburages us to planvan electrostatic septum upstream to extract thé_ 
beam which ordinarily would be intercepted by the septum of the first

magnet.
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APPENDIX A

The calculation by computer of the motion of a particle through.

extraction in the Bevatron including guide field nonlinearities was based

" on the following appi‘oach.

Assume the Bevatron is composed of four quadrants separated by field—
free drift sections. At each radius, the gradient in a quadrant is
dB _  _ B ‘

U value calculable from the measured data on v—vs—R for small

oscillations (Fig. 2). The field is then constructed from

R
dB .. -
= . -+ —
B = B dedR,
R
o]

where BO is the reference value at the stable closed orbit radius Ro. :

The equations of motion in the radial plane in polar coordinate are

dx 1
PR =P 3R’
dPp
R _
W—P-—eBR,
22 - p? _ o2

where PR’ P o are the transverse and longitudinal momenta and x the particle

excursion from the closed 6rbit. ‘If we substitute

where
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The value of k 1s calculated from the constructed field B, and we
assume it to be constant in a short azimuthal interval A9 = 92—61, so that
the motion is loéally a portion of: a sinusoid. . The,tranéformation from 91

to 92 can then be written as _ :
' _ - : ¢,

/. !
I ( "
fdu i L du

\T A/ - \
49/, 46/

where

. | . N l ‘ .
"/ cos Nk 06 ‘\/:li sin Wk AG\

T o=

\=x sink 26 cos Nk 46 /

A computation program traces the motion through successive azimuthal
intervals by Jjoining segmenté of sinusoids having the appropriate paramefers.'

The particle coordinates in radial phase space are obtained from the

equations
- (u,=u, ) _ dx| _ du
Ry =Rpe 2 1, x=RyR, and dslz "% |,

A local perturbation is readily added as an angular deflection dependent

upon radius as desired.

. ‘""
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- Figure Legends

Perturbatiop'énd spillef shape.

Phase diagram'féf Case C dﬁrigg extraétién by s?%llgr.
Radial betatron frgquency as a functién-of‘radiué.
Raéi§1 betatron frequency-4s a function of»émplitﬁde.
Full»phaée diagfam»for Case C With part.éf:Casé‘A'shbwn.

Full phasé diagram for Case B.

' Beam—spot size at Tirst septum magnet;
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—
. A: Unaltered Guide Field

B:-0.02/inch Y vsR ,
C: Compensated (for closed orbit ‘at 602 4 inch)
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Fig. 2
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