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Summary

The method used for routine transverse acceptance measurement
in the AA and AC machines is explained. It uses an aperture-limited
beam obtained by blow-up with random noise, and localisation of the
beam edges with scrapers.The problem of finding the faint beam edges
and its solution are described.
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1. INTROODUCTION

Most accelerators and storage rings are designed with sufficient
acceptance margins to ensure correct operation. The precise acceptance
values are then not of great interest. In antiproton accumulator rings,
on the other hand, the entire aperture is filled and the accumulation
rate depends strongly on acceptance. Experimental optimisation of trans-
verse acceptance by closed orbit adjustment is of great importance, the
more so because in practice the physical aperture is often displaced with
respect to the theoretical orbit. For this optimisation, numerous accept-
ance measurements are needed. Their reproducibility must be good (say
1%), since an increase of acceptance can only be obtained by many suc-

cessive small adjustments.

The method used is to inject particles into the ring and then blow
up the beam by noise excitation with a transverse kicker until a certain
fraction (e.g. 20%) of the beam is lost. The beam envelope then touches
the aperture somewhere. The excitation is stopped and a scraper is moved
inwards until it starts touching the beam edge and removing some parti-
cles. From the scraper position at that moment, the acceptance may be

found if the lattice parameter B at the scraper is known.

The measurement must be repeated with a second scraper on the other
side of the beam since the exact closed orbit position at the scraper is
not known with sufficient precision. (In fact, orbit optimisation may
imply changes in this position). The acceptance is then found from the
difference between the opposite scraper positions. Of course, before
doing the measurement with the second scraper, the first one must be

removed and the beam must be blown up again.

2. FINDING THE EDGE - THE PROBLEM

It turns out to be surprisingly difficult to find the exact point
where the scraper touches the beam. To begin with, the resolution of the
scraper movement must be good (e.g. in the AA, the smallest steps are 0.1
mm, corresponding to 1.5% in acceptance). What is much worse is that a
beam whose emittance is blown up by random noise will not present sharply

defined edges where it touches the aperture limit.



Sharper edges may be obtained by giving a single large kick to the
beam so that part of it is lost, e.g. using an injection kicker. The
problem here is that such kickers are expensive and therefore in practice
only available in one plane. Moreover, such sharp-edged beams have a
short lifetime when touching the wall, which makes it difficult to find

the first point of intersection by the scraper.

Amplitude distributions of aperture-limited beams blown up by random
noise are discussed in Appendix A. It is shown that the edge of such dis-

tributions may be described by a function

L =2.2(1 - 3a)2 (1)

where L 1is the fraction lost after all particles with amplitude larger
than A have been scraped off, A being normalised with respect to the
aperture limit. This parabolic approximation is valid for 0.9 ¢ A < 1,
for beams that have started out as a pencil beam and lost 20% by blow-up.

As a consequence, for A = 0.995 (where the acceptance is reduced by
1%), only a fraction of 5.5 » 1075 is lost. Even for & = 0.975 (5% ac-
ceptance reduction), only 0.16% is lost. This makes it so difficult to
measure acceptance to within 1% with this method. In fact, early measure-

ments yielded wildly varying results.

3. FINDING THE EDGE - THE SOLUTION

The method that is used in the AA and AC rings is to continue the
stepwise scraper movement until a fraction of about 10% is lost, mean-
while measuring the remaining beam intensity at every step. The points so
obtained (vs scraper position) are then fitted with a straight line (for
the region of movement where the scraper was still outside the beam) and
a parabola, according to Eq. (1) but with a free coefficient, for the
region where the scraper cuts into the beam. The straight line may have
any slope, because the lifetime of an aperture-limited beam is not infi-
nite, and the parabola is required to be tangential to this line. The
point where the straight line merges into the parabola (and which is used

for calculating the acceptance) is adjusted until the best least-squares



fit is obtained. The fitting procedure is described in more detail in

Appendix B.

With this method, the steps may be relatively large (e.g. 0.5 mm,
corresponding to 8% of the AA acceptance). Large steps help to keep the
measurement time short. All the same, a reproducibility of 1%, far less

than the step size, is easily obtained.

4.  AUTOMATISATION

Although seemingly only a small practical detail, automatisation of
the measurement reduces the time required by at least an order of magni-
tude and is therefore essential. For a measurement the following steps

are needed:
- specification of plane (H or V),

- specification of revolution frequency at which the measurement is to

be made,

- various checks:
- correct operating mode set,
- cooling off,
shutters open (for aa),

- rf on, remote-controlled.

- move all scrapers outside beam aperture,

- move ejection kicker in (for AA, in "loop" mode where protons are
injected by this kicker),

- kill any remaining beam by moving a stopper in and out,

- set up rf for capturing injected beanm,

- ask for beam from PS and wait for injection,

- check intensity; if insufficient, back to preceding step,

- move ejection kicker out (AA),

- move beam (by means of a suitable rf function) to the required rev-

olution frequency,

- debunch the beam,



- blow-up until 20% is lost,

- measure intensity vs time and wait until beam decay is below a given
limit; this is sometimes needed if microwave instability of a small

beam fraction has occurred,

- move scraper in by 0.5 mm steps until at least 5 steps have shown a

loss of more than 0.5%,
- move out scraper,
- calculate beam edge,
- blow up beam until 20% is lost,
- move in opposite scraper in the same way,
- move out scraper,
- calculate beam edge,
- calculate acceptance.

A measurement takes about 3 minutes. Most of this time is needed at
present for the blow-up process. This could be speeded up by using a

stronger excitation.
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APPENDIX A

AMPLITUDE DISTRIBUTION OF
AN APERTURE-LIMITED BEAM BLOWN UP BY RANDOM NOISE

The betatron amplitude distribution of an aperture-limited bean
blown up by small random kicks has been described by Bruck!. According to
this analysis (which concerns beams blown up by multiple scattering, but
is equally valid for beams blown up by a kicker excited with noise) we
may describe the evolution by a diffusion equation. With some small

changes in notation we have:

3(p/A) _ D3 [A b(g[A)] 2)
ot A

0a oA

where p 1is the normalised distribution (p = (1/N)(dN/dA)), A 1is the
amplitude normalised with respect to the aperture limit and D = % da2/dt

depends on the excitation.

Equation (1) may be rewritten

2(p/A) _ | (aztp/A) L1 BIP/A))_ (3)

ot 0A2 A 0A

This equation is the same one that describes 2-dimensional heat
conduction in a cylindrical bar, for temperature distributions with
circular symmetry2. The quantity p/A, which is proportional to phase
space density, is analogous with the temperature, and A with the radius.
If the temperature for A = 1 is zero (which corresponds to the aperture

limit in our case), we have the solution

p(A,t) = A L ap exp(-3j2Dt)Jo(ipA) (4)
n=1

where j, is the nth zero of the Bessel function Jg.



The coefficients a, depend on the initial distribution:

2
2,
J1(Jn)

1
ap = f P(A,0)Jg(jpA)dA . (5)
0

The higher-order terms will die out rapidly because of the increas-
ing jﬁ in the exponential factor. The influence of the initial distri-
bution then decreases with time. However, to save time, we blow up the
beam until only 20% is lost; this results in a final distribution that

still depends significantly on the initial one.

The fraction of particles remaining at time t is found by inte-
grating Eq. (4) over all amplitudes

1

F(t) = [ p(A,t)dA
0
(6)
= L[ apexp(-3gdt)JT1 (i) /3n
n=1
We shall now consider two extreme initial distributions:
a) all particles have zero amplitude:
ap = 2/33(3p) (7)
b) constant phase-space density (P(a,0) = 2a):
ap = 4/3pJ1(3p) (8)

We apply blow-up until 80% of the particles remain. We may find Dt
at that point from (6) and then find the distribution from (4). After
stopping the blow-up and subsequently scraping the beam down to Ag, the
remaining fraction is again found by integrating (4):

F(Ag) = Bg L apexp(-32Dt)J1(Ipho)/ip - (9)
n=1



This fraction, divided by the fraction before scraping, is shown in
Table 1 vs Ay for both sets of initial conditions a) and b) above. A
parabolic fit is also given for the first 10% scraped off; this is

evidently a good approximation. It turns out that the fraction lost is

L(Ag) = 1 - F(Ag) = 2.2(1 - Ag)?2 for a)
(10)
= 6.4(1 - Bg)2 for b)

For all realistic initial conditions, the result will be in between.
For the measurements considered here, the initial beam size is quite

small so that case a) 1s a reasonable approximation.

Table 1}

Remaining beam fraction vs aperture fraction
after blow-up until 20% is lost

Case a) Case b)
Ag

F(Ap) Parabola F(Ag) Parabola
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APPENDIX B

Suppose that we have measured n points with beam intensity yi, v2.

... Yp at scraper position x1, X2, ..., X, . We shall first assume that
the edge is at xo, with xx < xp < Xk4q. We fit a straight line to points
1, 2, ..., k and a parabola to points k+1, k+2, ..., n, and determine the
sum S of the squares of the deviations between these curves and the
measured points y. Then, we vary Xxp (note that k may or may not change)
and repeat the process until we have found the minimum value of S. This

adjustment of xg is done by a simple step-halving routine.
The fit is made as follows:

a + bx

Straight line : yq
c + dx + ex?

Parabola P Y2

We require yy = y2 and dyi/dx = dyz/dx at x = Xg. This allows us to

eliminate a and b, with the result
y1 = (c - exf) + (d + 2exg)x.

We may now express S in terms of ¢, d and e (for the linear and the
parabolic region combined). Minimising this means that the three partial
derivatives with respect to c, d and e must be zero. This yields three
linear equations from which ¢, d and e may be found. The resulting S is

finally minimised by adjusting Xg.



