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Abstract

Antiproton yickds into the Antiproton Collector ring (AC) of the Antiproton Accumulator Complex
(AAC) have been caleulated using a montecirlo approach. The target (antiproton production) and ini-
tial coliccting lens have been modelled using a computer program written by Sherwood and Hancock
(TGTST), which is based on i original program by van der Meer [1]. The model includes reabsorp-
tion and coulomb scattering of the antiprotons by the target and lens materials. The injection line s
modclled by a particle tracking program (TERRAPIN), which includes multiple coulomb scattering of
the beam by the air in those sections not under vacuum.  Yiclds are reported for various types of col-
lector lTens and injection hine optics. A simple analytical madel of a linear lens is reporied, in order to

produce a clearer understanding of how the lens parameters (such as current and length) affect the
vield.
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1. INTRODUCTION

The antiproton yicld into the Antiproton Collector (AC) ring of the new Antiproton Collector
Complex (AACY 1s dependent on many things: the characteristics and quality of the mitial 26 GeV
production beam, target material and Jength, optical and matenal propertics of the collecting lens,
beam optics of the injection line, and ultimately the particle losses in the AC itself are a few of the
major factors. Previous caleulations [2] have adopted a montecarlo approach to antiproton production
in the target, and to ray tracing through the initial focusing lens. A computer model developed by
Sherwood and Hancock, based on an original code by van der Meer [1] (hereafter referred to as
TGTST), has been used extensively to model antiproton production, and scattering and reabsorption
in the target and collector lens. TGTST generates antiprotons from a defined 26 GeV proton produc-
tion beam, assuming antiproton production cross sections and production angle distnbutions from fit-
ted available expenmental data. The momentum distribution is considered to be flat over £3% about
the central momentum of the AC (3.5752 GeVice), which is the momentum acceptance of the machine.
The yicld was calculated by counting the number of particles which fell into the AC transverse phase
space acceptance cllipse, projected back through the injection hine to the lens. Fsumates were then
made of the reduction of the yickl due to various foss mechanisms, based on the difference between the
observed and caleulated yiclds made for the ongmal Antiproton Accumulator (AA\). The numbers
reported in the hiterature[ 2] have always been quoted in terms of some reference or normalized value;
this has Icad i some cases to ambiguaitics when discussing the vanous calculated yvields, 1t is therefor
the subject of this report to try and clarily these ambiguities, by expanding the already existing monte-
carlo modcel 1o include the injection ling, and hence caleulate the yicld directly into the AC. In this
way, antiproton losses i the injection line due to gas scattering and chromatic effects can be included.

The monteearlo approach is gencrally the most flexible way of caleulating the antiproton yicld
(although viclds have been calculated using an analytical approach[3]), but from the point of view of
lens design, it fails 1o give a clear understanding of how the optical paramcters of the lens afleet the
vicld. A simple hincar optics method is used here to give analytical solutions 1o the problem of lens
design. In the hight of the pursuit of increased yiclds, this approach, although by no means cxact, gives
a uscful guide to the type of specification required 1o obtain the maximum yicld possible (taking into
account engincering and financial constraints), and gives a useful starting pomnt for the montecarlo cal-
culations.

2. MONTECARLO SIMULATION OF ANTIPROTON PRODUCTION

In order to ealculate the optimum parameters for a collecting lens, it is necessary to first model
the distribution of antiprotons in four dimensional transverse phase space. The first stage (target stage)
of TGTST generates a file of phase space coordinates of antiprotons at the exit of the target, which
can be analyzed independently of the rest of the program. ‘The target is modelled as a cylinder of a
given matcrial (in this case, cither copper or iridium), surrounded by graphite. The model takes into
account coulomb scaticring of the antiprotons as they are tracked through the target, as well as reab-
sorption. Figure | shows a typical phasc space distribution produced by a 60x3Imm indium target, for
26 GeV proton production beam with a diameter of lmm diamceter (corresponding to an cmittance of
0.427 mm.mrad) at the entrance of the target.

Ignorng sccond order (nonlinear) effects, the maximum vicld into the AC is obtaincd by match-
ing the machine acceptance through the injection line and collector Iens, to an cllipse at the end of the
target which contains the maximum number of particles. The cllipse drawn in figure | represents the
maximum vicld for an acceptance of 200r mm.mrad in both planes. 1t is clear that a lens would have
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Figure I: Distribution of antiprotons in phase space at the end of the target. The . rep-
resent antiprotons born in the target, while the -+ represent those antiprotons
born in the surrounding graphite.

to focus particles with angles up to approximately 140 mrad in order to obtain the maximum yicld into
200 mmunrad; this is generally not possible duc to either engincering or financial constraints (or
both). Instcad, a compromisc between the best yicld and what is practically and cconomically possible
is required. Figure 2 shows the normalized yield as a function of maximum divergence (7) for vanous
targets. ‘The graph was produced by fixing the value of 0 and varying the maximum displacement of
the constant arca cllipse until a maximum yicld was obtained. In general, this ellipse will be tilted; this
enablcs the definition of a centre of production, i.c. that point a distance d upstrcam of the cxit of the
target, where the ellipse is upright (sce figure 3). The mean values of d arc given in tabic |, and arc
important when considenng the lincar lens parameters (see section ).
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Tahle 1 Valucs of d for various targets

target length (mm) d (mm)
Indium 6() 36
Indium 30 16
Copper 60 30
Copper 30 16

The results shown in figure 2 lcad 1o two general conclusions: a) as the angle increascs, the yicld
also increases until a value of about 150 mrad, at which point no further gain s made, and b) higher
angles favor shorter targets. The first point is simply explained by the production angle distribution
function, which is built into the model, and peaks at about 150 mrad. The sccond point is duc to a
depth of ficld effect; as the clipse becomes narrower at the centre of production (corresponding to larg-
cr value of 7, and consequently a smaller width in displacement), only those antiprotons generated in a
shorter target Iength fall into the acceptance.

Having found the best clhipse shape at the exit of the target, it is now necessany to see how the
vanous lens parameters can be made to match this into the injection linc.
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Figure 2: Normalized yield versus maximum divergence. ‘The graph shows the vield
(normalized to the maximum yield calendated) for four types of target, as a
function of maximum divergence.
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Figure 3: Target lens gecometry for lincar optics caleulations

3. LINEAR LENS OPTICS.

A linear lens is defined as onc in which the ficld ts proportional to the radius. In all the cases discussed
here, it is assumced 1o be a current carrying cylinder with a uniform current density.  In order to define
the specification for a lens, it is first nceessary to understand bow the various free design paramceters
(for examplc lens current and radius) relate to the projected phase space ellipse at the centre of produc-
tion of the target. If we definc the Courant and Snyder parameters upstream of the lens by (o, f.
yo)» and at the cxit of the lens by (a,, f#,, »,). then:
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Bp Or
symmctry, only onc planc need be considered. Defining o, = o, =0, cquation (1) can gencrate two usc-
ful cquations:

B, = (cosy — .\'k.\'im//)zﬂl + (si_zﬁ + .tcns-l/)z—ﬂl— , (2)
|
0= —;(kﬁf - %)sinNz - x[(/?'ksim//)2 +scosTh] . (3)

By reversing the order of dnift and lens matrix (R, xR ). two more equations can be obtained i a

similar way:

B, = ﬁncoszu// + (scosy + klsim[/)zﬁ]; , (4)
0= L kp2+ 2k — Lysin2y — scos2ys (5)
2000 k ' ' '

The five parameters which appear in cquations (2= 5) (8,. f,. k., s} arc directly related 1o the five
lens parameters, defined as:

1. fength /= —'k,
k
2. Radius R =/f,r,
3. Current /= MR’I("
Hy
4. I cns to waist distancc s,
S. Maximum collection angle 0_, = ﬁi
n

Iiigurcs 4 and 5 show the solutions equations (2) and (3) for two lens diameters (10 mm and 36 mm
respectively). The graphs show the accepted production angle (7 ) for various lengths of lens, with
the independent varable chosen as lens current, since this is probably the most important parametcr
from a practical cngincering point of view. The dotted lines indicate the lens to dnft distance, s. The
choice of a real lens is severely restricted by s, since the engineering constraints, together with the fact
that this distance must include a certain amount of the target length (sce figure 3), generally means that
s cannot be less than 100 mm. This tends to favor a larger diameter lens. Larger currents are also gen-
crally required (typically in the order of 1 MAmp) in order to focus a larger angle. and hence give an
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increased yield.
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Figure 4 Lincar lens parameters for a 20mm dizameter lens

Another possible criterion for the choice of a lens is that of chromatic aberration. All the previous
calculations were donc assuming particles with a magnctic rigidity corresponding to a momentum of
3.5752 GeV/e, the central momentum of the AC. Towever, due to the large momentum spread of 6%
accepted by the machine, chromatic cffects could become important, and for certain cases produce a
significant reduction in the yicld. To investigate the cffect, the Courant and Snyder paramcters of a
beam with a momentum of + 3% were caleulated for a given matched solution for a fens.' The frac-

1 .
By matched, we mean an exact solution to cquations 2 and 3.
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Vieure 5: Iincar lens paramcters for a 36mm diameter lens

tion of common arca of this and the matched cllipse, caleulated from

1
i1:1n " (I)—V D - 1)2

n

(6)
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Figure 6: Chromatic effects for a 20mm diameter hnear lens

where the subscript 2 corresponds to the cllipse for the + 34 case, are shown in figures 6 and 7. The
results indicate that a fong high current lens has the worst dispersion, but this cffect is still small (typi-
cally a few percent), and so can generally be neglected.

Although the familics of curves presented in figures 4 and S give a good analytical solution to the
design problem of a lincar lens, they do not take into account the problems of scattering and reabsorp-
tion of antiprotons in the matcnial of the lens itsclf. Also, this approach cannot be used in the casc of a
nonlincar focusing lens, such as a magnetic horn. In these cases, a ray tracing montecarlo type
approach must be used, such as that adopted by TGTST, already mentioned in conjunction with anti-
proton production in the target (section 2).
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Figure 7: Chromatic cffects for a 36mm diameter hinear lens

4. MONTECARLO SIMULATION OF THE COLLECTING LENS.

The cffect of coulomb scattering, together with reabsorption of the antiprotons will become more pro-
nounced as the lens becomes longer. Figure R demonstrates this effect by plotting vicld? against lens
length for various lens materals. In all cascs, the lens current was fixed at an arbitrary value of |
MAmp, with a diameter of 36mm, and the valuc of the drift distance, s, was adjusted for cach valuc of
length to provide a matched situation. ‘The solid line was caleulated from the hncar lens optics pre-

2 . .
In all cases. the term vield refers 1o the number of antiprotons per proton on target.
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sented i the previous section. In all other cases, the yvield is calenlated using TGS T The graph for
the plasma lens 1s a montecarlo caleulation with the scattering and reabsorption tumed of! (i.e. cach
particle produced by the target is simply ray traced through and up to the exit of the lens). Tt s cear
from these results that the effect of the scattering and reabsorption is quite considerable. For example,
although the solid hne shows that an increase in yidld can be gmned by going to a longer lens, the
cffect of the scattering and reabsorption is such that, i the case of a lens fabncated from aluminum,
there is a decrease in yicld with lengths greater than 140mm. It s difficult to include the magnetic
hom in this type of comparison duc to it's nonlincar nature, since it is impossible to make all other
paramcters cqual. The effect of the scattering will not, however, be negligible (sce section 6).
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Figure 8: Effeet of coulomb scattering and reabsorption on yicld. The graphs show the
yicld as a function of lens length for various lens matenals. The sohd line rep-
resents that vield caleulated from linear optics. In all cases, the current s |
MAmp.
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5. PARTICLE TRACKING THROUGIH THE INJECTION LINE.

In previous yield calculations 27, the results presented were obtained directly from TGEST, that
is the yield was calculated by counting the number off particles that fell into a defined aceeptance at
the exit of the collector ens. For a more precise calculation of the antiproton yield in the AC, it is
necessary to extend the montecarlo approach of TGTS'E to include particle tracking through the injec-
tion linc and into the machine itsclf. To facilitate this, a small paricle tracking program called
TERRAPIN has been written, which cnables the file of particle phase space coordinates produced at
the cxit of the lens to be tracked into the AC. TERRAPIN tracks cach particlc in turn through the
various clements, taking into account all the physical aperturcs. It also models the cffect of the
coulomb scattering duc to the air in the injection line, which gencerally causcs a reduction in the yicld.
Although TERRAPIN is first order in terms of transport matrices[4] , the program takes into account
chromatic aberration at the quadrupoles, which appears to be the most significant second order cffect

s)

T'he original design of the mjection line was based on the use of a 36mm diameter lithium collect-
ing lens, as defined in the AAC design report [6]. 'The optics (hereafter referred to as optic 1) was cal-
culated to match a 240r mm.mrad machine cllipse to the radius of the lens, while correcting the large
dispersion of the spectrometer (dogleg) to match the zero dispersion of the ACH [7] Tater it was clear
that this lens was not feasible for the start up of the AAC, and it was necessary to try and find a solu-
tion to match for the smaller 20mm diauncter lithium lens (optic 2). A further solution was required for
the 60mm diameter 400 kAmp magnetic horn (optic 3). In both cases, it was impossible to match the
lens radius to the machine cllipse for 240x mm.mrad duc 1o the aperture restnctions of the injection
linc, while maintaining the original design geometry and preserving the correct momentum collimation
in the spectrometer. Instead a compromise was arrived at, whereby an cllipse at the cexit of the lens
could be matched into the AC for an cmittance of 200r mm.mrad [8]. In the casc of the ¢20mm
lithium lens, the best solution was an upright cllipse at the exit of the lens, with a radius of 15mm
(corresponding to = 1.125m), slightly larger than the Iens radivs. For the 60mm magnetic horn, it was
not possiblc to find a solution with an upright cllipse, and so a tilted cllipse with a radius of 30mm
(f=4.5m) and a= —0.382 was uscd. All three of these optics are summarized 1n table 2, and the
beam envelopes (calculated using TERRAPIN) are given in appendix A, for values of Ap/p of 0%
and +3%. It should be noted that the beam envelopes do in fact clip the magnet and vacuum pipe
apertures in several places; this is due to the chromatic cffects at the quadrupoles, an effect not taken
into account in first order transport calculations.

3 . . .
A maich was attempted to first order such that the beam envelope defined for a given emittance fitied within all aperture

restrictions in the injection hine.
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Table 2: Injection hne optics.

The table shows the matched cllipse parameters at the exit of the lens for cach of the optics

solutions referred to in the text. R =< e and 0=V ye.

optic ¢ (mm.mrad) f (m) a R (mm) 0 (mrad)
1. 240).n 1.35 0.0 18.0 13.233
2. 200.n 1.125 0.0 15.0 13.233
3. 200.n 4.5 —().382 30.0 7.141

6. ANTIPROTON YIELDS.

Using 'TGTST in conjunction with TERRAPIN, it is now possible to calculate the antiproton
yicld into the acceptance of the AC, defined at the centre of quadrupole QDNOT. TGTST generates a
file of particle phase space coordinates st the exit of the target, as well as at the exit of the lens. Thus
it is possible to analysc the yiclds at cach stage, and make a comparative assessment of the antiproton
losses at cach point of the model. The following types of lens have been investigated:

l. 1S0mm x ¢36mm lithium lens,

2. 150mm x $20mm lithium lens,

3. 100mm x ¢20mm hthum lens,

4 80mm x $36mm aluminium alloy lens,

5. 70mm x $20mm aluminium alloy lens,

6. B60mm (400 kAmp) parabolic magncetic horn.

Both the 150x420mm lithium lens and the 60inm (400kAmp) magnetic horn have been used for
antiproton production. The 20mm diamcter lithium lens [9] was used during the commuissioning of the
AAC in the latter part of 1987, and is presently being used. The 400 kAmp horn [10] was used for a
trial period in Apnl 1988, Although plans for the 36mm lithium lens were onginally delayed duc to
financial rcasons, plans for a 1300 kAmp* pulser for such a lens arc presently being made in collabora-
tion with the Institutc of Nuclear Physics, Novosibirsk[11]. ‘Fablc 3 gives the current (1) and lens tar-
get scparation” (7)) for cach lens. Carc has been taken that the engincering constraints of the various
lenscs have not been exceeded; maximum currents and minimum target to lens scparations have been
used where such data is availablc. Because of these restrictions, not all the lens configurations arc at
their optimum. ‘The value of 7 for thc 150x$20mm lithium lens, for example, is too high, and the

I'his value refers to the peak current, not the d.c. equivalent current used in the simulations.

S . .
Here, the lens target scparation is defined as the distance between the exit of the target and the upstream end of the lens.
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optimum position for the target would be some 20mm closer to the lens. The shorter 150x¢20mm
lithium lens was proposed as a possible solution for an optimum configuration. The aluminium alloy
lens was first proposed as a cheap enginceering solution to the lithium lens problem. and consists of a
coaxial structure of insulated concentric cylinders, which enable a reduction in the time required for
current penetration [12]. The hithium lenses are modelled as a cylinder surrounded by an iron trans-
former core, in which the ficld is assumcd to fall off as I/r. In the casc of the aluminium lens, the
coaxial structurc mcans that the Iens (the inner conductor) is surrounded by the outer return current
path, which is madc of thc same matcenal. Because of the reverse current flow outside the lens, the ficld
falls off as (R*r—r) where R is the total radius of the lens (including return current path). ‘The
matcnal for the lenscs are actually aluminium alloys, (for the 36mm diameter lens, the alloy is 91.65%
Al 4.5% Mg, 0.7% Mn and 0.15% Cr, while for the 20mm diamcter lens, it is 86.7% Al, 2.5% Mg,
1.6% Cu, 0.23% Cr, and 5.6% 7n). 'The radiation and absorption lengths for these alloys were calcu-
lated as a weighted average of the recipricol length of cach clement present. The current used in the
calculation was obtaincd from the theoretical valuc of the most lincar ficld for the lens (1500 Tm ™!
and 833 'I'm~! for thc 20mm and 36mm diamcter lenses respectively) [12].

Table 3: Vens Parameters for Maximum Yiceld

The following table gives the values of lens current (1) and target lens separation (7)) used in
the yicld calculations. Attention has been payed to possible engineering constraints, and thesce
arc noted n the last column.

Lens 7. (mm) F(kAmps) Comments
14 ¢36x!150mm 80 970 Min. 7, opt. 1
11 ¢20x150mm 50 380 Min. 7, max. |
11 20x100mm 50 485 min. 7, opt. |
Al $20x70mm 42 750 Opt. 7, calc. [ (sce text)
Al $36xR0mm 115 1350 Opt. Z, calc. | (sce text)
Al horn $60mm 175 400 Opt. Z, max. |

In the casc of the lithium lenscs, there are windows at both ends of the lens which are required to
be mechanically strong to withstand the magnctic pressurc. These windows will increase the scattering
and absorption of the beam, and so must be taken into account by the model. The effect of scattering
is greater with a low divergence beam, such as that obtained at the exit of the lens. Thus only the scat-
tcring of the downstream window was considered, the cffect of the entrance window being neglected.
T'he exit window was modelied as lem of titanium using 'TERRAPIN, by dcefining it as the first cle-
ment of the injection linc. The effect of this window scattering is to gencrally reduce the yicld by
approximately 2%. Replacing the titanium by beryllium reduces this loss to 1.6%. “The cffect of the
absorption is more severe. In the case of titanium, a further 7% of the antiprotons arc absorbed in the
window (in this casc, both windows must be taken into account). Beryllium is slightly better at 5%.

Tablc 4 lists the results for the various lens and injection linc optics combinations. In the casc of
the lithium and aluminium alloy lenses, both the 36mm (optic 1) and the 20mm (optic 2) optics were
investigated. In all the cascs, the lens paramcters were adjusted to give the maximum yicld into the
acceptance at the exit of the lens (sce table 3), defined for 200 mm.mrad in both plancs. The file of
particles thus produced were then uscd as the input for TERRAPIN in order to calculate the yicld into
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the AC. The column headed Y1 in table 4 represents the maximum yield possible for a the given lens
and optics; it 1s obtained using the montecarlo progriun, by calculating the yicld into the acceptance at
the exit of the lens, but with all the scattering and reabsorption in the lens itself turned off. This is the
yicld that could be achicved if all scattering, reabsorption and second order optical cffects (eg. chro-
matic aberration at the quadrupoles) could be removed, and 1s used as a bench mark to gauge these
cffccts. the yicld given in Y2 is from the same calculation, but including the scattenng and rcabsorp-
tion. ‘T'he figure in brackets represents the percentage loss duc to these effects, as compared to Yi. Y3
and Y4 show the yiclds calculated into the AC using TERRAPIN. Y3 is calculated with no gas scat-
tering in the injection line, while Y4 includes the scattering, and as such should be the truc injected
yicld into the AC. Figure 9 gives the yicld in the AC as a function of acceptance (assumed cqual in
both plancs). The graphs reflect the results alrcady presented in table 4.

Tahle 4: Antiproton Yicld Analysis

The table below gives the theoretical antiproton yickds (for 200 mm.mrad in both plancs)
for vanous collector Ienses and injection line optics. All viclds are relative to a production

beam of 10" protons (x 10 %), assuming a 60x3mm iridium target. The yiclds are as follows:
Y1 Yicld into acceptance at cxit of the lens. No scattering or reabsorption in the lens.
Y2 Same as for Y1, but includes the ceffects of scattering and reabsorption in the lens.

Y3 Yield into AC acceptance. Includes scattering and reabsorption in lens. but no gas
scattering in injection line.

Y4 As for Y3, but now includes the air scattering,

‘T'he figures in the brackets represent the percentage of beam loss for each successive column,
using Y1 as a reference. ‘The last column is the total loss. With the lithium lenses, the figures
for Y1 to Y4 include losses duc to the two titantum windows, assumed to be lem thick.

Lens optic Yi Y2 Y3 Y4 loss
Li 36x150mm | 19.7 151 (23%) 149 (1% 13.7(6%)  30%
11 $20x150mm 2 163 10.6 (35%) 103 (2% 9.7 (4%) 41%
1 $20x150mm 1 16.1 10,6 (35%) 103 (2%) 9.7 (4%)  40%
14 p20x100mm 2 16.6 120 (28%) 11.6 (2%%) 10.8 (5%)  35%
14 $20x100mm I 16.0  11.6 (2R% 11.4 (1% 10.7 (4%)  33%
Al $36x80mm | 175 13.2(25% 13.0 (1%) 120 (6%) 32%
Al $20x70mm 2 153  11.6(24%) 11.2(3%) 10,6 (4%)  31%
Al ¢20x70mm I 149 11.1(26%) 10,9 (1%) 10.8 (1%)  28%
Al hom ¢60mm 3 16.1 127 (21%) 11.6 (77%) 10.7 (67%)  34%

The results presented in table 4 show that the highest yicld would be obtained with the 36mm
diameter lithium lfens with a high current, a 40% increasc over the present 20mm hithium lens or the
60mm hom. This is cntircly in agrecement with the lincar optics calculations presented in section 3.
The large loss duc to scattering and absorption in the lithium lenses (Y2) are enhanced by the window
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cffects, which contribute some 9% to the total loss. Making these windows thinner would increase the
yicld, and in fact in reality the windows are concaved, with an average thickness of 0.8cm. The losses
for the aluminium lenses and horn are entirely due the matenial of the lens itself. this can only be
reduced by using different alloys which are more transparant 1o the antiprotons, or by redesigning (in
then casc of the horn) to use less matenial. The losses due to the gas scattering in the injection hne
appcar 1o be in the range of 6% to 8% (as comparcd to Y3). This appcars to be a smaller cffect than
previously expected[ 5], but may be duc to the fact that the yicld is calculated into an AC acceptance
of 200r mm.mrad. When using an acceptance of 240r mm.mrad, the cffect is closer to 10% to 12%.
The difference probably anses from the fact that it is the particles at high amplitude betatron oscilla-
tions that get lost duc to scattering, so the cffect becomes more pronounced as the acceptance is
incrcased.
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Figure 9: Antiproton yicld as a function of AC acceptance. ‘The graphs presented repre-

sent the yicld as a function of AC acceptancee (assumed equal in both plancs),
and into a rectangular aperture in real space. No corrections have been made
for lincar coupling or losses due to nonlincar resonances.
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7. POSSIBLE SOURCES OF ANTIPROTON LOSS.

Fxpernimental yield values are available for the 20x150mm lithium fens and the 60mm diameter,
400 kAmp magnctic horn[13]. The experimentally obscerved yicld appears 1o be a factor of 1.5-2.0
down on those figures presented in table 4. A fraction of this difference may be accounted for by losses
in the AC duc to lincar coupling and non — lincar resonances, since the theoretical yicld is only calcu-
lated into the acceptance of the AC defined at the centre of quadrupole QDNOL. The acceptance of
the AC is assumed to be the same cllipse for all momenta. In reality the acceptance will be different
with a change in momentum, which almost certainly have an affect on the calculated vield.[14]

The effect of the vacuum windows in the injection line (which have been ignored here) will causce
a further reduction in yicld. These windows are, however, very thin (50um of stainless steel), and the
cffect of losses duc to scattering and absorption have been estimated to be of the order of 1%. Since
the intrinsic statistical crror of the calculation tends to put an uncertainty of approximatcly +5% on
the quoted theoretical yiclds, this additional loss can be ignored.  Finally, there is a small error in the
physical modcl of absorption mcchanism incorporated in TGTST. At present, the nuclear inclastic
intcraction length is used for the absorption length. This is the mcan free path between nuclear interac-
tions, which result in the absorption of the antiproton. It docs not include the losses due to Jarge angle
(clastic) scattering of the antiprotons caused by “billiard ball” type collisions with nuclei (this differs
from the small angle coulomb scattering, which is clectrostatic in nature). A more accurate description
would be to usc the nuclear collision Iength, which includes both clastic and inelastic collisions;. this
may decercase the calculated yield by as much as 10%,.
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Appendix A
BEAM ENVELOPES FOR THE INJECTION LINE OPTICS.

ACOL INJECTION LINE, 26mm lithium lens, 240 pi.
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Figure 10: Beam envelopes for ¢36mm lithivm lens injection line optics. Sec figure 12
for details.
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ACOL INJECTION LINE, 20mm lithium lens, 200 pi.
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Figure 11: Becam cenvelopes for 20mm lithium lens injection line optics. See figure 12
for detatls.
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ACOL INJECTION LINE, 60mm magnetic horn, 200 pi.
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Figure 12: Beam envelopes for 60mm magnetic hom injection linc optics.  Three beam

envelopes are overlapped, corresponding to Ap/p=0%,+3%. The vertical
length of each magnet clement (represented by either a plance rectangle for a
quadrupole, or a rectangle with three vertical bars for a dipole). indicates the
aperturc restriction. Vacuum pipes are represented by honizontal lines. ‘The
left hand cdge is defined as the exit of the collector lens, while the right hand
edge is the midpoint of QDNOI.
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