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Abstract 

The injector for the Advanced Photon Source incorporates 
a 450-MeV positron accumulator ring (PAR) to decrease the 
filling time with the 2-Hz synchrotron. In addition to accumu- 
lating positrons from the linac, the PAR damps the beam and re- 
duces the bunch length. The PAR lattice has been redesigned 
to use zero-gradient dipoles, while retaining essentially the 
same damping partition. Extensive simulations have been per- 
formed to set tolerances that will give high capture efficiency, 
in spite of the large momentum spread of the incoming positron 
beam. 

I. INTRODUCTION 
The Advanced Photon Source [l] (APS), now under 

construction at Argonne National Laboratory, is a 7 GeV posi- 
tron storage ring. It is served by a full-energy injector consist- 
ing of a 2 Hz synchrotrou, a positron accumulator ring [2] 
(PAR), and an electron/positron linac [ 31. 

The concept behind the PAR is the same as for the PIA ac- 
cumulator at DESY [4]: to compensate for the low efficiency 
with which positrons are created and captured in the linac, 
many positron macro-pulses are accumulated to make a single 
bunch for acceleration in the synchrotron. 

The APS linac is operated at 60 Hz, and hence the maxi- 
mum increase in the charge per synchrotron ramp is a factor of 
30. The actual improvement is less because the 30 ns linac ma- 
cropulse length is too long for the synchrotron’s 352 MHz RF 
system, so that time must be allowed for damping. This pulse 
length is not a problem with the PAR’s 9.78 MHz first-harmonic 
RF system. 

Figure 1 illustrates the PAR operating cycle. During the 
first 400 ms, 24 consecutive positron pulses are accumulated 
and damped. At l/60 s after injection of the last pulse, a 
12*-harmonic RF system is activated, to compress the bunch 
length. After damping for 83 ms, the positrons are ejected. 

II. DESIGN ISSUES 
The principle issues in the design of the PAR are the need 

for large momentum acceptance and rapid damping. 
The damping rates are proportional to the ring circumfer- 

ence and to the bending radius of the dipoles [5], indicating that 
a small circumference and bending radius are required. A cir- 
cumference of 30.6667 m was chosen, l/12 that of the synchro- 
tron. The bending radius, p, was chosen to be approximately 1 
m. 

Positron pulses are accumulated at 60 Hz, so a horizontal 
damping time of the order of l/60 s is desirable. Faster horizon 
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tal damping allows a larger injection kicker bump, reducing the 
amplitudes of newly injected particles and thus the required 
good field region in the magnets. 

In PIA and the original PAR design, a non-zero dipole field 
index was used to increase Jx to speed horizontal damping. The 
current PAR design instead uses non-sector edge angles, mak- 
ing the dipole easier to construct, particularly given the small 
P* 

Simulations [3] of the positron linac predict a momentum 
spread of ? 1% and an emittance of 6.6 xum for 95% of the 
beam. The dispersion in the PAR is quite large, giving a maxi- 
mum dispersivecontribution to the 95% beam size of of: 32 mm. 
Coupled with the residual betatron oscillation of the injected 
beam, this requires a large ( +- 60 mm) horizontal good field re- 
gion. 

Of particular concern was the beam dynamics modeling of 
the dipoles. Tunes, chromaticities, and damping partition num- 
bers were calculated by single-turn integration/tracking with 
various fringe-field models [6], giving good agreement with se- 
cond-order matrix methods. Long-term tracking employed 4* 
order canonical integration with the exact Hamiltonian [73, 
with extra sextupoles added to compensate the chromatic effect 
of the lack of nonlinear edge terms. 

III. MACHINE PARAMETERS 
A MAD-format [8] lattice listing lattice follows. The di- 

pole has approximate residual sextupole and edge-integral val- 
ues, based on magnet simulations. The sextupoles are also used 
for horizontal and vertical steering. Beam position monitors are 
located at every quadrupole. Because of the strong vertically 
focusing dipole edges, all quadrupoles are horizontally focus- 
ing. Quadrupole 43, nominally unpowered, will be used in ad- 
justing the tunes. 

Figure 2 shows the Twiss functions for one quarter of the 
PAR, while Table 1 lists some important parameters. 

Ll: DRIFT, L=1.731675 
Sl: SEXTUPOLE, L=0.2, K2=0.0 
L2: DRIFT, L=O.O8 
LQB: DRIFT, L=O.24 
Ql: QUADRUPOLE, L=O.23, K1=1.786022448154 
B: SBEND, L=O.8, ANGLE=-0.785398163397, 

El=-0.445,E2=-0.445, K2=0.1375, 
HGAP=0.0225, FINT=0.41 

42: QUADRUPOLE, L=O.23, K1=2.295915530046 
L3: DRIFT, L=1.47 
SD: SEXTUPOLE, L=O.2, K2=5.95873739969822 
43: QUADRUPOLE, L=O.23, Kl=O.O 
44: QUADRUPOLE, L=O.23, K1=2.270174600496 
L5: DRIFT, L=O.325 
SFH:SEXTUPOLE, L=O.l,K2=-1.65546424863732 
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QUADRANT:LINE=(Ll,Sl,L2,Ql,LQB,B,LQB, 
Q2,L3,SD,L2,Q3,LQB,B,LQB, 
Q4,L5,SFH) 

PAR: LINE=(2*(QUADRANT,-QVADRANT)) 

IV. INJECTION AND EJECTION 

Injection and ejection utilize a single pulsed 1.5~kHz trans- 
former septum and three fast kicker magnets. Two of these later 
form a closed injection bump, while all are used for ejection. 
The nominal parameters of the kickers are 80 ns rise and fall 
times, and an 80 ns, 430 G flat-top (the revolution time is 102 
ns). 

The large incoming momentum spread makes optimization 
of injection more involved than is usual: 

l The incoming beam must not scrape the outside sep- 
tum wall. This requires xi - mi > A, + AA,, where xi 
is the incoming beam centroid, 2 mi the incoming 95% 
beam size, A, the inner septum wall position, and AA, 
the septum thickness (2 mm). 

l In order to take the incoming beam “across” the sep- 
turn,one re4piES Xb > Xi + mi- A,,where xbis the 
kicker bump height. 

0 The incoming beam must not scrape the aperture in the 
SFs, requiring 

xb 2 xi + mi + (I&,,, I~sFI - A.& 

where pi is ring fix at the injection point and 6 = Ap/p. 
(The dispersion at the injection point is neglected here 
and throughout.) 

l The last previously injected bunch (which is not fully 
damped) must not scrape the inside septum wall when 
the kickers are fired, requiring 

Xb 5 As-D, (Xi + mJ 
l-D, 

where D, = eeATm, with AT = l/60 s. 

These equations were used to find the minimum kicker 
strength that satisfies all constraints. Using the lattice parame- 
ters from Table 1, Asp = 60 mm (previously chosen), and using 
the emittance and energy spread for the incoming beam gives 
A sepl = 20 mm and Xb = 11.6 mm. (These results allow 1 mm 
clearances, not shown in the equations.) 

V. TOLERANCE STUDIES 

Extensive numerical studies have been carried out in order 
to find tolerances that maintain good injection efficiency and 
dynamic aperture. Various limits were established on the al- 
lowable departure of the as-built machine from the model, and 
tolerances were set to ensure a 95% probability of not exceed- 
ing these limits. In evaluating the effect of any error, the simu- 
lations included the effect of appropriate corrective strategies. 
More specifically, the following procedure was used: 

1. Set tolerances on errors afecting the linear optics. 
The criteria for setting these tolerances was to main- 
tain beta-beats below lo%, eta-function errors below 
0.2 m, and linear emittance coupling of less than 10%. 
The corrective strategy consisted of adjusting the 
tunes back to the ideal values using 43 and Q4. Exarn- 
ples of errors involved are quadrupole strength errors 
and dipole yaw. 

2. Add tolerances on errors affecting the chromaticity. 
The criterion is that the maximum strength of the sex- 
tupoles not be exceeded. The additional corrective 
strategy consisted of adjusting SD and SF to return the 
chromaticities to zero. Examples of errors involved 
are sextupole strength variations, unexpected sextu- 
pole terms in the bending magnet, and quadrupole 
yaw. 

3. Add tolerances on errors affecting the closed orbit. 
The criteria are that the steering magnet strength limit 
not be exceeded and that the residual orbits be less than 
1 mm. The additional corrective strategy consisted of 
correcting the closed orbit. Examples of errors in- 
volved are dipole strength variations, quadrupole posi- 
tioning errors, and geomagnetic fields. 

4. Add tolerances on errors affecting the dynamic aper- 
ture. The criterion is that the dynamic aperture be out- 
side the physical aperture for lAp/pl ~1%. The dy- 
namic aperture is limited by multipole errors in the 
magnets, and hence the tolerances being set are on 
these errors. 

As implied, each stage of the procedure includes errors at 
the tolerance levels set in all previous stages. Hence, in the final 
stage, the dynamic aperture is evaluated in the presence of all 
categories of errors, For each stage, final simulations with all 
appropriate errors and corrective strategies were done for a 
large number of random machines (between 50 and 500, de- 
pending on the time required for each machine). Space does not 
permit a presentation of the tolerance values, but they are well 
within achievable values. 

Because of the time required for dynamic aperture runs, the 
simulations had all error multipole strengths at the tolerance 
limits, with randomized signs for both normal and skew compo- 
nents. This allowed evaluation of a set of worst-case dynamic 
apertures. Under these pessimistic conditions dynamic aper- 
ture was found to be outside the physical aperture for -1% 5 6 
5 0.8%; for 0.8% I 6 5 l.O%, approximately 95% of the physi- 
cal aperture was stable. The addition of a momentum compres- 
sion system before the PAR is under consideration in order to 
ameliorate this problem, which may reduce injection efficien- 
CY. 

After completion of these tolerance studies, injection sim- 
ulations were performed using idealized kicker waveforms and 
initial beam phase-space, and including the effects of transport 
line errors. These indicate that capture efficiencies greater than 
95% should be obtained. 
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Table 1 
PAR Lattice Parameters 

Circumference 30.6667 m 

Energy 450 MeV 

Tunes: vxvY 2.170, 1.217 

I Lwest Pxp By7 rlx 1 4.70, 13.71, -3.21 m 1 

px, &, qx at injection pt 

Momentum compaction 

2.00,9.80,0.0054 m 
0.247 

xx, % 
Jx, Js 
Energy loss per turn 

20.8,14.7 ms 

1.242, 1.758 

3.56 keV 
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Figure 1 
PAR operating cycle 
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Figure 2 
Twiss parameters for PAR 

Figure 3 
Plan view of the PAR 
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