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Abstract tal damping allows a larger injection kicker bump, reducing the

The. injector for the Advanced Photon Source incorporates amplitudes of newly injected particles and thus the required
a 450-MEV positron accumulator ring (PAR) to decrease the good field region in the magnets.

In PIA and the original PAR design, a non-zero dipole fieldfilling time with the 2-Hz synchrotron. In addition to accumu-
index was used to increase Jx to speed horizontal damping. Thelating positrons from the linac, the PAR damps the beam and re-

duces the bunch length. The PAR lattice has been redesigned current PAR design instead uses non-sector edge angles, mak-
to use zero-gradient dipoles, while retaining essentially the ing the dipole easier to construct, particularly given the small
same damping partition. Extensive simulations have been per- P"
formed to set tolerances that will give high capture efficiency, Simulations [3] of the positron linac predict a momentum
in sl_ite of the large momentum spread of the incomingpositmn spread of --+1% and an emittance of 6.6 xlxm for 95% of the
beam. beam. The dispersion in the PAR is quite large, giving a maxi-

mum dispersive contribution to the 95% beam size of +-.32 mm.

I. INTRODUCTION Coupled with the residual betatron oscillation of the injected
beam, this requires a large (+_.60 mm) horizontal good field re-

The Advanced Photon Source [1] (APS), now under gion.
construction at Argonne National Laboratory, is a 7 GeV posi- Of particular concern was the beam dynamics modeling of
tronstorage ring. lt is served by a ftdl_ergy injectorconsist- the dipoles. Tunes, chromaticities, and damping partitionnum-
ing of a 2 Hz synchrotron, a positron accumulator ring [2] bers were calculated by single-mm integration/tracking with
(PAR), and an electron/positron linac [3]. various fringe-field models [6], giving good agreement with se-

The concept behind the PAR is the same as for the PIA ac- cond-order matrix methods. Long-term tracking employed 4th
cumulator at DESY [4]: to compensate for the low effic'iency order canonical integration with the exact Hamiltonian [7],
with which positrons are created and captured in the linac, with extra sextupoles added to compensate the chromatic effect
many positron macro-pulses are accumulated to make a single of the lack of nonlinear edge terms.
bunch for acceleration in the synchrotron.

The APS linac is operated at 60 Hz, and hence the maxi- III. MACHINE PARAMETERS
mum increase in the charge per synchrotron ramp is a factor of
30. The actual improvement is less because the 30 ns linac rha- A MAD-format [8] lattice listing lattice follows. The di-
cropulse length is too long for the synchrotron's 352 MHz RF pole has approximate residual sextupole and edge-integral val-
system, so that time must be allowed for damping. This pulse ues, based on magnet simulations. The sextupoles are also used
length is not a problem with the PAR's 9.78 MHz first-harmonic for horizontal and vertical steering. Beam position monitors are

located at every quadrupole. Because of the strong vertically
RF system.

Figure 1 illustrates the PAR operating cycle. During the focusing dipole edges, ali quadrupoles are horizontally focus-
ing. Quadrupole Q3, nominally unpowered, will be used in ad-

first 400 ms, 24 consecutive positron pulses are accumulated justing the tunes.
and damped. At 1/60 s after injection of the last pulse, a
12rh-harmonic RF system is activated, to compress the bunch Figure 2 shows the Twiss functions for one quarter of the

length. After damping for 83 ms, the positrons are ejected. PAR, while Table 1 lists some important parameters.

LI: DRIFT, L=I.731675

II. DESIGN ISSUES sl: SEXTUPOLE, n=0.2, K2=0.0

The principle issues in the design of the PAR are the need L2 : DRIFT, L=0.0 8
for large momentum acceptance and rapid damping. LQB: DRIFT, L=0.24

The damping rates are proportional to the ring circumfer- QI: QUADRUPOLE, L=0.23, K1=1.786022448154
ence and to the bending radius of the dipoles [5], indicating that B: SBEND, L=0.8, ANGLE=-0.785398163397,
a small circumference and bending radius are require& A cir- EI=-O. 445, E2=-O. 445, g2=0.11.375,
cumference of 30.6667 m was chosen, 1/12 that of the synchro- HGAP=0.0225, FINT=0.41

tron. The bending radius, p, was chosen to be approximately 1 Q2: QUADRUPOLE, L=0.23, K1=2.295915530046
m. L3 : DRIFT, L=I.47

Positronpulsesareaccumulatexlat60 Hz,soa horizontalSD: SEXTUPOLE, L=O.2, K2=5.95873739969822

damping time of the order of l/60 s is desirable. Faster horizon Q3: QUADRUPOLE, L=0.23, KI=O.O
Q4: QUADRUPOLE, L=0.23, K1=2.270174600496

* Work supported by U.S. Department of Energy. Office of Basic L5 : DRIFT, L=0.325
Energy Sciences under Contract No. W-31-109-ENG-38. SFH :SEXTUPOLE, L=0.1, K2=-1. 65546424863732
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QUADRANT:LINE= (LI,Sl,L2,QI,LQB,B,LQB, 1. Set tolerances on errors affecting the linear optics.

Q2, L3, SD, L2, Q3, LQB, B,LQB, The criteria for setting these tolerances was to main-
Q4, L5, SFH) tain beta-beats below 10%, eta-function errors below

PAR: LINE= (2" (QUADRANT,-QUADRANT)) 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 Q3 and Q4. Exam-

IV. INJECTION AND EJECTION pies of errors involved are quadrupole strength errors
and dipole yaw.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 ali are used for ejection. 2. Add tolerances on errors affecting the chromaticity.The criterion is that the maximum strength of the sex-
The nominal parameters of the kickers are 80 ns rise and fall tupoles not be exceeded. The additional corrective
times, and an 80 ns, 430 G fiat-top (the revolution time is 102 strategy consisted of adjusting SD and SF to return the
ns). chromaticities to zero. Examples of errors involved

The large incoming momentum spread makes optimization are sextupole strength variations, unexpected sextu-
of injection more involved than is usual: pole terms in the bending magnet, and quadrupole

• The incoming beam must not scrape the outside sep- yaw.
turn wall. This requires xi - mi > As + AAs, where xi
is the incoming beam centroid, 2 mi the incoming 95% 3. Add tolerances on errors affecting the closed orbit.
beam size, As the inner septum wall position, and AAs The criteria are that the steering magnet strength limit
the septum thickness (2 mm). not be exceeded and that the residual orbits be less than

I mm. The additional corrective strategy consisted of
• In order to take the incoming beam "across" the sep- correcting the closed orbit. Examples of errors in-

tuna, one requires Xb > xi + mi - A,, where Xbis the volved are dipole strength variations, quadrupole posi-
kicker bump height, tioning errors, and geomagnetic fields.

• The incoming beam must not scrapethe aperturein the
SFs, requiring 4. Add tolerances on errors affecting the dynamic aper-

ture. The criterion is that the dynamic aperture be out-of'W-

xi, -> xi + mi + (161maxh'lsFI- ASF) ./_P-h-_-, side the physical aperture for lAp/pl< 1%. The dy-
V PSF namic aperture :is limited by multipole errors in the

where [3i is ring [_xat the injection point and 6 = Ap/p. magnets, and hence the tolerances being set are on
(The dispersion at the injection point is neglected here these errors.
and throughout.)

As implied, each stage of the procedure includes errors at
• The last previously injected bunch (which is not fully the tolerance levels set in ali previous stages. Hence, in the final

damped) must not scrape the inside septum wall when stage, the dynamic aperture is evaluated in the presence of "ali
the kickers are fh'ed, requiring categories of errors. For each stage, final simulations with ali

A,-Dx (xi + mi) appropriate errors and corrective strategies were done for a
xb -< 1-Dx large number of random machines (between 50 and 500, de-

where Dx = e'aT/_x, with AT = 1/60 s. pending on the time required for each machine). Space does not
permit a presentation of the tolerance values, but they are well

These equations were used to fred the minimum kicker within achievable values.

strength that satisfies ali constraints. Using the lattice parame- Because of the time required for dynamic aperture runs, the
ters from Table 1, ASF = 60 mm (previously chosen), and using simulations had ali error multipole strengths at the tolerance
the emittance and energy spread for the incoming beam gives limits, with randomized signs for both normal and skew compo-
Asept = 20 mm and Xb= 11.6 mm. (These results allow 1 mm nents. This allowed evaluation of a set of worst-case dynamic
clearances, not shown in the equations.) apertures. Under these pessimistic conditions dynamic aper-

ture was found to be outside the physical aperture for -1% <

V. TOLERANCE STUDIES <__0.8%; for 0.8% <__6 _<1.0%, approximately 95% of the physi-
cal aperture was stable. The addition of a momentum compres-

Extensive numerical studies have been carried out in order sion system before the PAR is under consideration in order to

to find tolerances that maintain good injection efficiency and ameliorate this problem, which may reduce injection efficien-
dynamic aperture. Various limits were established on the al- cy.
lowable departure of the as-built machine from the model, and After completion of these tolerance studies, injection sire-

tolerances were set to ensure a 95%probability of not exceed- ulations were performed using idealized kicker waveforms and
ing these limits. In evaluating the effect of any error, the simu- initial beam phase-space, and including the effects of transport
lations included the effect of appropriate corrective strategies, line errors. These indicate that capture efficiencies greater than
More specifically, the following procedure was used: 95% should be obtained.
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Table I 14 ........
Px(m)

PAR Lattice Parameters 12

lo py(m)Circumference 30.6667 m

Energy 450 MeV --n,(m)

Tunes: VxVy 2.170, 1.217

Largest 13x,13y,alx 4.70, 13.71, -3.21 m

13x,13y,fixat injection pt 2.00, 9.80, 0.0054 m
z (m)_ -"

Momentum compaction 0.24? , , , , , , , ... ,
' ....... 0 1 2 3 4 5 6 7 8
•x, _:b 20.8, 14.7 ms

Jx, J6 1.242, 1.758 Figure 2

'Energy loss per turn 3.56 keV Twiss parameters for PAR

eo 0.36 _-lam

ob 0.041 %
,,.

RF: 1st, 12th harm. TOSYNCHROTRON LINAC...../FROM ...

Synchronous phase 174.89, 0 deg

Synch. tune 1.86, 5.90 xl0 -3 _K iKV_

"RMS bunch length 0.884, 0.280 ns
,,.,

accumulate dam,p •
and ana

damp bunch

ej = .
' _ 1/2second _ ,

Figure 3
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PAR operating cycle

[3] A. Nassiri, el. al., "The Linac Injector for the ANL 7 GeV

Advanced Photon Source," in Proceedings of the Linear
VI. ACKNOWLEDGEMENTS Accelerator Conference, September 1990.

The author is pleased to acknowledge valuable discussions [4] A. Febel, G. Hemmie, "PIA, The Positron Intensity Accu-
with and suggestions from E. Crosbie, L. Emery, J. Galayda, E mulator for the PETRA Injection," IEEE Transactions of
Mills, and L. Teng. Nuclear Science, Vol. NS-26, pp. 3244-3245, June 1979.

[5] M. Sands, "The Physics of Electron Storage Rings,"
SLAC-121, 1970.

V. REFERENCES [6] M. Borland. Private communication.

[1] "Advanced Photon Source Conceptual Design Report," [7] E. Forest, "Canonical Integrators as Tracking Codes," in
ANL-87-15, 1987. Physics of Particle Accelerators. No. 184, pp. 1106-1136,

[2] E. A. Crosbie, "The Positron Accumulator Ring for the 1987.

APS," in Proceedings of the Particle Accelerator Confer- [81 H. Grote, F. C. Iselin, "The MAD Program," CERN/
ence, March 1989. SL/90-13(AP), 1990.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not nex.easarilystate or
reflect those of the United States Government or any agency thereof.
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