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PEP LATTICE DESIGN 

R. Bangerter, A. Garren, and L. Smith 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 
and 

P. Morton and J. Rees 

Stanford Linear Accelerator Center 
Stanford, California 94305 

Sllmmary 

Details cif the current lattice design for PEP, the 
proton-electron-positron colliding beam system1 will 
be described. This system allows collisions oCpro
tons up to 150 GeV with electrons or positrons up to 
15 GeV, by storing the proton beams in a supercon
ducting storage ring and the electrons or positrons 
in a concentric conventional ring, and allows collisions 
between electrons and positrons in the same ring up 
to 15 GeV. 

Introduction 

This design evolved from the concept put forward 
by Pellegrini et al. 2 which proposes the achievement 
of high luminosities by use of single short bunches of 
a relatively modest number of particles in each of the 
colliding beams. The performance goal of the pre
selJ~ design is the attainment of a luminosity of about 
10 cm-Z sec-1 for center-of-mass energies up to 
about 100 GeV in proton-electron collisions. 

The machine consists of two concentric rings, 
separated vertically except in four interaction re
gions designed with zero, or perhaps small, crossing 
angles. See Fig. 1. In plan view the two rings look 
nearly identical, each consisting of four ZOO-meter
radius arcs separated by four 200-meter-long 
straight sections. For electron-positron experiments 
both bunches would counter -circulate in the e -ring, 
while for proton-electron or proton-positron experi
ments protons would be stored in the p-ring and either 
electrons or positrons in the e -ring, with suitable 
choice of polarities in the magnets. 

In the normal single -bunch mode envisioned, two 
opposite interaction regions would be used simultane
ously; in a two-bunch mode all four could operate at 
once with the same total luminosity and RF power, 
provided that twice the total number of protons and 
the same total number of electrons were stored. 

/----, 
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Fig. 1. Schematic diagram of PEP ring 
configuration. 
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For protons with energies between 70 and 150 GeV 
interacting with 15-GeV electrons, we expect a lumi
nosity of 1032 em -2 sec -1 at each of the two collision 
points, and a decline at lower proton or electron 
energies. A luminosity of 0.6 X 1032 cm- 2 sec-1 is 
predicted for electron-positron collisions at 15 GeV. 

Design Considerations 

The principal parameters affecting performance 
in the proton-electron mode at peak energies are 
listed in Table I, the beam dimensions being deter
mined by the emittances given in Table II. The 
number of protons used is in the range of existing 
synchrotrons, and the number of electrons corre
sponds to a reasonable level of radiated power. Of 
course the short bunch lengths required imply high 
peak currents, which fact makes imperative a careful 
theoretical and experimental study of collective 
phenomena. 

It has become apparent to us that the performance 
o{ a PEP-type device will probably be limited by the 
beam-beam interaction rather than by practical limita
tions on particle phase-space density. This inter
action sets a limit to the allowable transverse particle 
density, so the interaction cross section must be care
fully adjusted. To obtain a suitable area we have used 
normalized proton emittances much larger than those 
available from AG synchrotrons, and in fact compara
ble to those measured in the Bevatron. The electron 
horizontal emittance is determined by lattice proper
ties and energy, and the vertical emittance by horizon
tal-vertical betatron coupling. Even though we have 
employed maximum coupling, the electron area is 
uncomfortably small. 

A finite crossing angle increases effective cross
sectional area, but this approach was discarded for 
the basic confi~:uration since more stored -particles 

Table I. Peak Energy p-e Operating Parameters 

"' ____.2__ e 

Momentum (maximum) p 
~~ototZ ~~ to 1z 

GeV/c 
Number of Particles N 

!03Z -2 -t 
Luminosity (each int. point) ;;:_ em s 
Number of RF Bunches ns I 
Length of Each Interaction Region ~ 

zo m 
Crossing Angle deg 

Interaction Point Parameters: 

beta-function - horizontal ~; 4.!9 0.6 

-vertical ~. 0.45 0.!1 

dispersion - horizontal ~· -O.ZO -0.96 

- vertical ~~ 
z 

Interaction Point Ameli tudes: 

bunch length ul !3 !.6 

rnomentUlll spread ut>.p/p t.zxto- 3 !.!SX!0- 3 

dispersion width u* O.OZ4 0.!1 em 
xp 

betatron width u* 0.!40 O.OZ6 em 
xb 

total width u: 0.!4Z 0.!13 em 

total he ig~t ut O.OZ6 0.0!1 em 

Beam-Beam Tune Shilts: 

horizontal t>.vx O.OZ3 0.0!9 
vertical t>.v,. O.OZ4 o.ozs 



Table II. Orbit Parameters 

Betatron frequencies- horizontal 

- vertical 

Phase advance•normal cells 

Transition energy 

Beta-function max. -cells 

Dispersion maximum-cells 

Beta-function tnax. -straight 

Dispersion maximwn-straight 

Normalized Emittances/rr 

v 
X 

v 

~)2~ 
~/2~ 

:Yt 

'f3max 

"'~max 

ilx 
~z 
~X 

~ 
23.25 

!5.25 

80.2 

75.8 

20.7 

28.5 

1.20 

!047 

34!7 

-0.3! 

e-ring 

31.25 

27.25 

79.7 deg 

77.5 deg 

28.3 

28.5 

1.22 

21!0 

!879 

-6.94 

€x= 6<Txb ax1bf3'Y 

(95% of beam) 

€ 0.045 2.033 cm-rad 
X . 0.0!5 2.033 cm-rad 

uxb = rms betatron am pl. 

€1·=6u1 a(3y 

Injection 

Assumed injection energy 

Momentwn spread 

Betatron aznplitudes*-horiz. 

vert. 
Synchrotron am.plitude 
Proposed apertures- horiz. 

- vert. 
Maximwn apertures in insertions at 

70 GeV, !5 GeV: 

z 

'1 

E. 

±~p/p 
"bet 
hJ.et 
a 

B 
a 
b 

a: 
b 

!5. 386 

5 !5 
!0-3 0. 75X10- 3 

4.!3 1.18 

2.69 1.19 
0.!2 0.!2 
5.5 2.5 
4.0 2.5 

12. 12. 

!4. 12. 

*For protons the beam radii used for aperture are.J6u. for electrons 6.Su 
is used, for a quantum lifetime of 105 sec at 15 GeV. 

GeV 

ern 

ern 
ern 

ern 

ern 

are required for the same luminosity- -too much more, 
in our opinion, if common quadrupoles are to be 
avoided- -and the experimental configuration becomes 
more complicated. Instead, the minimum p-values 
have been increased substantially from the 15 em sug
gested in Ref. 2 for protons and the 5 em suggested for 
electrons, and in addition horizontal dispersion has 
been introduced. With this combination of measures 
we have limited the linear tune shifts L>vx and L>vz, 
which measure the strength of the beam-beam inter
actions, to values below 0.025, a number found to be 
sufficiently small in electron storage rings. However, 
it should be noted that recent results 
suggest th~t this value may be pessimistic for electrons, 
and there are theoretical grounds to suspect it may be 
optimistic for protons. We thus obtain the operating 
parameters of Table I which give 'the desired lumino
sity of 1032 em -2 sec-1, with reasonable apertures and 
RF requirements. 

In the lattice as presented, large p-values in some 
quadrupoles lead to high natural chromaticity (pdv/dp). 
The presence of dispersion in these quadrupoles makes 
it possible to remove the chromaticity with nearby 
sextupoles, but the sextupoles cause serious nonlinear 
effects. Modifications will be made to correct this 
condition. 

For electron-positron experiments at 15 GeV, we 
contemplate operating with electron parameters simi
lar to those of Table I, except that there would be 
2.5 X 1012 particles in such beam, the same total radi
ated power, and a luminosity of 0.6 X 1032 cm-2sec-1. 

The range of accessible operating energies and 
the corresponding luminosities has not yet been com
pletely mapped out. However, we plan to cover the 
proton energy range from about 70 to 150 GeV with 15-
GeV electrons or positrons at full luminosity, and 
complete parameter sets are now in hand for both ends 

of this range. (We have also calculated quadrupole 
settings for proton injection and acceleration;) The 
procedure proposed is to assume that proton emit
tance varies inversely with momentum, and to let the 
proton Pi and Pi vary directly. I~ this way the beam 
sizes, tune shifts, and luminosity remain constant. 
Below 70 GeV one can no longer decrease P* with
out increasing quadrupole apertures in the nearest 

E 
u 0.5 CQ 

o~~--~---L--~--L---~~---L--~ 
0 2000 4000 6000 8000 

s (GeV 2
) 

XBL732-2343 

Fig. 2. Values of Center-of-ma.ss energy 
squared (s) and velocity (Pc.m.) ac
cessible with synchronism of bunches. 

Curves A: Ee varied. 

B: Ep varied. 

C: s min determined by aperture 
needed for injection. 

D: smin with 2-cm extra aper
ture width. 

E: adjustable dog-leg in p-ring. 

doublet, above those proposed here, since these vary 
as (p*)-1. 

For ·different proton energies it is necessary to 
change the closed-orbit path length to maintain syn
chronism between the two colliding bunches. This will 
be done by varying the ratio of magnetic field to mo
mentum to change the radial position of the proton 
bunch. Because the proton beam width at injection is 
larger than it is at the experimental operating energies, 
there will be sufficient aperture available to maintain 
synchronism between 55 and 150 GeV. (See Fig. 2). 
A further decrease would require provision of extra 
aperture or lattice changes. Changes of electron 
energy can also be made in order to alter the center
of-mass energy; these do not entail synchronism prob
lems, but will require selection of other interaction 
point parameters. 

Description of the Lattice 

In order to simplify the description we shall treat 
separately the periodic structure of normal cells that 
comprises most of the circular arcs, and the matched 
insertions that are composed of the (horizontally) 
straight sections and adjacent portions of the arcs. 
The orbit lattice and parameters are summarized in 
Tables II and III. 

A. Normal Cells 

The central portion of each arc is made up of 14 
identical separated function FODO cells, with the 
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Fig. 3. Diagrams of insertion structure. 
Quadrupoles are dark, dipoles shaded. 
Beam profiles represent 70-GeV pro
tons and 15-GeV electrons. 

Table III. Lattice Parameters 

..l!..:.!i!!& e-ring 

Total Radius R 327 327 rn 
Gross Radius Circular Arcs Rn 200 200 rn 
Straight Section Length Ls 200 200 rn 
Bending Radius p 125 125 rn 

40 4 Magnetic, Field, Peak Bo kg 
Gradient in Cell Quadrupoles G 450 106 kg/rn 
Number of Superperiods Np 4 4 
Total Number of Cells NCT 72 72 
Number of Normal Ce Us Nc 56 56 
Cell Length Lc 17.5 17.5 rn 
Dipole Length 5.45 5.45 rn 
Quadrupole Length i. 7(> 0. 70 rn 
Length of Cell Drifts 0.80 1.30 rn 
Vertical Separation of Rings 1.25 rn 

elements of the electron arc directly above the cor
responding elements of the proton arc. One normal 
cell is shown in Fig. 3, to the right of the insertion 
structure. 

The separated function configuration was chosen 
to insure positive damping in all three modes of 
oscillation for the electrons, to simplify construction 
of the superconducting magnets, and to insure flexibil
ity in manipulation of the operating point. The last 
feature is particularly important because of the need 
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to conserve aperture by moving into the low -[3 con
figuration only after the protons have been accelerated 
and their amplitudes decreased. 

Having decided on a separated function lattice, a 
FODO focusing structure was chosen for the normal 
cells, since this provides the most efficient use of 
azimuthal space for bending and focusing. 

The cell length results from a compromise be
tween a desire for high proton energy, high electron 
emittance (to moderate the beam-beam effect), and 
low electron radiated power on the one hand and for 
small aperture and low RF overvoltage requirements 
in both rings on the other hand. The former consid
erations call for long cells and the latter for short cells. 

B. Insertions 

Figure 3 shows the right half of the symmetric 
insertion structure and Table I gives beam properties 
at the interaction region center point proposed for p-e 
collisions at 150 and 15 GeV respectively, with zero 
crossing angle. The beam envelopes shown in Fig. 3 
correspond to 15-GeV electrons and 70-GeV protons, 
the lowest energies contemplated for experiments at 
full luminosity. This combination sets the aperture 
requirements in most of the insertion magnets since, 

,. 
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Table IV. Radiofrequency Systems* 

p-ring e-ring 

Radiofrequency f 146 350 
Harr.nonic Number h 1000 2400 
Power Dissipated in Cavities 5 1 
Power Radiated by Beam 4.2 
Peak RF Voltage v 93 51 
Quantum Lifetime 1 
Total Shunt Impedance 2000 2500 
Total Accelerating Cavity Length t 150 100 

*For p-ring, only the 3rd stage system, used during p-e 
experimentation, is tabulated. 

tincludes all three proton RF systems. 

MHz 

MW 
MW 
MV 
dav 
MJJ 
m 

as mentioned above, injection and acceleration would 
be carried out without the sharp focus at the interaction 
point. 

There is a clear region (free of magnets) of ±10 
meters for experimental apparatus at the interaction 
regions. The two beam lines are separated by the 
vertical bending magnet B1, the electrons rising to 
their ring 1.25 meters above, and the protons return
ing to the elevation of the interaction point under the 
action of PB2 and PB3 to reenter their ring. 

The focusing characteristics of the insertions are 
dominated by the sharp focus at the low -13 interaction · 
point and the first doublet to which the beam freely 
expands. For the electrons the first doublet is Q1, 
Q2, but for the protons the first effective doublet is 
PQ3, PQ4, since the electron doublet has little effect 
on the relatively high-momentum protons. The first 
doublet arrests the beam-widening, and together with 
the succeeding quadrupoles to the right it provides an 
exact match to the proper beta-function and dispersion 
values of the normal cells. A small vertical crossing 
angle may be produced by adding a vertical dipole to 
the electron insertion above PB2. 

The first electron doublet Q1, Q2 produces a focus 
in the electron beam at the position of the proton verti
cal septum magnet PB2. The vertical dispersion llz 
introduced by the vertical bends is removed in the 
electron insertion by adjusting EQ3, EQ4 so that 11 
is zero in the center of EQ5 and by making the seg~ent 
between B1 and EB2 symmetric about EQ5 in its focus
ing pattern. In the proton beam, TJz is equal to the 
vertical beam displacement from the interaction region 
level through the dog leg between B1 and PB3, and 
hence returns to zero after PB3. 

For p -e + collisions the polarities of the vertical 
bending magnets and of all e-ring quadrupoles are re
versed so that the e+ and e- beams are identical; the 
proton beam bends downward in the dog leg but is 
otherwise unchanged, although slight tuning changes 
must be made due to the reversal of polarities in Q1 
and Q2. 

The portion of the insertion structure immediately 
to the left of the first normal cell resembles two 
normal cells, at least with respect to the horizontal 
bending. However, the quadrupoles differ in length 
and gradient, since they function as part of the match
ing structure of the insertion, and one of them has 
been replaced by a doublet (PQ9, 10 and EQ12, 13). 

Adequate space for RF and injection systems is 
provided to the right of PQ4 and PQ6 in the p-ring, 
and to the right of EQ7 and EQ9 in the e-ring. 
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Computations 

Choice of the interaction point parameters was 
aided by the interactive computer program SHINE. 
The ~attice design was carried out in a manner similar 
to that used for SPEAR. 3 We first designed the cells 
using program SYNCH, 4 then the insertions using an 
interactive version of TRANSPORT, 5 and again SYNCH 
to obtain orbit functions through the complete ring. 
This procedure is iterated to obtain reasonable 
v~values. The insertion was designed by starting at 
the interaction·point with the desired orbit parameters, 
and ending at the center of the first F-quadrupole of 
the normal cells. At that point six conditions are 
imposed to match the orbit functions to the cells. 
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