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Crossing Angles at CESR, Experiments and Experience
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Operational Experience

The highest priority of modern colliding beam
storage rings to produce the maximum of num-
ber particle collisions. The rate of these collisions
is proportional to luminosity and may be written
in the following way:

L=217 (1 + ’l") Ebeam%Ibeam

the luminosity in
, 7 is the beam aspect ra-
tio at the collision point, Epeqm the beam energy
in GeV, £, the beam-beam tune shift parameter,
B; the beta function at collision point and Ipeam
is the average single beam current in amperes.

Our strategy for increasing L is described in ref-
erence [1]; here we will reiterate the main points.
Provided the single bunch current can be kept at
a reasonable high value so that a good tune shift
parameter can be obtained, we are attempting to:

Where L is

units 1032em 25 157!

e increase the number of bunches.

e reduce 3 and the bunch length

These two tactics are relatively independent.

The historical view of 8 variation and variation
of number of bunches per beam since start of op-
eration in 1977 and up to now is shown on figure 1
One can see two steps of 8} reduction in 1981 and
in 1986. These are explained in reference [2]. Now
(1995) Br is 1.8 cm, which is approximately equal
to bunch length.

In 1981 after electrostatic separators were in-
stalled, CESR started operation in multibunch
mode. From 1982 to 1988 CESR ran with 3
bunches per beam. The number of bunches in
this period was limited by an RF problem. In
1988, after the problem was solved, the number
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Figure 1: Evolution of 3; and the number of bunches per
beam at CESR

of bunches was increased to 7 per beam. Further
increases in the number bunches did not occur un-
til a configuration of bunch trains with a crossing
angle was implemented in 1994.

The main idea of the bunch train is illustrated
on figure 2. An angle between the two beams
at the main interaction point translates to good
beam separation in a short distance. This al-
lows a dramatic reduction in the distance between
bunches and therefore an increase in total number
of bunches. Note that crossing angle or space be-
tween bunches must be big enough to provide suit-
able reduction of beam-beam interaction at the
crossing point nearest to the IP. Closely spaced
bunches are grouped in trains to maintain good
separation in the arcs using the ordinary pretzel
scheme for 7 bunches.

One can see three critical issues involved in
bunch trains and crossing angles.

e The beam-beam interaction is modified by the
crossing angle.

e The long-range beam-beam interactions are
increased.

e The separation pretzel exists everywhere.
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Figure 2: Crossing angle scheme at CESR

After two years of intensive experimentation and
modifications to CESR we have analyzed these is-
sues and overcome their limitations. It was shown
that +2.5 milliradian crossing angle in horizon-
tal plane does not significantly affect the beam-
beam tune shift parameter. Analysis of long-
range beam-beam interaction experiments allowed
us choose criteria for adequate beam separation,
which was incorporated into optic design, and re-
duced the required physical separation so that
only a 2.3 mr crossing angle is needed. Nonlin-
earities in the magnets, particularly the wiggler
magnets which previously were not in the pretzel,
were much more severe. After wigglers were con-
verted to an even number of poles and adjusted
there effect on the pretzeled beam was greatly re-
duced. The field quality of a number of other
magnets was also improved.

Prior to the beginning of the crossing angle ma-
chine studies or best performance in 1990 was:

L = 1.5x10%2 cm™2s7! (1)
¢, = 0.030 (2)
I = 85 mA/beam (3)

At the beginning of 1994, CESR started HEP op-
eration with a crossing angle lattice. In the begin-
ning it was without trains and had 9 bunches per
beam. Later after new digital broad band feed-
back was developed it came smoothly to operation
with 18 bunches per beam grouped in 9 trains.

Now we have regular operation under this condi-
tion with best performance to date as of February

1995 of:

L = 33x10” em™%s7! (4)
& = 0.035 (5)
I = 160 mA/beam (6)

During machine study periods we have had suc-
cessful operation with 9 trains 3 and even 5
bunches per train. We expect that in 1996 we
will reach 300 mA /beam and a peak luminosity
of 6.0 x 10%? em 2571,

Beam-Beam Performance with a
Crossing Angle

The main problem of beam-beam interaction with
crossing angle in IP is the following. Let 26 be a
crossing angle. A particle without transfers dis-
placement but with distance S from bunch cen-
ter will cross the opposite bunch with coordi-
nate 65 and will get transverse kick. This kick
is proportional opposite bunch density and has
nonlinear dependence on S. It gives mechanism
for coupling between synchrotron and betatron
motion, which introduces synchro-betatron res-
onances with strength proportional to opposite
bunch intensity.

CESR is operating now with +2.3 milliradian
crossing angle at IP. The beam-beam tune shift
parameter calculated from luminosity during HEP
running 11th April 1995 is shown in figure 3 as
function of current per bunch. One can see that
the maximum is about 0.036. This good beam-
beam performance was arrived at after a several
steps. One was a modification of the permanent
magnet wigglers [5]. It significantly reduced wig-
glers nonlinear components. Another step was
to turn off several elements with strong nonlin-
ear components of magnetic field. After clean-
ing up the magnetic lattice the working point was
shifted very close to the half integer: Qh=10.52
and Qv=9.63 — a region where there are no prin-
cipal low order beam-beam resonances. Finally
very careful beta function correction and the ma-
chine tuning resulted in the beam-beam tune shift
parameter reported above.
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Figure 3: Beam-beam tune shift parameter versus current.

The CESR guide field, as it was mentioned
before, includes two 2.5 meter long permanent
magnet wigglers for production of intense X-ray
beams. The wiggler gap may be varied by remote
control. In closed position the peak wiggler’s field
is 1.2 T. During electron injection the wigglers
are opened which lowers the field to about 0.4 T.
Just before the beams are collided the wigglers
are again closed. Data shown in figure 3 were col-
lected when both wigglers are closed. During ma-
chine studies it was found that for both wigglers
opened beam-beam tune shift parameter reaches
0.04, independent of crossing angle for angles less
than 2 milliradians. Thus the nonlinearities of the
guide field have so far been more important to
the obtainable tune shift parameter than the syn-
chrobetatron coupling introduced by the crossing
angle and beam-beam interaction.

Long range Beam-Beam Interac-
tion

One of the most serious problems of multibunch
operation is the long range beam-beam interaction
at crossings points. The answer to the question of
how big the separation should be at each cross-
ing to provide beam stability determines many
of the collider’s features. This motivated us to
carry out an intensive experimental studies. The
results of these studies are grouped in two sec-
tions. The first one based on [6] describes a linear
model of the long range beam-beam interaction
and measurements of tune shifts due to parasitic

b2

Figure 4: Electrons in bunch b; interact with positrons in
bunch b, at positions A and B. The phase advance along
arc ¢ may be different from the phase advance along arc

d.

crossings. The second section discuses separation
criteria necessary for good lifetime, (see also [7]).

Linear Model of the long range beam-beam
interaction

Let us assume the separation distances at the
crossing points are large compared with the beam
sizes. Then the linear approximation of the beam-
beam kick angle does not contain significant terms
coupling vertical and horizontal motion. Likewise,
we assume the linear transport between crossing
points does not include coupling and therefore de-
velop only a one dimensional model.

Consider the simplest case of one bunch per
beam and refer to figure 4. The electron and
positron bunches should interact with each other
only at two points A and B located at the oppo-
site sides of the storage ring. If these points are
not on a symmetry axis of the lattice, the betatron
phase advance from A to B on side ¢ would not in
general be equal to the phase advance on side d.
This kind of asymmetry leads to some unexpected
behavior of coherent modes.

Let us form the vector (X1, X], X5, X)), where
Xi,(2) and X{7(2 are the horizontal coordinates
and associated angles of bunch b, (), appropri-
ately normalized by the horizontal beta function.
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The matrix that transports both bunches simulta-
neously (in opposite directions) through the mag-
netic structure from A to B is,

COS fi,  SIn i, 0 0

| —sinp. cosp,. 0 0
Map = 0 0 COS fig  SIN fg
0 0 —sin pg  COS fiq

(7)
where p. and pg are the absolute values of phase
advance from A to B along side ¢ and d accord-
ingly. For simplicity we have assumed that mag-
nitude of horizontal beta function is equal to one
and its derivative is equal to zero at both points
A and B.

To get the matrix describing the long range
beam-beam interaction consider the kick angle
produced by the electromagnetic field of b, on b;.
If distance between centers of bunches is much
larger than the bunch size, then the change of
angle will be §X; = 2N,ry/vyd, where N, is the
number of particles in bunch 2, r4 the classical
electron radius, -y, the Lorentz factor, and d is
the distance between bunch centers. Note that d
is composed of a closed orbit separation, dy, and
Xi,2 which are the displacements of bunches b; ,
relative to the closed orbit, i.e., d = dg + X7 — Xs.
Assuming | X, 2| < dy we can rewrite formula for
angle change as:

2N2’l"0

X! = -
ox; = =1

(8)

Here the first term is a dipole kick, which gives a
very small orbit distortion that does not depend
on X; or X,. The second term is proportional to
bunch displacements. It is like a gradient error
and couples the motion of the two beams to pro-
duce coherent motion. In what follows, we will
ignore the first term and only take into account
the gradient term. Conceptually this means we
must include the effects of the dipole error as a
distortion of the closed orbit. In practice, the dis-
tortion of the closed orbit is too small to matter.

The long range beam-beam interaction matrix
from just before the kick to just after kick will be

1 0 0 0
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Figure 5: Calculated mode tunes. Open and solid circles
refer to the two different modes. Here the effects of asym-
metries in the phase advance are evident. Dashed and
continuous lines are for the cases of |y, — pug| = = or 0.
The calculation was done for v = 10%, d = 29 mm, 3 = 40
m, Ny = 1.6 x 10! x T [mA].

where §vy 5 = Ny 7rof3/2myd? is the tune shift for
a single crossing point and N, is the number of
particles in bunch 2,1. To get a single turn matrix
M;,; we must make a matrix multiplication:

Mo = M;,uMp aM;,y M4 p (10)

where Mp 4 describes the bunch motion from B
to A. Eigenvalues and eigenvectors of M;,; char-
acterize the coherent modes.

In figure 5 we present results of numerical calcu-
lation of beam-beam coherent modes as described
above. We can see that at low total current, where
one bunch is very weak, the tune of the higher
frequency mode doesn’t depend on bunch inten-
sity, but the lower tune goes down with increasing
bunch current. The resulting tune split is propor-
tional to bunch intensity. This picture has a sim-
ple interpretation. The unaffected tune belongs to
the strong bunch, while the decreasing tune is as-
sociated with the motion of the weak bunch. The
fact that the tune is decreasing means there is a
defocussing effect by large bunch. The tune shift
or tune split, both are the same in this case, is the
sum of the tune shifts calculated for each of the
single crossing points, i.e., 26v;. An asymmetry in
phase advance between ¢ and d does not matter.

A different situation arises in the case where
both bunches have significant intensity. Here the
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asymmetry in phase advance p,s = | — pa| plays
an important role. In figure 5 we see that if the
phase advance is zero, i.e., (g4 = 0), the depen-
dence of mode tunes resembles that of the strong-
weak case. The tune shift of the lower mode is
proportional to sum of bunch intensities and tune
split equals to sum of tune shifts at both cross-
ing points. However, if p,, = m/2, the higher
tune goes down with increasing bunch intensities,
while the lower tune remains constant. At the
point where the bunch intensities become equal
one to another, both coherent beam-beam modes
have the same tune shift, which is equal one half
the tune split in the p,;, = 0 case. Moreover the
tune split equals zero in spite of beam-beam inter-
action.

To get a more realistic model which can be com-
pared with experimental data, the beam-wall co-
herent tune shift and multiple bunches must be
taken into account. The beam-wall coherent tune
shift should be introduced as an extra phase ad-
vance §pp—,, for each bunch. The magnitude of
dp_y is proportional to bunch intensity and is
taken from single beam measurements. To de-
scribe a configuration with k& bunches per beam,
the eigenvalues of matrices of order 2k must be
evaluated.

Measurements of the long range tune shift

Machine studies were carried out at CESR to mea-
sure the long range tune shifts under different con-
ditions as a function of beam current. The choice
of bunches and the pretzel configuration insured
that there were no head-on collisions at the nor-
mal interaction points. Betatron tune shifts were
measured on a spectrum analyzer connected to
beam pickup electrodes. For an accurate mea-
surement of the frequency it was necessary to ar-
tificially spread the tunes of the two beam enough
that the peaks would not overlap. This was done
by varying sextupole strengths in the region of
separated orbits. The betatron resonance widths
were about 1 kHz wide which is larger than many
of the tune shifts. Signal averaging and careful at-
tention to the frequency measurement were paid
— not always successfully — resulting in a vari-
ance of the frequency shift measurements of order
0.1 kHz. The optics used were the same as those

5
Bunch Vg [%J vy [%J pretzel
et | e” | data theory | data theory
1|5 |—-6+2 -16.4 | 60 + 2 66.3
1|5 |—42+5| -369 |183+3| 149

Table 1: Predicted versus measured long range beam-beam
tune shifts.

used during normal operation of CESR.

One of the measurements consisted of one bunch
of positrons circulating against one bunch of elec-
trons. The electron bunch was used as a ‘probe’
beam. Its betatron tunes were measured and its
current held constant at 2 mA /bunch while the
positron bunch current was reduced from 12 mA
to 2 mA. One of the nicer features of this tech-
nique is that there is no confusion introduced by
frequency shifts due to impedance as the mea-
sured beam is held at constant current. Data was
taken at two different pretzel amplitudes.

The results are presented on figure 6 and given
in the table 1 in comparison with theoretical cal-
culation:

In conclusion one can say the use of tune splits
of coherent beam-beam modes to test parasitic in-
teraction points, analogous to the use of 7 —mode
and o — mode for head-on collisions may lead to
confusing results. Under certain conditions the
tune split may be reduced, moreover it may be
zero in spite of a strong beam-beam interaction.
The best way to study the tune shifts due to the
long range beam-beam interaction is to use one
bunch per beam and measure the dependence of
the coherent tunes on the intensity of one of the
bunches keeping the intensity of the other bunch
fixed and quite small. Only in this case can you
be sure that the tune shift of smallest bunch will
be equal to sum of tune shifts for the single inter-
action points.

Separation Criteria

We have conducted fairly extensive experiments
at CESR to measure the minimum separation pos-
sible for adequate beam lifetime using a variety of
different lattices, crossing points, beam currents,
and energies. In all cases we found that if the
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Figure 6: Vertical and horizontal tunes of the ’probe’

bunch versus drive bunch current. Open circles refer to
the 1200 [c.u.] pretzel. Solid ones are for 800 [c.u.] pret-
zel.

opposing beam current is large enough, we can
adequately fit the minimum separation to a func-
tion proportional to the square root of the op-
posing beam current. However, if the opposing
beam current is instead quite small, reasonable
lifetime may be obtained with no separation at
all. Tracking simulations give similar results. We
also found that the minimum required separation
depends significantly on the beta functions at the
crossing points. A number of phenomenological
models/criteria have been evaluated against the
experimental data, see [7]. Some of them used
have been used to design optics and are discussed
here.

Experiments

The basic technique used to study the long
range interaction was to fill selected noncolliding
bunches and reduce the separation at the crossing
points until a poor (= 50 minutes) lifetime was
observed. The value of the separation obtained
represents the minimum necessary (but not suf-
ficient) for acceptable lifetime. Almost always, a
small ~ 10% increase in the separation above the
measured minimum was sufficient to obtain very
long lifetimes.

In most tests, only one bunch from each beam
was filled. In these cases the effects of the long
range beam-beam interactions at two crossing
points are combined. In general, the separation
distances, beam sizes, beta functions, etc., were
different at the two crossing points, though often
the effects from one crossing point dominated. In
other tests, one bunch was filled against two or
three noncolliding bunches in the opposite beam.
For each test, only the overall separation am-
plitude was adjusted so the individual separa-
tion distances at the different crossing points were
changed proportionally.

Four completely different lattices were used for
the experiments, with varying beta functions,
tunes, sextupole distributions, emittances and in
the case of optics D of table 2, slightly different
energy. We tested several crossing points by fill-
ing different combinations of bunches. Note the
rather broad range of maximum tune shift param-
eters (0.00082 to 0.00357) and a rather narrower
range of B parameters (0.089 to 0.146).
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Set | Optics SVmas B

1 A 2.44 x 1073 | 14.6 + 0.7
2 A 1.76 x 1073 | 13.4 £ 0.5
3 B 1.00 x 1073 | 8.9+ 1.7
4 C 0.86 x 1072 | 9.3+0.1
5 C 1.12x 1073 | 9.3+0.9
6 C 1.30 x 1073 | 9.8+ 0.4
7 C 0.82 x 102 | 10.0 £ 0.6
8 D 1.43 x 1073 | 14.1 £ 2.9
9 C 3.57x 1073 | 13.3+£0.3
10 C 2.11 x 1073 | 13.0 + 3.2
11 C 1.86 x 1073 | 14.0+2.4
12 C 3.57 %1072 | 10.5+ 0.4

Table 2: Various set of crossing points for four different lat-
tices experimentally yield a range of maximum long range
tune shift parameters and B parameters at the minimum
limiting pretzel amplitude. B parameter definition see be-
low.

For each configuration, the minimum separation
was measured over a range of opposing beam cur-
rents. An example of the current dependence of
the minimum required separation is given in fig-
ure 7. A best fit curve, assuming the minimum
separation is proportional to the square root of the
current, is superposed on the plot. This choice of
fitting does a somewhat better job than a simple
linear fitting when applied to all the data, though
in this case the difference is small. It does not fit
well if the current is reduced to the point where it
is possible to obtain head-on collisions, but such
currents are generally less than the design cur-
rents.

Phenomenology

In the previous section it was mentioned that
square root fitting of minimum separation as func-
tion of current does a good job for all experimen-
tal data sets if current is big enough. This fact
motivated us to check out the separation criteria
based on assumption that long range tune shift
per crossing point is fundamental limit. Column 3
in table 2 named év,,4, shows the maximum long
range tune shift among parasitic crossings calcu-
lated from square root fitting for various data sets.

In some cases the maximum of residual tune

1000

800 [

600 [

Q

Pretzel [c.u.]

4 6 8 10
Rms [MA]

Figure 7: The minimum separation amplitude obtained

for different opposing beam currents is plotted. 1000 units

of separation corresponds roughly to a typical maximum

separation of £10 mm. In this case one bunch in each beam

is colliding at two points with optical properties defined in
table 2 row 1.

shift is in vertical direction and some times it is in
horizontal plane. It depends on ration between 8,
and B, and probably 5. By itself, with this crite-
rion can expect large uncertainty in the prediction
of required separation for good lifetime.

The experimental results of another approach
are in column 4 of table 2. Using the B parameter
described below, we have a much more reliable
predictor of the required separation.

The definition of B is motivated by the following
observations:

e Minimum separation is roughly proportional
square root of current. So expect combina-

tions like I,,/d?.

e Primitive tracking shows that instabilities are
happening in vertical direction. This moti-
vated us put 8, into parameter in combination
with current as I,8,.

o The criterion should contain beam size ¢, be-
cause for bigger o, and a given separation
more particles pass close to opposite beam
making situation worse.

e The resulting interaction caused instability
must incorporate interactions from each para-
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sitic crossing in an effectively incoherent way.
So, we can assume that criteria should have

construction like Efvcp(fb...)lz. Where N, is
number of crossing points and [ is current per

bunch.

All above assumptions collected together give us
criterion in form:

Nep

S

(11)

Table 2 shows the value of B for 12 data sets
for different kind of optics, where various 3, , and
7 function and for different number of parasitic
crossings were used. Numerical value of B were
calculated for 8, in m, o, and d in mm, bunch
current in mA. One can see that the spread of B
parameter value among experimental data sets,
B = 11.7 £ 2.2, is much smaller than it is for
8Vmazy OVmar = (1.82 £0.96) x 1072,

Really three criteria relating to long range
beam-beam interaction were included in process
of crossing angle optic design [9]. The first was
that separation between opposite beam orbit at
crossing points should be bigger than 10c0,. The
second request was that residual long range tune
shift due to interaction in each crossing should be
less than 1.0 x 1072. The last criterion was to
minimize B. The substantial difference between
the two first constraints and the last criteria is
that only the B parameter criteria has a direct
dependence on the number of parasitic crossings.

Note that B parameter is not dimensionless and
it is not clear its physical interpretation. In addi-
tion we do not know any data from other facilities
to check out how it works on them.

Conclusions

In conclusion let us say that CESR has been run-
ning quite successfully for over a year with cross-
ing angles. This has resulting in a new record lu-
minosity. The experience gained in implementing
crossing angles has shown that so far the pretzel
effects are more important than the beam-beam
synchrobetatron coupling introduced. Finally, nu-
merous experiments studying the effects of the
long range beam-beam interaction have given us

sufficient understanding to be able to design lat-
tice where the effects are minimized.
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