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Abstract

We report measurents of the dependence of luminosity and beam-beam tune shift
parameter on horizontal crossing angle at a single interaction point in the Cornell Electron
Storage Ring. The report is based on data collected between September 1991 and January
1992 at CESR. For head on collisions (zero crossing angle) the achieved tune shift parameter
is & = 0.03+£0.002 at 11ma/bunch. For a crossing half angle of . = +2.4mrad, we achieve
& = 0.024£0.002 at similar bunch currents. Some degradation of performance is observed
if the trajectory through the interaction region is distorted magnetically even while head
on collisions are preserved. Therefore at least some of the observed dependence of tune
shift parameter on crossing angle is due to the associated large displacement of the beam
trajectories in the interaction region optics. Furthermore, the algorithm for optimizing
luminosity is significantly complicated with the introduction of the crossing angle due
to linear optical errors and the solenoid compensation. We have thus demonstrated no
fundamental dependence of tune shift parameter on crossing angle but simply identify a
lower limit at 0, = 2.4mrad.

Introduction

In order to store beams with closely spaced bunches and avoid collisions at all but a
single interaction point, it is attractive to consider a configuration in which the beams cross
at a finite angle. A complication is that a class of synchrobetatron beam-beam resonances
can be excited for bunches crossing at an angle that do not appear in the case of head on
collisions. The existence of such resonances is confirmed by simulations'’ We have invented
an optical configuration for the CESR storage ring in which a horizontal crossing half angle
of —2.7mrad < 0. < 2.7mrad is generated by an adjustment of the electrostatic separators,
enabling us to explore the effects of the crossing angle on the beam beam interaction and
especially the beam-beam tune shift'™ At the diametrically opposed crossing point the
beams are horizontally separated by electrostatic elements independently of the value of
the crossing angle and we need consider collisions only at the single interaction point. We
can continuously vary the crossing angle over the full range with beams in collision. It
is therefore straightforward to interleave measurements of head on conditions throughout
the experiment. Note that the crossing angle is so small that the associated geometrical
enhancement of the beam size is negligible.



The transverse coupling associated with the experimental solenoid (B, = 1.57), and
its compensation can generate a differential vertical displacement at the interaction point
that is proportional to the horizontal displacement of the beams in the interaction region
optics. For beams crossing at a horizontal angle there is at CESR no direct measure of the
relative displacement at the crossing point. We rely on the beam-beam normal mode tune
split to minimize that displacement at finite crossing angle. Indeed such measurements
yield information about the errors in the solenoid compensation that are addressed by
adjustment of skew quadrupoles located in the vicinity of the interaction point.

Machine Configuration

The quadrupole optics are designed to yield interaction point parameters and betatron
and synchrotron tunes similar to those typical of high energy physics operation, since that
is where we have the most operating experience. The parameters are summarized in Table
I. The ”badness” parameter « is defined™ as x = Ui% 5 where 6, is the crossing half angle,
o, and o7 the horizontal and longitudinal beam sizes. x is a measure of the coupling of
synchrotron and betatron motion due to the beams colliding at a finite angle. In the limit
of zero bunch length there is no synchrotron motion and therefore no coupling. For a

crossing half angle of 6, = 2.5mrad and the machine parameters in the table, kK = 0.184.

The separation of the beams at the crossing point halfway around the ring from the
interaction point is accomplished by suitably arranging the horizontal betatron phase at
each of the four electrostatic separators and then powering the separators symmetrically.
A similar arrangement of symmetrically powered separators establishes single interaction
point conditions for high energy physics luminosity operation. The symmetry axis is the
diameter that includes the interaction point. Optimization of the luminosity of head on
collisions in the experimental optics proceeds just as for standard machine operation. Also,
differences in optical functions and damping partition numbers associated with the horizon-
tal displacement of the beams through the machine arcs, are addressed by the techniques
developed for the more traditional CESR lattice ' In particular, the vertical separators
adjacent to the L3 crossing point can be used to minimize differential vertical displacement
and angle of the beams at the crossing point of interest that arise due to lattice errors. The
ability to tune the vertical displacement has proven an invaluable tool in the optimization
of beam beam performance.[s] Differential horizontal displacement of the two beams in the
arcs also provides a means for differential adjustment of the betatron tunes of the two
beams via distribution of sextupoles. The optical functions are shown in Figure 1.

The optics are distinguished from standard luminosity optics by the horizontal phase
advance from the interaction point to the horizontal separators adjacent to the interaction
region. The phase advance in the crossing angle optics is one whole wavelength from the
interaction point to the nearest horizontal separator. In standard operating conditions the
corresponding phase advance is ¢y, = % X (2m). The separators are powered symmetrically
to establish the separation at the diametrically opposed crossing point (L3) as shown in
Figure 2.



Table 1. Crossing Angle Lattice Parameters

Qq 8.57

Qy 9.63

Qs 0.06

Be 1.05m

By 1.8cm

My 0.0m

aq 1.8cm

€x 0.24 x 107%m — rad

K 0.0735 x 6.(mrad)
Experimental Solenoid 1.5 Tesla

Beam Energy 5.289GeV

Fig. 1. The amplitude and dispersion functions are indicated from the interaction
point at the origin to the symmetry point 384.2m away, half way around the ring.

When voltage is superposed asymmetrically on that pair of separators one wavelength
from the interaction point, (the pair in the south) a crossing angle is generated. The
differential closed orbit through the machine arcs is unaffected by the two wavelength
bump with node at the collision point as indicated in Figure 3.

Since the crossing angle appears with the increase of voltage on the east(west) separator
and decrease of voltage on the west(east) separator, the maximum angle is attained as the
net voltage on the west(east) separator approaches zero. The absolute polarity of the



Fig. 2. The symmetric closed orbit distortion through the entire ring yields head on
collisions at the interaction point at the left boundary of the plot. The circumference of
the machine is 768.4m. The beams are separated at the parasitic crossing point half way
around the arcs which appears near the midpoint of the horizontal axis.

Fig. 3. The asymmetric superposition of voltage on the separators that straddle
the interaction region generates a horizontal crossing angle at the interaction point while
preserving the symmetric separation throughout the arcs.



horizontal separators cannot be changed with stored beam. The technique of superposing
the asymmetric voltage necessary to generate the crossing angle on the symmetric value
that establishes separation at the parasitic crossing point permits us nevertheless to vary
the crossing half angle from nearly —2.7mrad through Omrad to 2.7mrad with beams in
collision. We can therefore explore in a reproducible fashion the horizontal crossing angle
dynamics at a single interaction point.

Measured characteristics

Lattice characteristics are verified by measurement. We measure the beta function,
local coupling, dispersion, separation at the parasitic crossing point and crossing angle as
functions of separator voltage.

1. MEASURED OPTICAL FUNCTIONS

The amplitude function 3 is measured at each of 98 electromagnetic quadrupoles in the
CESR lattice. The dependence of betatron tune on magnet current yields the local focusing
function. The measurement resolution is such that betatron errors of Ag/3 > 0.05 can
be identified. Individual control of all of the machine quadrupoles permits elimination of
those errors.

The dependence of orbit displacement on beam energy yields a measure of the disper-
sion. The horizontal dispersion at the interaction point (nominally zero) is measured to
be less than 15cm. The associated energy dependent contribution to the horizontal beam
size at the collision point is less than 2%. The vertical dispersion error propogates in
the machine arcs with an amplitude of less than 10cm. Extrapolating vertical dispersion
measured in the arcs to the interaction point yields 1) < 2mm.

We also measure the coupling of horizontal motion into the vertical plane at each of the
98 beam position monitors” The normal mode corresponding most closely to horizontal
oscillations is excited externally. The relative phase and amplitude of the resulting vertical
component of the motion that is measured can be identified with the dilution of the vertical
emittance. In the crossing angle configuration the amplitude of the normalized coupling
wave is about 2%, typical of CESR operating conditions.

2. SEPARATION AT THE SYMMETRY POINT (L3)

In order to determine the relative displacement of the electrons and positrons at the
crossing point diametrically opposed from the interaction region we measure an orbit dif-
ference. A beam of positrons is stored and we measure the horizontal displacement of the
orbit with separators powered symmetrically. We then measure and record the horizon-
tal displacement of the orbit with the separators at zero voltage. The difference of the
two horizontal orbits is that part that depends on the separator voltage. The difference
is shown in Figure 4. In order to remain in the linear regime of the beam detectors the
separators are powered at low voltages so that the displacement is small. Here the voltage



is about 11% of the value used during luminosity measurements. We find the trajectory
that best fits the measured difference. The fitted trajectory corresponds to a horizontal
displacement Az = 0.39 4+ 0.02mm of the two orbits at the symmetry point. We therefore
establish the dependence of the horizontal displacement of the positron beam at the sym-
metry point on the separator voltage (Az.+). The electrons are displaced in a direction
opposite to that of the positrons. (Az,- = —Ax.+) The relative displacement of the beams
is Azo+ + Azo- = 2Az,+. During luminosity measurements the total separation of the
beams is 7.02 £ 0.36mm.

Fig. 4. Horizontal displacement of the positron beam in each of the 100 beam
detectors is measured first with electrostatic separators powered and second with separator
voltages at zero. The difference of the two measurements is indicated in the plot. The
separator on measurement is with voltages of 11% of the value used during luminosity
measurements.

We have assumed that the electron and positron orbits are identical when the separators
are at zero voltage, but this is not quite true since the beams travel in opposite directions
and therefore there is a beam energy difference that varies with azimuthal coordinate. The
energy difference is a consequence of the smooth loss of energy to synchrotron radiation
and then the abrupt restoration of that energy in the RF cavities. An orbit difference arises
when the energy change occurs in a region of finite dispersion. Because of the symmetry of
the guide field and placement of the RF cavities the electron and positron energy difference
and the corresponding orbit difference is antisymmetric about the crossing points.m The
result is a small crossing angle at the symmetry points that is quite independent of the
electrostatic separators. There is no contribution to the et —e™ displacment at the parasitic
crossing point as long as each cavity contributes equally to the energy of each beam. If



there is an error in the relative phase of the RF voltages on the two cavities, then the beams
preferentially extract energy from the cavity that attains its peak voltage late. In this case
the beams are displaced in opposite directions at the symmetry point. If the phase error
is such that all of the energy is extracted from only one of the cavities the separation of
the beams at the parasitic crossing point actually increases by about 0.16mm or about 2%
of the total.

The measured separation of the beams at the diametrically opposed crossing point
corresponds to N, = Az /o, = 5.4. Measurements in standard operating conditions suggest
that that separation is adequate to preclude effects on beam lifetime for the regime of beam
currents relevant to our experiment.[sl This separation is fixed throughout our luminosity
measurements and if the near miss is cause for degradation in beam beam performance it
is common to measurements of both finite crossing angle and head on collisions.

Another measure of the effects of the parasitic crossing is in terms of the long range
beam beam tune shift. The linear tune shift in the limit of interacting line charges is
Av = ;;];r Tﬂz where 7, is the classical radius of the electron, N the number of particles
in the bunch, and r the separation of the centroid of the bunches. For 10ma/bunch and
7.02mm separation, Avy;,, = 1 X 1073/5.5 x 107°. In so far as the linear tune shift
parameter associated with collisions is 0.03-0.035 the effects of the parasitic crossing are

negligibly small.

3. CROSSING ANGLE

The optics are designed so that the horizontal separators adjacent to the interaction
point will generate a two full wavelength horizontal closed orbit distortion when the separa-
tors are powered antisymmetrically. The difference in orbits with separators powered and
then at zero voltage is expected to vanish outside of the region of the closed bump. Indeed
the residual in the difference is a measure of the phase advance from one separator to the
other. The amplitude of the residual is about 1.0mm for a crossing half angle of 2mrad.
Therefore, the orbit in the machine arcs shifts by as much as +1mm for electrons and
positrons respectively with the introduction of the crossing angle. The observed residual
is antisymmetric and does not effect the separation at the parasitic crossing point. The
phase error through the interaction region required to generate such a difference in orbits
outside of the IR is less than 0.025 betatron wavelengths.

A possible consequence of the error in the horizontal phase between the antisymmet-
rically powered separators is a relative horizontal displacement of the two beams at the
temporal crossing point. If the error in the phase advance is uniformly distributed between
the separators the displacement vanishes. If however the error is entirely in the east(west)
half of the interaction region a relative displacement of the beams appears at the interac-
tion point of A, < 0.3mmo,/2. While such a displacement is significant, the phase error
can be compensated by the asymmetric adjustment of the individual separator voltages
and the beams brought into collision. Luminosity is optimized with respect to that voltage
asymmetry and the displacement reduced arbitrarily during the tuning procedure.



We measure a 3mm displacement of the minimum of the beta function from the tem-
poral crossing point. Although this displacement is independent of the crossing angle, we
note that it is in general a source of coupling of longitudinal and transverse motion and
that the effects of that coupling may depend on the crossing angle.

The crossing angle is determined as was the separation at the parasitic crossing point.
The difference in orbits with separators powered symmetrically for separation and anti-
symmetrically for a crossing angle is recorded. The phase space coordinates of the best fit
trajectory are determined. We use only the measurements at the beam detectors within the
region of the two full wavelength distortion. We also exclude the four detectors nearest to
the interaction point in view of their poorly understood calibration. Ten detectors remain
on which to base our determination of the crossing angle.

Alternatively we determine the ratio of horizontal kick to voltage of each of the separa-
tors and then compute the crossing angle generated by any given distribution of voltages.
The calibration of separator kick is determined by fitting orbit differences based on in-
dividually powered separators. In this case we fit a closed orbit with separator kick as
parameter. We find that the crossing angles computed in this way are consistent with
crossing angles based on the fit to the measured orbits in the interaction region to within a
few percent. The determination of the crossing angle is ultimately limited by the detector
resolution'” to a level of £10%. For details of the procedure for determining the crossing

angle see Chen et. al™”

The angle measurement based on orbit differences with and without the antisymmetric
voltage superimposed on the separators corresponds to that of a single beam and so is
correctly identified as the crossing half angle. Differences in the closed orbits of electrons
and positrons that arise independently of electrostatic separators must be considered. As
noted above such a difference does occur because of the antisymmetric energy difference
of the electron and positron beams. The contribution to the crossing half angle for typical
CESR parameters (including two RF cavities) is about 0.02mrad ,[7] very small compared
to the measurement uncertainty. Because the horizontal betatron phase advance from the
interaction point to the cavities is very nearly one wavelength, the crossing angle generated
by the RF kick is independent of their relative RF phase or voltage.

Luminosity

A significant effort was devoted to tuning the luminosity of head on collisions. Unless
our reference is near optimal with respect to a host of effects unrelated to the crossing angle,
the dependence on crossing angle is difficult to ascertain. Critical parameters include be-
tatron tunes, differential horizontal and vertical displacement and angle at the interaction
point, and transverse coupling. The tune common to both beams and differential tunes
are adjusted with quadrupoles and sextupoles in regions of horizontal displacement, re-
spectively. Differential vertical displacement and angle at the interaction point is adjusted
with vertical separators located near the parasitic crossing point, and transverse coupling
is accessible via some eighteen trim skew quadrupoles. A vertical beam-beam tune shift



parameter of 0.03+0.002 was routinely achieved for head on collisions in the crossing angle
optics. (Meanwhile over the stretch of several months during which about 10% of machine
time was devoted to crossing angle experiments, continuous tuning of standard luminosity
conditions yielded a tune shift parameter of nearly 0.04.)

1. SOLENOID COMPENSATION ERRORS

Three pairs of rotated quadrupoles are used to compensate the transverse coupling
introduced by the 1.5 Tesla experimental solenoid. The vertically focusing permament
magnet quadrupoles on either side of the interaction point are rotated by about +5°. The
adjacent electromagnetic vertically focusing trim quadrupoles are rotated by ~ F11° and
the horizontally focusing lenses are rotated by 4+2°. The angles are chosen so that there is
no coupling of horizontal motion outside of the IR into vertical motion at the interaction
point.

The effect of errors in the solenoid compensation is amplified when beams cross at an
angle. If compensation is imperfect, the vertical displacement of trajectories at the interac-
tion point is proportional to a linear combination of the horizontal phase space coordinates
outside of the interaction region. In the case of head on collisions, the consequence is simply
that the vertical beam size at the collision point grows with the horizontal emittance. If
in addition there is a finite horizontal angle between the central trajectories of the beams,
there will appear a corresponding vertical separation at the interaction point. The deter-
mination of the relative displacement of the beams as a function of the crossing angle is a
rather precise measure of one component of the coupling matrix.

We measured the ratio of vertical displacement at the interaction point to angle at
the horizontal separator as follows. When beams are colliding head on we note luminosity
and the normal mode (7 — X) splitting of the vertical betatron tune due to the beam
beam coupling. The crossing angle is then increased and in general the splitting is reduced
as the compensation errors begin to displace the beams vertically. Luminosity and the
m — % split is restored by careful adjustment of vertical trim separators and the required
vertical separator voltage is noted. We then proceed to larger crossing angles. In order
to calibrate the dependence of the vertical displacement on the vertical separator voltage,
the horizontal angle is set to zero, and a pair of beam position monitors adjacent to the
interaction region are used to measure the relative displacement of the beams as a function
of vertical separator voltage.[S] The dependence of vertical displacement on crossing angle
measured during the commissioning of the crossing angle optics is shown in Figure 5. The
evident linearity is consistent with the hypothesis that the effect is due to compensation
errors. The slope is s ~ 21um/mrad and the T3y = % component of the matrix that

transports beam from the horizontal separator to the interaction point is given by T3y =
S ’8’5% ~ 123.0um/mrad. The corresponding beam separation at the interaction point is
5.20y for a crossing angle 0. = 2mrad.

It is interesting to consider the consequence of such a coupling error on the vertical
beam size. We can estimate the vertical beam size at the interaction point by propogating



Fig. 5. Vertical separation at the crossing point that scales with the horizontal
crossing angle is presumed a consequence of solenoid compensation errors before correction.

the horizontal divergence of the beam at the horizontal separator into the vertical. We

€x
hsep

have that o ~ T39 = 10.0um which is roughly consistent with the vertical beam

size based on the measured luminosity. We conclude that the same compensation error
that causes the beams to miss altogether in the event of a horizontal crossing angle has a
soft impact on luminosity at beam currents of interest. (Such increases in beam size are
presumably observable in a measure of the current dependence of the tune shift parameter
even with head on collisions.)

In any event the linear dependence of vertical displacement on crossing angle can be
directly related to an element of the coupling matrix. We compute changes to the skew
quads in the compensation region consistent with the measured mapping from separator
to interaction point but otherwise no change in the coupling outside of the interaction
region. Because the quadrupole rotation is somewhat unwieldy, electromagnetic skew quad
correction magnets were used to incorporate the changes. The dependence of differential
vertical displacement on horizontal crossing angle is reduced by an order of magnitude.

2. TUNE SHIFT PARAMETER AS A FUNCTION OF CROSSING ANGLE

We measure luminosity as a function of the crossing angle over a range of —2.5 < 6, <
2.5mrad. 6. is the crossing half angle. The positive crossing angle corresponds to beams
approaching the interaction point from the outside of the ring. Much more time was spent
tuning luminoisity at negative as opposed to positive crossing angles, so there is probably no
significance to the apparent sign dependence. The tune shift parameter is computed from
the measured luminosity, beam current and 3;;. The luminosity is determined from the rate
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of Bhabha scattered electrons and positrons into the CLEO detector end cap calorimeter.
The variation among points at any given crossing angle reflects counting statistics, (+5 —
10%), and the inevitable tuning. The luminosity monitor is periodically cross calibrated
with wide angle data. Corrections at the few percent level are typical. There was no such
cross calibration specifically with crossing angle data. But the acceptance of the detector is
such that the effect of the crossing angle is expected to have negligible impact on luminosity
monitor performance. All luminosity data are collected when beam lifetime is in excess of
30 minutes. The current dependence of the tune shift parameter is indicated in Figure 6
for crossing half angles 6. = —2.5, 0., and 2.5mrad. Uncertainty in the angle is £5 — 10%.
Data for 6. = —1,0, and 1mrad are shown in Figure 7.

Fig. 6. The beam beam tune shift parameter is plotted as a function of beam
current for collisions at three different crossing angles. (. = —2.5,0., and +2.5mrad)
The tune shift parameter is based on the measured luminosity and beam current. The
statistical uncertainty in the measured luminosity is small compared to fluctuations from
point to point associated with tuning.

The dependence of tune shift parameter on crossing angle is shown in Figure 8. We
include only measurements at currents greater than 9ma/beam. Figures 6 and 7 suggest
that the tune shift parameter saturates near 9ma per bunch and that beyond 9ma the
tune shift parameter is roughly independent of current. We believe that the effects of
the residual solenoid compensation errors are small. At each crossing angle luminosity is
optimized with respect to vertical and horizontal displacements at the interaction point
by adjustment of vertical trim separators, as well as the horizontal separators. The tuning
procedure is nevertheless complicated by the existence of the crossing angle. For example,
skew quad adjustements tend to change the closed orbit as well as the beam size.

We anticipate the possibility that the large displacement of the beams in the interaction
region optics may effect the beam beam performance. In order to quantify the effect,
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Fig. 7. 'The beam beam tune shift parameter versus current for crossing angles
f. = —1. and 0.mrad.

Fig. 8. The tune shift parameter is shown as a function of crossing angle for beam
currents greater than 9ma/beam.

a combination of dipole correction magnets is used to reproduce the same closed orbit
for positrons as do the electrostatic separators that generate the crossing angle. The
trajectories of the colliding beams remain coincident and there is zero crossing angle, but
the large displacement in the IR optics mimics that of the finite electrostatic crossing
angle. In Figure 8 we include the measurement of tune shift parameter as a function of
the magnetic ”crossing angle”. There is apparently some loss in performance that is quite
independent of the beam beam dynamics of the crossing angle.
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3. DYNAMICS OF PARTICLES AT LARGE AMPLITUDES

The beam beam tune shift parameter &, characterizes the effects of the beam beam
interaction on the bunch core and so reflects small amplitude behavior. The distribution of
particles at larger amplitudes determines the beam lifetime and detector background. In an
effort to identify the effect of crossing angle on the particles far from the core of the beam
we measure the large amplitude particle density for both head on collisions (6. = Omrad)
and finite crossing angle (6. = £2mr). The experimental technique used to determine the
particle distribution at large amplitudes is to monitor beam lifetime while varying a local
transverse aperture. The initial particle loss rate is subtracted from each measurement to
determine the loss from the local aperture. Since synchrotron radiation determines the
rate of change of a particle’s amplitude and a state of equilibrium between the radiation
damping and excitation exists, the transverse distribution is gaussian and the lifetime is
given by:

T = EQO-Z% e (Xgp)
2 X2, 202

where 7, is the transverse damping time, X, the distance of the aperture from the beam
centerline, and o is the rms beam size. X,, and o, refer to horizontal aperture and
beam size or vertical aperture and beam size. Measurements of large amplitude particle
distribution were made during crossing angle machine studies. We compare the results
taken with a £2.0mr crossing angle with head on collisions in otherwise similar machine
conditions. If the particle distribution is gaussian than we expect that a plot of the log of
the lifetime as a function of of the distance of a movable aperture (”scraper”) from the beam
centerline will produce an approximately straight line. The vertical scraper measurement
results are shown in Figure 9. Data from head-on conditions are shown with open points,
and crossing angle data are shown in solid points. While significant non-gaussian growth
of the beam ”"tails” is evident in both 0.0 and 2.0 mrad data, no additional amplitude
increase can be attributed to the horizontal crossing angle.

The horizontal scraper data for positrons are shown in Figure 10. In this case, a clear
increase in beam size is apparent in the 9 mA data. The 11 mA data, however, taken
with a slightly different betatron tune, show a clear decrease in large amplitude particle
distribution when the crossing angle is turned on. Similar measurements for electrons,
shown in Figure 11, show a smaller increase in beam size with crossing angle for both 9
amd 11 mA data sets. A sensitivity to tune of beam tails in crossing angle conditions is
expected.[u] " At the two tunes chosen for these measurements, the tune dependence is
much more obvious in the positron data than the electron data. In any case, the increase
in the apparent beam size at large amplitudes for collisions with the crossing angle as
compared to head on collisions is no more than approximately 10%.

Finally, the beam lifetimes recorded simultaneously with each measurement of the tune
shift parameter (Figures 6 and 7) are summarized in Figure 12. There is no significant
dependence of beam lifetime on crossing angle.
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Fig. 9. Positron beam lifetime is shown as a function of vertical aperture. The
background loss rate has been subtracted. The open markers represent head-on (0 mrad)
data, the solid markers were measured with +2.0mrad crossing angle at the interaction
point.

Fig. 10. Positron beam lifetime as a function of horizontal aperture.
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Fig. 11. Electron beam lifetime as a function of horizontal aperture.

Fig. 12. The beam lifetimes corresponding to the measured luminosity data are
plotted as a function of crossing half angle. Typical beam lifetimes for CESR operation
are 50-200 minutes.

4. SUMMARY OF LUMINOSITY MEASUREMENTS

We have measured a beam-beam tune shift parameter of &, = 0.03 4+ 0.002 for head
on collisions and &, = 0.024 + 0.002 for a crossing half angle of . = 2.5mrad for beam
currents in excess of 9ma. In the case of head on collisions along a trajectory at an
angle of 2.5mrad with respect to the ideal orbit through the interaction region we measure
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& = 0.027 £ 0.002. We conclude that large orbit distortions in the interaction region
quadrupoles are not readily compensated. (Displacement in the final horizontally focusing
quadrupole is +2.2cm for a crossing angle 6, = 2.5mrad.). At each point the luminosity
is optimized with respect to betatron tune, differential tune and differential closed orbits.
The deterioration of performance with crossing angle is clear, while the cause of that
deterioration is not. There are several effects peculiar to beams crossing at an angle that
are not fundamental to the beam beam interaction, including an enhanced sensitivity to
solenoid compensation errors, large displacements in the interaction region optics, and
a more complicated tuning optimization. Skew quad adjustments tend to shift electron
and positron closed orbits in opposite directions. Also, as previously noted there is a
small shift in the closed orbits of the electrons and positrons in the machine arcs with
the introduction of the crossing angle due to optical errors. Because of the sextupole
nonlinearities the shifting orbit may have some effect on the beam beam dynamics. Again
the tuning algorithm for the optimization of luminosity is complicated. The optical errors
may likewise lead to a differential displacement of the beams at the interaction point
and while the individual control of the separator voltages can in principle eliminate the
difference, convergence via tuning to optimal performance is practically reduced. The
differences in performance are small enough to suggest that with sufficient attention to
optical errors etc., good luminosity can be achieved with beams crossing at an angle 6, <
2.5mrad.
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FIGURE CAPTIONS

. The amplitude and dispersion functions are indicated from the interaction point at

the origin to the symmetry point half way around the ring

The symmetric closed orbit distortion through the entire ring yields head on collisions
at the interaction point at left and right boundaries of the plot. The beams are
separated at the parasitic crossing point half way around the arcs which appears at
the midpoint of the figure.

The asymmetric superposition of voltage on the separators that straddle the inter-
action region generates a horizontal crossing angle at the interaction point while
preserving the symmetric separation throughout the arcs.

. Horizontal displacement of the positron beam in each of the 100 beam detectors

is measured first with electrostatic separators powered and second with separator
voltages at zero. The difference of the two measurements is indicated in the plot.

. Vertical separation at the crossing point that scales with the horizontal crossing angle

is presumed a consequence of solenoid compensation errors.

The beam beam tune shift parameter is plotted as a function of beam current for
collisions at three different crossing angles. (0. = —2.5,0., and +2.5mrad) The
tune shift parameter is based on the measured luminosity and beam current. The
statistical uncertainty in the measured luminosity is indicated for a single point.

The beam beam tune shift parameter versus current for crossing angles . = —1. and
0.mrad.

The tune shift parameter is shown as a function of crossing angle for beam currents
greater than 9ma/beam.

Positron beam lifetime is plotted as a function of vertical aperture. The background
loss rate is subtracted. The open markers represent head-on (0 mrad) data, the solid
markers were measured with +2.0mrad crossing angle at the interaction point.

Positron beam lifetime is indicated as a function of horizontal aperture.

Electron beam lifetime as a function of horizontal aperture.
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12. The beam lifetimes corresponding to the measured luminosity data are plotted as
a function of crossing half angle. Typical beam lifetimes for CESR operation are
50-200 minutes.
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