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Abstract

Measurements of luminosity at SPEAR, which were per-
formed at different operational conditions of the storage ring
are shown and discussed. The parameters varied are: the
current in both beams, the minimum betatron amplitude
functions at the collision point, the energy and the vertical
betatron frequencies. As a result of these measurements
we found that the maximum achievable luminosity is much
higher than predicted by the incoherent beam-beam limit
using 6v=0.025. We also found that the maximum achiev-
able luminosity is a strong function of the betatron frequen-
cies. After computing the largest linear tuneshifts, we
found that the quarter resonance seems to be the limiting
effect for beam-beam collision.

I. Introduction

The goal of studying the luminosity at SPEAR under dif-
ferent operational conditions of the storage ring was to dis-
cover agreements and disagreements between measurement
and theory. We expect the best agreement to occur at very
low currents where the beam-beam effect is negligible. We
made measurements at low currents to check the luminosity
dependence on the energy and on the betatron function at the
collision point. We also used these measurements to com-
pute the natural beam cross section, and, from that, the
coupling constant in the storage ring. All measurements
have been done without any artificial beam enlargement.

II. Energy Dependence of Low Current Luminosities

Luminosities have been measured as a function of energy
for a low current, where no beam-beam effect could be ob-
served (Fig. 1). Before we check the energy dependence of
the measured luminosity Ly, we should take account of the
finite bunch length. The well known theoretical formulasl
assume a short bunch length compared to the minimum beta-
tron function Byo- This is not the case for SPEAR when we
operate at a Byg=10 em. Due to the variations of the beta-
tron function along the collision length we get a degradation
in luminosity.2 If we adjust the measured (true) luminosity
L for this degradation we get the idealized values Lg in
Fig. 1, which scale very well with the energy squared as
they should.

The luminosities estimated before construction of
SPEAR for low beam intensities are about a factor of 1.8
lower than the measured ones. An obvious explanation for
this was that the coupling constant of K=0.1 used in the esti-
mate was too high and the true value is about a factor of two
lower. Therefore, the beam height or the beam cross sec-
tion is a factor of two smaller and the luminosity corre-
spondingly higher.
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In order to make sure that this is the right explanation,
we estimated the coupling constant in a more direct way by
measuring the width of the vy - vy, =0 coupling resonance. It
turned out to be Avp,;,=0. 004 ngzlependent of the tune
(Fig. 2) within the range of operation. The formulas for the
eigenfrequencies (v, vyy) of a coupled ring accelerator3 are:
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and 6§ = o/ (Bp) where ggq-4g is the integrated field gradient
of an equlvalent skew quadrupole which would produce the
same amount of coupling. The betatron amplitudes at the
skew quadrupole being By and By Bp is the beam rigidity.
The coupling constant then is given for ux= Byt su by:
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For the limit 64 —0 we find from Eq. (2) « 2-5/42—-A2 and
from Eq. (1),
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Thus, the amount of natural coupling in SPEAR is deter-
mined. We can get the coupling constant for the storage
ring parameters used during the Juminosity measurements
from Eq. (3) and Eq. (2). We find a coupling constant of
K=0.037. This is less than the value computed from the
luminosity measurements, but they both are considerably
smaller than the expected value of K=0.1. In fact, the
agreement is rather good if we remember that the coupling
constant in the presence of the distributed sextupole system
of SPEAR depends sensitively on the closed orbit errors.

As a conclusion of this measurement we assume that the
natural beam cross sections below the beam-beam limit
correspond to the computed cross section using K=0.05 for
the natural coupling in SPEAR. Also, since the bunch
lengths at low currents correspond to the computed values
we assume further that the storage ring behaves at low cur-
rents as theoretically predicted.

II. Variation of the Low Beta in the Collision Point

The next check of the behavior of the storage ring should
be to measure the change in luminosity due to the change of
the betatron function in the collision region. Neglecting
bunch-length effect we would expect the luminosity to be pro-
portional to (| 2 The experimental results are shown
in Fig. 3. Smce the finite bunch length affects the compari-~
son for Byo= 10 cm, hereagain we compute the idealized
luminosi For currents below any significant beam-beam
effect the Iuminosities agree well with theoretical values.
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Knowing that two small colliding beams behave as
expected, we assume deviations fromw theoretical values to
come from the beam-beam effect, The first conclusion
from Fig. 3 is that the luminosity seems not o be limited by
the incoherent beam-beam limit of strength 6¢»=0.025. In
fact, in this example, we observe an increase in the lumin-
osity beyond this limit by a factor of about eight. We will
see that this factor can be increased even more. There is
negligible beam-beam effect up to azbout §¥=0.05. From
this point on, the beam-~beam interaction affects the beam
cross section. The luminosity reaches a maximum value
with increasing current but beyond a certain current it is
impossible to get both beams into collision; one of them is
destroyed.

IV. Variation of the Vertical Betatron Freguéncy

It has been assumed for a long time%: 8 that the higher
luminosities would be obtained as the betatron frequency
approaches an integer or a half integer from above. In this
case the linear beam-beam effect diminishes the betatron
function at the interaction point by a factor which increases
as one approaches integer resonance from above. By this
effect the maximum current and hence the luminosity can be
increased although the maximum linear tune shift stays
constant, e.g., 6v;,55,=0.025. This effect alone would have
increased the luminosity for SPEAR at a tune of vy=5.10 by
54% over the estimated value using dvy,,5 = 0.025.

There were other argument‘ss however, which show that
in spite of the nonlinear field, from an optical point of view
it should be possible to increase the maximum linear tune
shift beyond the canonical value of 0.025. These arguments
are as follows. We know that the electromagnetic field pro-
duced by a particle beam can be described by muiltipoles of
the order 4n, e.g., a quadrupole, an octupole, a twelvepole,
and so on.

If we look into this multipole representation of the field
produced by the beam, we see that this field can be described
later well by a quadrupole and an octupole field alone for
amplitudes less than 2.5 to 3 units of standard deviation in
the beam transverse dimension. In this amplitude range,
which contains more than 90% of the particles, the octupole
field describes very well the motion of the particles. For
weak octupole fields or beam currents there is only little
effect on the particle trajectories, since the separatrices are
at large amplitudes. As the beam intensity increases the
gseparatrices surrounding the fixed points reach smaller
distances from the origin. As soon as these distances get
smaller than 2.5 to 3 standard units in the beam fransverse
dimension a fast increasing amount of particles get captured
around the cuter fixed points thus reducing the beam density.
If we now say the particles within 3 standard units of ampli-
tudes should not be affected by these separatrices, this gives
an upper limit for the octupole strength or beam current. It
turns out that this maximum octupole strength corresponds
to a beam current which gives a linear tune shift of

v ~ Av/p ()

and because most storage rings are limited by the vertical
beam-beam limit, Ay is the distance of the vertical tune to
the 1/4 resonance, p is the number of interaction points.
For SPEAR, this would mean that the maximum linear tune
shift for a tune of 5. 10, for example, should be §v =0.075
or three times asg high as the originally assumed limit of
0.025. Since the permissible current goes up by the same
factor, the luminosity should therefore go up by more than an
order of magnitude.

The measurements of luminosity versus current for
various vertical betatron frequencies are shown in Fig. 4.
We see that the maximum luminosity achieved so far at
1.5 GeV is a factor of 25 higher than estimated with a linear
tune shift of v =0.025.
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At this point i should be emphnsized that in general it
is not possible to choose just any values of vy and vy, be-
cause for special tunes the beam cross section is a%ected by
higher order coupling resonances and the luminosity then is
lower than one would expect from Fig. 4. Thus in addition
to using lower values of vy it is important to choose the
proper value of vy in ordér to maximize the luminosity.

There is another feature of the luminosity versus cur-
rent curve which is appreciated very much by the users of
the storage ring. Once the storage ring is filled to the maxi-
mum current the luminosity stays essentidlly constant for
about a whole beam lifetime of the order of two or three
hours, the beam adjusting itself to smaller cross sections
as it decays. In this regime the beam cross section seems
{0 be blown up proportionally to the square of the current.

V. Linear Tune Shift

It is now interesting to compute the linear optical tune
shifts for these luminosity measurements. The data reduc-
tion is somehow complicated because of the fact that the
betatron amplitude changes very much along the collision
length. This variation is even larger when we include the
change in the beam optics due to the linear beam-beam
effect.4,5 We certainly bave to do this correction in order
to get the linear optical tune shift. It is shown in the
Appendix how we reduced the data.

With all these corrections we get, for the linear optical
tune shift as a function of beam current, the values shown in
Fig. 5 and we see that the maximum achievable linear tune
shift depends very strongly on the vertical tune of the storage
ring and is considerably higher than 0,025. The plot of the
maximum §v-value versus the vertical tune of the storage
ring is shown in Fig. 6. We see a linear dependence of the
maximum linear tune shift versus the vertical tune. The
interesting feature of this straight line is the slope. It turns
out that the vertical tune plus twice the maximum linear tune
shift leads just to a quarter resonance:

yy+2" 6vmaxz5.25 6)

We assume that the factor of 2 is due to the fact that we have
two interaction points. From this measurement we conclude
that the quarter resonance plays an important role in the
beam-beam limit, although we do not yet completely under-
stand the loss mechanism.

We sbould now compare these results with measurements
on other storage rings. At the last International Accelerator
Conference in Geneva, Prof. Amman? gave a review about
electron-positron storage ring experiences so far. This
article also contains an extended reference list covering the
various aspects of eleciron-positron storage ring behavior.

In this talk we find a linear optical tune shift for ACO
of év ~ 0.06 and for ADONE a value of 5y ~ 0.03 per
crossing. In both cases the relation (5) is quite well fulfilled.
Another measurement reported from ADONES with only 2
interaction points result in a linear tune shift of 6v = 0.04
at a betatron frequency of 5. 15 which agrees again with the
relation (5).

V1. Conclusion -

As a conclusion of the luminosity measurements done 8o
far at SPEAR we can state that the low current luminosity
scales with energy and with low beta as expected. The
coupling constant seems to be as low as 5% although there
are large beam amplitudes due to the low beta section in
SPEAR. There is a strong dependence of the maximum
achievable luminosity on the vertical betatron frequencies
and the maximum linear optical tune shift increases with de-
creasing vertical betatron frequency. It turns out that the



total maximum linear tune shift is equal to the distance of
the vertical tune to the quarter resonance. The maximum
linear tune shift found so far at 1.5 GeV in SPEAR is

6v = 0,08
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Appendix

In SPEAR the cross section of the beams varies along
the collision length. Therefore we have to correct for this
variation computing the linear tune shift from the measured

luminosities. The luminosity is given byl, 2
1 1 1. o
L=s 5= - f{= (A.1)
17 & 5

where f is the revolution frequency, i is the current, A, is
the minimum beam cross section, and f(o/p) is the correc- .
tion factor due to finite bunch length (Fig. 7).

For the beam-beam limit we havel:
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where r_ is the classical electron radius, n®(s) is the particle
density 8f the strong beam, v is the energy, N® is the total
number of particles in the stx ong beam, B is the design
minimum betatron amplitude, and F(o-l, Bwo, Bso) is the cor-
rection factor for finite bunch length effect.

To get the correction factor ¥ we assume a Gaussian
intensity distribution along the bunch. A particle in the
center of the weak beam at a distance s from the interacting
point sees the field of the other beam of relative strength
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where 8 are the minimum betatron amplitudes at the
interaction point for the strong and weak beam, respectively,

Both functions Fj and F,, are shown in Fig. 7.

There are two ways how to use the correction factor.

1. If we assume that only the betairon function of the
weak beam is changed due to the lens effect of the strong
beam, while the strong beam follows the unchanged betatron
function, then we have Byq = Bgsr # Bgg-

2. We also could assume, since we always made sure
that both beams were very equal, that both beams influence
each other in the same strength. Then we would use

Bwo = Bso = Begt 7 Bo-

Reducing the data in both ways results in values for ¢
differing only by about 10%. Since the accuracy of the meas~
urement is not better than this we can ignore the difference.
We used throughout method 2.

The resultin 4g values for { are used now to get the linear
tune shift sv by*

27 ¢ = sin (2n6v) {1+ cot () - tan (18v)}  (A.5)
taking into account the change in the beam optics due to the
beam-beam effect. This procedure has to be iterated several
times until the assumed value B¢ to compute ¢ via (A.2)
agrees with minimum betatron amphtude of the changed beam
optic due to the beam-beam effect.5
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FIG. 1--Luminosity as a function of energy at low currents.
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FIG. 5--Linear tune shift due to beam-beam effect as a
function of beam current and operating points.
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