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Abstract

The feasibility of a luminosity monitor based on a radiative Bhabha detector
is investigated in the context of the TESLA linear collider. Another option based
on low energy eTe™ pair calorimetry is also discussed. In order to monitor the
beam parameters at the interaction point by optimizing the luminosity, these
detectors should be able to provide a relative measurement of the luminosity
with a resolution better than 1% using only a fraction of the TESLA bunch
train.
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1 Introduction

The optical tuning of the transverse beam sizes at the inferaction point (IP) of an
ete™ linear collider will be part of the machine start-up procedures. For TESLA [1],
given the beam parameters presented in Table 1, it is possible to measure the indi-
vidual horizontal beam sizes with a Laser wire and the vertical ones with a Laser
interferometer.

During the normal operation of the machine, while the beam are in collisions, the
detuning of the final focus optics must be controlled in such a way that the luminosity
stays maximum. The required on-line tuning procedure should be the least invasive in
order to lose the least luminosity up-time. The beam-beam deflection scan method in
use at the SLC [2] allows one to measure the convoluted spot sizes of both beams with
a limited impact on the machine operation. For TESLA however, the large vertical
disruption of the colliding beams, characterised by the disruption parameter D, = 18,
precludes the measurement of the vertical spot size by this method. However, the
combination of beam-beam horizontal deflection scans (D, = 0.4) and of luminosity
monitoring would be a valid procedure to correct both horizontal and vertical aberra-
tions. A relative measurement of the luminosity should be sufficient for that purpose.

Bean sizes 0y, 0y [nm] 845 , 19
Emittances Yer, Ve, [pm] 14 ,0.25
Bunch length o, [mm] 0.7
Bunch population N, [101°] 3.63
Number of bunch per train np 1130
Bunch spacing Aty [ns] 708
Luminosity L [10%3 cm~2%5™1] 6
Beamstrahlung dp (%] 2.5
Divergences 0z, 05 [perad] 34,27
Beta B3, 8, [1nm)] 25, 0.7

Table 1: TESLA beam parameters at the IP for /5 = 500 GeV

Bhabha monitors are a well proven instruments for luminosity measurement at
ete” and e~p colliders [3]. For TESLA as well as for any future linear colliders, such a
monitor should integrate the 3 following constraints:

1. the need for high rates to provide on-line monitoring,

2. the beamstrahlung photon background around the beam axis,
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3. the sensitivity of the Bhabha rates and angular distributions to finite beam size
and beam-beam effects.

The first constraint, common to all colliders, leads to adopt the radiative Bhabha pro-
cess ete” > ete ™, also called bremsstrahlung, where one of the leptons loses energy
by emitting a high energy photon. This process has a much higher event rate at small
angles than the elastic Bhabha process ete™ — e*e™ . The second constraint, already
met at the SLC, is solved by detecting the low-energy electron deflected away from
the beamstrahlung cone by the focusing lens close to the IP, rather than detecting the
photons at low angles.

The finite beam size effect [4], although already present at VEPP2, LEP or SLC, is
more critical for the future linear colliders with the very small spot sizes and the high
disruption beam-beam effects. Indeed, not only the bremsstrahlung cross-section must
be weighted by the luminosity which varies during the collision, but the outgoing low
energy leptons are strongly deflected by the opposite beam, resulting in a large smearing
of their angular distribution. For example, in the case of TESLA, the beam-beam effect
increases the horizontal angular spread of the bremsstrahlung particles with energies
from 10 GeV to 90 GeV from about 45 urad up to 660 prad. This widening of the
angular spread enhances the rate of low energy leptons deflected at angles usable for
a luminosity detector. This more than counterbalances the finite beam size correction
of roughly 1/2 in the bremsstrahlung rate.

Because of its sensitivity to the beam-beam effect, the bremsstrahlung signal within
a fixed kinematical acceptance is no longer proportional to the luminosity. Consider for
instance the case where a smaller horizontal spot size combined with a larger vertical
one at constant luminosity but higher vertical disruption (D, « (oz)7" (0})°), would
nevertheless lead to a larger bremsstrahlung rate due to stronger beam-beam forces and
a larger smearing of the bremsstrahlung energy and angular distributions. However this
signal can still be used for measuring luminosity variations induced by beam parameter
changes at the IP such that the horizontal spot sizes and horizontal divergences of
both beams are unchanged. This includes the most important vertical aberrations.
As mentioned above, the combination of horizontal beam-beam deflection scans for
measuring the horizontal aberrations and of luminosity scans for the vertical ones
provides therefore a complete tuning strategy. This strategy, recently re-investigated
at the SLC [7], offers the advantage that luminosity monitoring is less invasive than
the vertical beam-beam deflection scans since the beam aberrations can be measured
in the vicinity of the optimal head-on collision parameters.

The main purpose of this study is to characterize the expected bremsstrahlung
signal in terms of energy spectrum and rate, and to calculate the achievable resolution
for measuring the luminosity in a given integration time. The case of the vertical spot
size tuning will be considered in details by computer simulations of the scans of linear
matrix aberrations.
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Figure 1: The energy spectrum of the particles due to pair production, bremsstrahlung
and beamstrahlung for TESLA (500 GeV c.m.) parameters.

2 Bremsstrahlung Simulations of a Single Bunch
Collision

As discussed in the introduction, the combination of finite beam size corrections to the
bremsstrahlung process and of the beam-beam forces during the collision, requires the
use of computer simulation to characterize the bremsstrahlung signal. The program
GUINEA_PIG {5] is used for this study. It calculates the beam-beam forces and the
beamstrahlung photon emission. Moreover the Monte-Carlo method used to generate
the bremsstrahlung particles takes the finite beam size effect {4] into account. The
trajectory of the low energy leptons is also tracked through the coherent e.m. field of
the opposite beam. The bremsstrahlung cross-section can be artificially enhanced by
a multiplicative factor n; which allows one, with a single beam-beam simulation, to
track the bremsstrahlung particles originating from n, bunch collisions. This is useful
to integrate the signal from several bunch-crossings, as done in the following section,
assuming that the beam parameters are fixed and their fluctuations can be neglected,
a valid assumption since the bunch population is about 6 orders of magnitude larger
than the generated bremsstrahlung population.

This section deals with single bunch collision and therefore n; is set to 1. The et
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Figure 2: Background free region for a 24 mm the beam pipe radius

and e~ bunches are replaced by 40000 macroparticles with 6-dimensional Gaussian
distributions set by the beam parameters given in Table 1. The luminosity of the
nominal parameters is about 6.0 x 10% cm™%s~! including a factor about 1.6 from the
pinch effect. The statistical relative error on the luminosity is about 7.5 - 10~° from
numerical origin. This is small enough to be able to identify, from the simulations,
fluctuations of the order of 107 in the bremsstrahlung rates as physical statistical
fluctuations.

The energy spectrum of the bremsstrahlung leptons is plotted in Fig.(1), in com-
parison with the tail of the energy spectrum of the beam particles and the one from
ete” pairs. Both the bremsstrahlung and the ete™ spectra are proportional to the
luminosity while the beam spectrum merely scales with the bunch population. The
use of the ete™ pairs, mostly stopped by the mask close to the IP, for the luminosity
measurement is discussed in Section 4. The useful energy range of the bremsstrahlung
leptons is therefore between about 10 and 90 GeV where they dominate the total spec-
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PARTICLES TRACKING TO LUMINOSITY MONITOR
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Figure 3: Trajectories from the IP hitting the luminosity monitor at 8.5 m

trum. This range corresponds to a region along the exit beam pipe, roughly between
7 m to 10 m from the IP, where the luminosity monitor can be located and be free from
the background from the 90 GeV and higher energy spent beam particles. The reason
is that the final doublet, designed for the 250 GeV beam, acts as a spectrometer by
horizontally overfocusing these particles in such a way that the trajectory of the par-
ticles of a given energy F originating from the IP at any angle, crosses the beam axis
at the location so{ E) where the so-called IP sine-like trajectory becomes zero. There-
fore, there is a region around se( E) where the particles with energy E cannot hit the
beam pipe unless they have a very large horizontal angle with respect to the axis. Fig2
plots, for a beam pipe radius of 24 mm corresponding to the last doublet aperture, the
region centered on the crossing abcissa so E) which is free from the background from
particles of energy E with an angle at the IP less than 1 mrad, 2 mrad and 3 mrad.
This plot shows that particles above 90 GeV and below 2 mrad IP angle, a safe upper
limit according to beam-beam simulations, cannot hit the beam pipe between 7 m and
10 m. This is confirmed by simulations. It shows also that bremsstrahlung particles
with 50 GeV energy cross the axis at about 7 m and can hit the beam pipe after 8 m
even with IP angles below 1 mrad.



TESLA-Report 1997-17

PARTICLES HITTING LUMINQSITY MONITOR

250NN I N L O L D I L O Y L O L L

25 L =

:1||>|1||1|||IIIIIIIIII6: o T E] | T T T I T T T I T T
30 3 0.03 3
1 ooz E
25 Ik
0.01 F
20 F- '
o b
13 a o .
j-o.0t -
10 . F
i -0.02 F
5 F ] :
E i -0.03 F
0'..1....l...llnnlljuljr AT IS T N WS T ST S T NS T
0.0250.0275 0.03 0.03250.035 -0.02 0 0.02

Hit Scatter Plot in x—y Plore
Radial Distribution

Figure 4: Energy and transverse distributions of the bremsstrahlung particles hitting
the luminosity monitor for a single bunch crossing

For this study the luminosity monitor, assumed to be a hollow disk around the
beam axis with 24 mm inner radius, is therefore located at 8.5 m from the IP. The
traces of some bremsstrahlung particles impinging on the monitor are represented in
Fig.(3) showing the strong horizontal overfocusing effect. The energy and transverse
distributions of the bremsstrahlung leptons hitting the monitor from a single bunch
crossing and with energies above 10 GeV, is shown in Fig.(4). Most hits are in the
horizontal plane in such a way that the hollow disk could be replaced by vertical plates
with the same aperture without losing more than 1% of signal. The small roll angle
visible on the transverse scatter plot is due to the 3 T, 10 m long solenoid. As expected
from the kinematical argument above, the monitor location is optimised for detecting
about 50 GeV energy particles. The total number of hits is about 410 per side and
per bunch crossing. Integrating over 25 bunch crossings should therefore lead to over
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10000 total hits per side, enough to reduce the statistical error to the 1% level. This
is confirmed by repeating 22 simulations with ny = 25 using the same initial beam
distributions: the relative dispersion in the number of hits is 8.5e-3. As can be seen

from the energy distribution, the luminosity monitor location is optimised to detect
40 GeV to 50 GeV particles.

3 Vertical waist, vertical dispersion and coupling
scans

The most important vertical beam parameters to be tuned are the beam matrix “ro-
tations”, also called “linear aberrations”, which affect the vertical beam size, namely
the vertical waist shift dw,, the vertical dispersion 5, and the yz'-coupling ¢,. The
definition of these aberrations and the beam matrices associated to them are given in
the Appendix. The beam matrices are used to generate the Gaussian distributions of
the macro-particles entering the beam-beam and bremsstrahlung simulations.
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Figure 5: Scan of the vertical waist shift: (a) numbers of hiis (b) energy deposited on
the luminosity detector. Parabolic fits are drawn through the data points

Figs.(5,6,7) display the results of luminosity optimisations obtained by varying the
three linear aberrations éw,, 7, and ¢, of the electron beam matrix individually, keeping
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Figure 6: Scan of the vertical dispersion: (a) numbers of hits (b) energy deposited on
the luminosity detector. Parabolic fits are drawn through the data points
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Figure 7: Scan of the yz'-coupling: (a) numbers of hits (b) energy deposited on the
luminosity detector. Parabolic fits are drawn through the data points
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the positron beam constant. The central configuration is such that
sul® =088 , n=dV=0 (1)

for both beams. It is also the optimal configuration since, due to the pinch effect, the
luminosity is maximized when both beams have their vertical waist shifted by 0.8 By in
front of the IP. The gain in luminosity is about 14% with respect to the configuration
where the waists are centered on the IP.

In the three figures, the part (a) plots the number of hits and the part (b) the energy
deposited by bremsstrahlung particles on the luminosity monitor (on the electron side
- lower left, on the positron side - lower right, and the sum of both sides - upper left).
The calculated luminosity is shown in both upper right plots of parts (a) and (b). The
parabolic fits P(z) to the data points (z:,¥:)i=1,~ are superimposed and the position
of the maxima is given in the plots together with the normalized chisquare defined as

N N
= (- Pai)? L e

i=1 i=1
The waist-shift and coupling scans in Figs.(5,7) involve 21 points, each of them inte-
grating over 25 beam crossings, and therefore a total of 525 beam crossings. In order to
test the influence of the number of data points on the fit precision, the dispersion scan
involves only 11 points integrating 25 beam crossings and thus 275 beam crossings in
total. The optimal luminosity as determined by parabolic fits can be compared with
the maximum of the calculated luminosity. The relative precisions 6L£/L obtained for
the different scans are reported in Table 2. Clearly the luminosity optimum can be

Waist | Dispersion | Coupling
e -hits 2.0-107% | 2.3-107° |3.1-107°
e*-hits 51-107% | 3.6-107* | 1.7-107°
(e~ +e*)-hits 1.7-107* | 4.8-107° | 1.5-107°
£~ -energy 2.3-107° 1 5.4-10"° |2.6-1077
et-energy 45-107%| 4.0-107* | 2.8-107°
(e~4et)-energy | 1.6-1071 | 3.6-107° | 8.3-107°

Table 2: Relative precision §£/L in the determination of the optimal luminosity for
the various scans and signals from the luminosity monitor

determined equally from the number of hits on Bhabha counters, or from the energy
deposited on calorimeters. The resolution should be better than 10~> with about 500
bunch crossings for the waist scan, and about 250 crossings for the dispersion and
coupling scans.
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Figure 8: Scan of the vertical waist shift: energy deposited in the calorimeter and
luminosity normalised to the maximal values.

In practice, each scan could be implemented by exciting a given closed orbit bump
through the sextupole pairs of the chromatic correction section (CCS) [6] within one
TESLA pulse [8]. A vertical waist scan, for instance, would be performed by exciting a
symmetric closed bump through the vertical CCS sextupoles over 525 bunch crossings
and measuring the luminosity for 525 monotonically increasing values of the waist-shift
dw, at the IP. The resolution achieved in such a scan should also be better than 10~3
since the statistical errors will be the same as for the scans presented above. In this way,
a single TESLA bunch train with 1130 bunch crossings would allow one to measure the
waist-shifts, or alternatively the dispersion and the coupling of both beams, provided
the implementation of the necessary closed bumps is manageable within one pulse.

4 et — e~ Pair Calorimeter

Inside the main mask a combined inner mask and luminosity monitor will be installed.
This inner mask will be hit by a large number of pairs deflected by the beams. At
small radii it is covered with a low-Z material (graphite) to prevent the backscattering
of low energy particles. At larger radii where the background due to the deflected pairs
is small it will be used to measure the Bhabha events with larger angles. The rate of
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these events will be a few per second, much higher than those measured in the main
detector for the reconstruction of the luminosity spectrum but too low for monitoring.

The total energy deposited by the pairs in this mask can be measured calorimet-
rically, but details have to be worked out. This energy is about 9000 GeV per bunch
crossing and per side. This values varies from simulation to simulation due to physical
and numerical effects. Running 25 cases with the same initial distribution (read from
a file) but different seeds for the random number generators showed an RMS-spread of
1.5 % and 2.0 % for the two sides. This is in reasonable agreement with the expectation
from the counting rate alone (1.2 % from about 7700 hits). In practice one can expect
significant contributions to the error from energy leaking out at the inner aperture of
calorimeter and from jitter of the beam.

The scan was performed as for the former case. For each point only a single bunch
crossing was measured. The optimal position of the waist was determined by max-
imising the sum of the two signals, leading to dw, = 0.81 3} (note that §; = o.). The
luminosity thus obtained is lower by a fraction of 5+ 10~° than the optimal value.

In contrast to the bremsstrahlung process where the production of particles de-
pends strongly on the luminosity and only weakly on the other beam parameters, the
number and energy of pairs produced depends also on the number and energy of the
photons produced by beamstrahlung. The deflection is however very different in the
two cases. The beam particles which have emitted bremsstrahlung are still relatively
high in energy and are focused by the oncoming beam. Most of the particles from pair
production that hit the calorimeter are low in energy and are defocused by the same
charge oncoming beam. Combining the two methods one could thus hope for reducing
possible ambiguities.

5 Conclusion

We believe that a luminesity monitor will be a necessary instrument for the fast tuning
of the collision parameters of TESLA. In this study we have shown that a radiative
Bhabha counter or calorimeter can monitor the luminosity to a 1% resolution by in-
tegrating the bremsstrahlung signal over about 25 TESLA bunch crossings, that is
about 20 ps. In the suggested implementation, such a monitor should be optimised for
lepton energies around 40 to 50 GeV with a rate of roughly 410 hits every 700 ns. A
promising complementary option is a calorimeter in the masking system around the IP
to measure the energy deposited by the pair-created ete™ particles. The 1% level can
then be reached with one bunch crossing.

With either monitor, scanning the usual vertical linear aberrations with about 20
points should permit to determine the optimal luminosity to better than 0.1% relative
resolution. Implementing such scans within a single TESLA bunch train should be
possible: it would reduce considerably the influence of beam jitter on the luminosity

12
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measurement errors.
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A Beam matrix associated to vertical waist, verti-
cal dispersion and yz’-coupling linear aberrations

Denoting by I; the nominal beam matrix at the IP assumed diagonal in the usual set
of TRANSPORT coordinates (z,z’,v,v', z,8),

2

o3 00 0 0 0

0 & 0 0 0 0

. 0 0 o 0 0 0
=10 0 o0 0 0 0 3)

0 0 06 0 o2 0

0 0 0 0 0 of

and, by Ry and R the ideal and actual transfer matrices from an arbitrary point to the
IP, the actual beam matrix at the IP, denoted by ¥*, is then given by

2 =(R-Rg')- I (R-Ry')T (4)

The symplectic matrix ¢ hR. R;! contains the most general linear aberrations gen-
erated by the optics upstream of the IP. Restricted to describe the vertical waist-shift
q.,, the vertical dispersion ¢,, and the yz’-coupling ¢,,, this matrix can be parametrized
as

1 0 0 ¢, 0 0
0 1 0 0 0 O
_ 0 sz 1 2y 0 Q36
¢= 0 0 0 1 0 O (5)
0 0 0 ¢, 1 O
0 0 0 0 0 1
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The beam matrix at the IP is then given by

I | 03 0503 3.0 4.q.0; 0
0 g;* s, 027 0 0 0
s | G2l 02 g0 o+ @0+ 207+ qhod b Gt 92;2 Qs OF
- * x2 x2 *x
w0 0 L 0wl 0
VLT 6; 0 93456 6'; Gae 6; ‘73 + q%e; 0
0 0 0,07 0 0 o

(6)
The shift of the longitudinal position of the vertical beam waist dw, is given by the
{yy') correlation term and is therefore related to the g,, aberration by

Swy = (yy')/6;* = g, (7)

On the other hand, the vertical dispersion n, = q,, and the yz'-coupling term ¢, = ¢,
are related to the (y8) and (y2') (or (zy’)) correlations in the above beam matrix.

All three aberrations degrade the vertical spot size. The coupling term ¢,, degrades
also the horizontal spot size but much less since, by considering its effect alone on the -
relative spot size growths, one gets

*2 %2 2 x w2

6ar —_ 6010‘ . 93’ . JU & 50’&' (8)
2 = a2 a3 T S 2

ok oyt 0 o a;

since for the TESLA parameters (cf. Table 1), the horizontal and vertical beam diver-
gences are roughly equal while the aspect ratio o} /oy is much larger than one.

Considering the effect of the three aberrations on the vertical spot size, it is conve-
nient to introduce the normalized parameters

‘.::134 = sy 0;/U; = (swy/ﬁ;
Qe — Ui 05/U; = TIyC’E/U; (9)
9y = %29;/0; = cyg::-/a;

in such a way that the relative spot-size growth reads

50.*2 i R X
=3+ + (10)

*
Uy

These three normalized aberrations have been used in the scanning simulations dis-
cussed in the main text and they correspond to the scanning parameters along the
horizontal axis of the plots shown in Figs.(5,6,7).
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