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Interaction Region Layout, Feedback and Background Issues for TESLA

O. Napoly
CEA/fSaclay, DAPNIA-SEA, 91191 Gif-sur-Yvelte, France

[. Reyzl, N. Tesch
Deutsches Elektronen-Synchrotron, Notkestrasse 85, 22608 Hambury, Germany

We present the current design of the interaction region for the superconducting
lincar collider project TESLA. We describe the layout of inagnets, separators and
collimators which are needed to accommodate a small vertex detector radius in the
large aperture appropriate for the head-on collision scheme of TESLA. We then
describe the feedback system which will be used to vertically stabilize the beam
collisions on a bunch-to-bunch basis down to a fraction of the beam spot size of
Snm. We finally review the varicus background levels in the detector region, with
special attention to the impact of et e~ pair and secondary neutron production on
the design of the TESLA detector.

1 Introduction

The TESLA superconducting linear collider project ! aims Lo produce ete™ colli-
sions at B300GeV c.m. energy with luminosity in excess of 10¥em =251, The current
parameters of the collider = are given in table 1. The design of its interaction region

(IR} ts mostly driven by three hasic ingredients:
* The optics of beam focusing and extraction around the interaction point (1P)

* The diagnostics and correction systems required for reaching and maintaining
stable beam operation at the nominal luminosity

¢ The shielding of nearby components and the masking of the experiment de-
tector from the various accelerator and beam-beam induced background flux

The TESLA final focus optics has some similarities with that of the SLC collider:
the beams are focused by high gradient superconducting low-beta quadrupoles with
large aperture and they collide at zero crossing angle and are extracted outside
of the detector. Indeed, taking advantage of the long RF pulse allowed hy the
TESLA superconducting linear accelerators, the successive bunches of the TESLA
bunch train are equally spaced by about 340ns. It is therefore possible to extract
the oulgoing beam with a long electrostatic and magnetic separator well before
the firsi parasitic crossing point at about 50m from the TP. However, unlike the
SLC, the final doublet quadrupoles are the only magnets common to the incoming
and outgoing beam lines. The tuning of both beam lines is therefore coupled in a
Tinimim way.,

The luminosity optimization refies on reaching and stabilizing maximum beam
overlap and nominal beam sizes ai the IP. After the initial tuning of hoth beam
optics separately, this optimization can be divided into threc successive levels of
tuning procedures:

¢ The position and angle differences of the colliding bunches at the 1P must
be cancelled. Thanks to the TESLA pulse structure, the beam separation
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can be corrected within a small lraction of the bunch train hy o dedicated FI?
feedback system, as discussed in section 3. This procedure must be repeated
on a pulse to pulse basis.

¢ 'I'he transverse beam sizes and linear beatn moments (waist-motion, coupling,
dispersion, ete..) are measured and tuned. The measurement of the linear
beamn matrix can be done with a few pulses, using horizontal beam-beam
scans for the purely horizontal moments, and luminosity monitoring for the
vertical moments and coupling. The correction will be performed by upstreamn
corrector magnets and is believed to remain stable long enough compared to
the bHz pulse frequency with a slow feedback system steering the beam Lo a
reference orhit.

» Even though the linear optics will be periodically re-tuned, higher order aber-
rations will slowly develope due o the slow motion of the final focus magnets.
The induced degradation of the collider luminosity can be corrected only by
heam based re-alignment of the most sensitive elements, like the sextupoles.
Finally, the detector masking and magnet shielding must integrate two specific
features of the TESLA design:
¢ Due to the zero crossing angle, the photon background irradiates the incoming
beam line. It is composed of a} high energy beamstrahlung photons, 12GeV
energy in average, carrying 300kW average power per side which can damage
magnets, and b) widespread synchrotron radiation, 8MeV and 2.1kW average
power, produced mostly by the spent beam through the outgoing douliet,
which can scatter on close-by elements back to the detector.

» In the current design, the e~ beam must be extracted and transported to the
positron target with small beam loss. To accommodate for the capture beam
line, the spent beam is bent in the horizontal plane with septum magnets
provieding the final deflection.

Fable 1: Main parameters of the TESLA linear collider.

Parameter Symbol Unit Reference Design
Center of mass energy Eomn GeV 500
Repetition rate frep Hz 5
Bunch No. per pulse np 2820
Pulse length Lpulse us 950
Bunch spacing Evenach ns 337
Bunch charge N 1/e 2.10°
Horizontal rms beam size at [P ak nm 553
Vertical rms beam size at [P oy nm 5
Vertical divergence at [P T prad 12.3
Vertical Disruption Dy 33
Luminosity Lo cm " 2g! 3.1.10M

2 TESLA: Interaction Region Layout

The optics of the beam focusing to the interaction point, depicted in figure 1, is
mostly determined by the choice of the free space distance, I* = 3m, from the lasi
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Figwre 1: Layont of the final transfoemer and beamstrahlung collimators (IP is located at s=0).

quadrupole exil lo the IP, together with that of the quadrupole magnet supercon-
ducting technology. Such quadrupoles?, combined in a doublet (QF1,QD1), provide
the required focusing strength, G = 250 /m, with a large aperture, B = 24mm,
necessary Lo extract the beam as well as the synchrotron radiation background.
Their cross section is shown in figure 2(a). These iron-free quadrupoles can stand
up to 37T solenold field with usual Nb'li conductors, and over 4T with NhaSn ca-
bles. A Tungsten mask with a cylindrical part around the quadrupele cryostat and
a 83mrad conical part, as shown in figure 2(b), has been designed * to stop the
¢te™ pairs created during the beam-beam interaction and to protect the detector
from sccondary photons. It alse includes an inner cylindrical part to stop the pairs
backscattered from the guadrupole face, and to damp the flux of neutrons pro-
duced in the collimators outside from the detector. These neutrons are particularly
harmful for the vertex detector. Therefore the aperture radius of the inner mask
is matched to the radius of the beam pipe at the vertex detector. In figure 2(b), a
racdius of 18mm was assumed for a 20mm beam pipe radius. In the following study,
the mask aperture is reduced to 9mm radius to be able to accommodate a more
ambitious design of the vertex detector around a beam pipe radius of 1lmm. The
role and the performance of the mask will be discussed in more details in section 4.

After the inleraclion point, the outgoing beam undergoes a first deflection of
8mrad over 20m from an electrostatic separator with E, = 48kV /cm across a bem
gap, combined with a dipole magnet with B, = 0.016T in such way that the force
acting on the incoming beam, and its polarization, is cancelled. Later, an array of
septum magnets over 16m length, provides a second deflection of 2.1mrad lo bring
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Figure 3: Spectrum of charged particles leaving the IP for a nominal head-on collision.

the spent beam to its capture beam line towards the positron target.

The collimation of the 300kW beamstrahlung photon flux, with about 150 -
34 prad® rms divergence from the IP, is done by staged collimators. Figure 1 shows
the location of the first four collimators and indicates the amount of bearnstralilung
power which they intercept. Callimators 2 and 3 |, with a radius of 20mm, are po-
sitioned to protect the downstream magnets including the first dipole. The septum
is protected by a 2mmt thin collimator directly in front of it. The primary role of
collimator 1 is to shield the inner part the detector, including the two symmetric
inner masks, from the incoming synchrotron radiation generated by the dipole and
the quadrupoles up to QD2. Its location is oplimized by requiring that, by being
close to the IP, its aperture defined by the dashed line of sight from QD2 in figure |
is large and therefore inlercepts as little beamstrahlung power as possible while,
by being sufficiently away from the 1P, no synchrotron radiation photon can scatter
[rom its edge directly to the beam pipe at the 1P, as shown by the dashed-dolted line
of sight in figure 1. The optimum location is roughly 19m from the [P. Collimator |,
with an aperture radivs of Tmm, thus splits the electrostatic separator in two parts.

4
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Figure 4: Average power loss along the opposing beam line (the septum collimator is not included
in the calculation of the spent beam Josses).

Fhis is advantageous because it also intercepts about 1.1kW of spent beamn power,
as discussed m the next paragraph, and a large fraction of the 2.1kW synchrotron
radiation power emitted in the ontgoing doublet which would otherwise hit the elec-
trodes of the separator and possibly induce sparking. Except for the quadrupole
QI'2, figure | does not show the location and aperture of the magnets which are
centered along the incoming beam line upstream of the dipole. These elements can
be shielded from the remaining 240kW of beamstrahlung either by dumping the
beamstrahlung flux about 20m after the dipole or, by using flat beam chambers
which extend horizontally through the poles of the magnets towards and beyond
the beamstrahlung axis in order to clear the photons. In this case the remaining
beamstrahlung power can be dumped further down.

To quantify the steady beam losses along the outgoing beam line, we use the
distribution of the charged particles after the collision point, assuming ideal beam
collisions, obtained from GUINEA_PIG beam-beam simulations®. The charged par-
ticle spectruin, shown in figure 3, is the superposition of the energy degraded spent
beaan, at high energy, of the ete™ pairs at low energy and, the radiative Bhabha
{or bremsstrahlung) particles which dominate between roughly 20 and 100GeV. The
average deposited power per unit length is shown in figure 4. The pair and radiative
Bhabha losses are plotted only along the first 10m after the IP since the spent beam
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completely dominates the power loss beyond this point. It is important to note that
the power levels along the superconducting doublet cryostat, from 3 to 6.5m, are
well below the 4.7W/m LHC tolerance ®. The spikes in the spent beam power loss
correspond to the location of collimators 1 and 2, but the collimator in front of
the septum magnet has not been included in the calculation. The spike in Lhe pair
power loss 1s of course at the inner mask face. Finally, the spike in the radiative
Bhabha power corresponds to the location of the fast luminosity monitor 7. 1t is
produced by introducing a gap in the beam pipe from 8 to 8.5m alter the IP in
order to collect the radiative Bhabhas. Figure 4 shows that higher statistics and
less secondary background could be obtained by opening the beam pipe already al
7m from the IP.

3 Feedback System at IP

Duc to the large vertical disruption parameter [, =33, the luminosity is very sen-
sitive to bearn separations and crossing angles in the vertical plane, see figure 5.
Limiting the maxivmnm luminosity loss per bunch crossing to 10%, two bunches have
to interact within a separation of 5A = 0.] 7y and with a crossing angle smaller than
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Figure 5: Luminosity as a function of beam separation and crossing angle.

Sources of undesired beam separations and crossing angles are e.g. Lorentz force
detuning, wakefield effects and quadrupole vibrations. The displacement of the two
opposing final doublet magnets is a major concern, since a stationary final doublet
displacement of 5nm = 1o will haif the luminosity. Simulations assuming large
contributions of human produced noise to the ground motion spectrum ! predict a
| o beam separation within lms, which is roughly the bunch train length. From
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pulse 1o pulse the expected separation might add up to 20 a3 solely due to ground
tmotion eflects in the BDS R,
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Figure 6: Scheme of the digital feedback system at the [P,

The size and the time scale of the vertical beam separation emphasize the
necessity of a feedback system providing a stabilization of the beam interaction at
the IP within the bunch train. Due to the large bunch spacing of 337ns a very
beneficial correction from one bunch to the second bunch becomes feasible. The
design goal is a correction limiting the maximum luminosity loss to 10%. In order
io conkrol the other beam angle a further feedback system will remove bunch offzets

in the BDS within the bunch train?.

3.1 1P Feedback Loop

The feedback system at the 1P is schematically shown in figure 6. The loop of the
digital feedback system (sample [requency 3MHz) is characterized by four steps:
delection of bunch separation, estimation of bunch separation, determination of
correclion kick by a proportional-integral {PI} controller and correction of subse-
quent bunches by using two fast kickers. The kickers!?, placed on both sides of the
IP one meter upstream of the final doublet, allow the coverage of a control range
of £100 0. The overall processing time of the feedback loop and the signal trans-
mission time in a 50m long cable insert a correction delay of two sample periods.
Bunch separations at the IP become detectable by the beam-beam deflection caused
by the attraction of the opposite charged bunches 1!, The experienced kick results
in meagnrable position shifts of the outgoing bunches. From the position measure-
ments of the incoming and outgoing bunch of both beams at the two opposing final
doublets the size and the sign of the bunch separation can be ascertained.

The separation Ay* between two bunches is estimated by using a linear model

0FB of the the beam-beam kick, both plotted in figure 7:
FANT
FB AL %y _ - i

The slope of this linear approximation defines how accurately the controller will
determine a bunch separation in the nanometer range and by how much large sep-
arations will be underestimated.
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3.2 Results

Even though the linear model 088 used by the feedback system deviales severely
from the non-linear beam-beam kick for large separations large stationary offsels
are successfully rejected. A constant beam separation of 100 oy is reduced by 3
orders of magnitude after 80 bunch interactions, emphasizing the robustness of the

leedback system to model errors, see figure 8.

During correction the actual vertical separation is continuously underestimated
{(e.g. ANy = 100 oy 1s interpreted as a 7o} separation). However, the feedback loop
steers subsequent bunches in the right direction decreasing stepwise the occurring
offset.

More realistic simulations include the bunch offsets at the linac exit caused by
cavity and quadrupole misalignments of 500pm and BPM displacements of 100zm
rms. At the [P we further assume a BPM resolution of 5um (add. noise), quantiza-
tion errors caused by ADC, a 10% jitter of the beam-heam deflection angle due to
bunch charge jitter (mult. noise) and kicker errors of 0.1% (mult. noise). Without
the use of a feedback system the luminosity is lowered by 8.4%, whereas a stabiliza-
tion of the beam interaction by a feedback system allows to achieve 08.6% of the
nominal luminoesity denoted by Ly.

Assuming an additional stationary beam separation of 50 ¢} and 100 ¢ caused
by ground motion in the BDS and by the displacement of the two final doublcts, a.
luminosity of 95.6% Lo and 91.8% Ly, respectively, becomes feasible. Limiting the
maximum luminosity loss to 10%, the use of the IP feedback system thus relaxes
the rms displacement tolerance of pulse-to-pulse jitter of the final doublet magnets

to 200nm.

TESLA Report 1999-20
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4 Beam-Beam and Machine Background

4.4 Introduction

The high charge density of the colliding beams produces strong electro-magnetic
fields which bend the trajectories of the particles of the oncoming bunch. This
focusing effect reduces the effective beam size and enhances the total luminosity.
However, at these high energies, this beam-heam interaction also induces an intense
enission of hard beamstrahlung photons (in the order of 10 per bunch crossing
(BX}) which degrades the energy distribution of the beams during collision. These
beamstrahlung photons do not give any direct background signals in the cetector,
but they can produce a lot of secondary effects, such as pair, charged hadron and
neutron production (see figure 9). Beside these beamstrahlung photons, photons
can also be created from the elementary process ete™ — ete~™+. These photons
arc no problem as background in the detector, but the remaining electron /positron
(radiative Bhabha) whose energy is reduced by the amount of the photon energy
can contribute to the neutren background.

On the other hand there are machine related background sources: Muons can
be created in electro-magnetic beam-nucleon interactions in the beam delivery sys-
tem. These muons can reach the IP and can cause an intolerable background in
the detector. The collimation system of TESLA is done such that no direct syn-
chrotron radiation can reach the detector. But the edge- and backscattering of
the synchrotron radiation of the incoming and outgoing beam from elements of the
collimation system can be a potential source of background. Finally beam-gas inter-
actions can contribute to the background in the detector. All background sources
are described in more detail elsewhere 14,

9
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4.2 Beamstrahlung

The two bunches focus each other at the interaction point due to the high charge
density of beams which leads to strong electro-magnetic fields. This effect is called
the "pinch effect’. Since the particle trajectories are bent due to the pinch effect
they emit a radiation called beamstrahlung (BS). This leads to an energy loss of the
electrons and positrons. For TESLA the photons have energies in the range of a few
GeV. The center of mass energy for the collisions will hence vary more than expectec
from the energy spread of the incoming beams and the initial state radiation. Since
the pinch effect reduces the effective beam cross sections the luminosity is enhanced
compared to the nominal one. To study the BS different Monte Carlo programs
were developed to simulate the pinch effect and the secondary physical processes.
Three generators (GUINEA_PIG %, CAIN 2.1b!2, LINCOL 1.0'3) were used and
their results are compared in table 2.

The beamstrahlung photons produced by the program GUINEA_PIG were used
as an input to a GEANT3 ' based simulation of the TESLA detector and beam
line called BRAHMS !5, There were no direct hits from BS in any detector element
with the present collimation system found.

4.3 Puairs

One of the main background sources in the detector is the production of electron-
positron pairs via coherent or incoherent processes in the heam-beam interaction.
The coherent ones can be neglected in the TESLA case. Three main processes
contribute to the mcoherent production of electron-positron pairs:

10
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Table 2: Comparison of beamstrahlung resutts from different. generators,

CUINEA_PIG | CAIN 2.1b | LINCOL 1.0

8 Ebeanm [GeV] 6.92 6.80 7.62
8 Eovam (V6] 2.77 2.72 3.05
N, per electron 1.65 1.62 1.70
I [GeV) 1.19 4.20 4.48
Ny / BX [1017) 6.60 6.48 6.80
E, /BX 1 44.3 43.5 48.8
P, [MW] 0.63 0.61 0.69

Breit-Wheeler  Bethe-Heitler  Landau-Lifshitz

vy = ete” ey — eete” ee = cecte™
The Bethe-Heitler and Landau-Lifshitz processes can be caleulated using the
equivalent photon approximation, in which the electron (and positron) are replacead
by a spectrum of photons. For the Breit-Wheeler process the two colliding photons
are real, where for the Bethe-Ieitler one photon is real and one virtual and for the
Landau-Lifshitz processes both photons are virtual.

Table 3: Comparison of pair production results from different generators.

GUINEA_PIG CAIN 2.1b | LINCOL 1.0
Npwire [ BX [107) 120 82 73
Epairs | BX [10°GeV] 295 193 175
pe > 20MeV
¢ > 150mrad
Npaire | BX 50 32 46
Epaire / BX [GeV) 6.61 3.60 5.95

Again the above described three Monte Carlo programs were used and their
results for pair production are compared in table 3. The pair particles produced by
the GUINEA_PIG program were tracked through the TESLA detector simulation
BRAHMS (sce figure 10) and the following results were found: For a radius between
0.9cm and 5.dcm at the front side of the mask the deposited energy is 27.3TeV per
BX (26.4TeV per BX} for a main magnetic field of 3T (4T). For radii greater than
5.4cm (corresponding to an angle larger than 23.3mrad) the energy deposition is
6GeV per BX for 3T and 4T. Therefore instrumentation of the front side of the
mask seems to be possible for at least angles down to 23.5mrad to measure physics

11
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based events. In the vertex detector of the current design of the TESLA detector
there were 690 charged hits per BX in the first layer (at 1.2cm) found for the 377
case and 334 for the 4T case. The number of photons created from pair particles
entering the TPC was found to be 1350 per BX (3T} with an average energy of
L7MeV and 1200 per BX (4T} with an average energy of 1.6MeV. The conclusion
can be made that the numbers of photons from the pair background in the TPC is
non-critical and that both discussed vertex detector pixel designs (APS,CCD) even
for a 1cm beam pipe and 3T main magnetic field are feasible.

Figure 10: Some pair particles showering at the front side of the mask and some radiative Bhabhas
showering at the final quadrupole doublet (from TESLA detector simulation BRAHMS).

4.4  Radiative Bhobhas

Another process that produces low energy particles is the elementary process ete™ —
ete~ . Here the beam particle emits a hard photon in the field of a single oncom-
ing particle (beam-beam bremsstrahlung). The calculation is done using the equiv-
alent photon approximation. The photon escapes through the beam pipe, while
the remnant beam particle coniributes to the background. These low energy beam
electrons/positrons, called radiative Bhabhas (RB), will be dumped in the final
quadrupole doublet and will produce electro-magnetic showers and neutrons in the
material of the quadrupoles (see figure 10). The consequences are that some of
the electro-magnetic shower particles {(photons/electrons) as well as the produced
nentrons from inside the quadrupoles can reach the detector.

As a generator the GUINEA_PIG program was used. Applying a cut of 100GeV
(to select only these particles which will hit the final quadrupole doublet) gives a
total number of radiative Bhabhas of N, = 4.9-10* per BX with a total energy of
Fior = 2.6 105GeV per BX. :

Again these pariicles were tracked through the TESLA detector simulation
with the result that all electrons/positrons with an energy £ >90GeV pass the
final quadrupole doublet. In the first layer of the vertex detector (at 1.2¢m) 2
charged hits per BX were found for a main magnetic field of 3T and the number
of photons entering the TPC was found to be 3 per BX for 3T. In conclusion the
amount of direct background hits in the detector from radiative Bhabhas is small.

12
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4.5 Neubrons

Nentrons are produced via photo-nuclear reactions from electro-magnetic shower
bremsstrahlung photons. The dominant neutron production via the giant photo-
nuclear resonance mechanism is in the photon energy range between 10-30MeV,
Therefore any 5,e%,e™ hitting a beam line element and creating electro-magnetic
showers is a potential source of neutrons.

The simulation of neutron production was done using the program FLUILA98 5,
This program can handle the production and transport of neutrons from thermal
energies up to 20TeV for primary and secondary particles. It can simulate the low
energy neulron preduction down to 0.4eV in ENEA multigroups. The low energy
neutron transport is done via photon and fission neutron generation and the photo
and electro-hadron/nuclear production ts using the vector meson dominance model.
The geometry of the TESLA detector and beam line in FLUKA98 can be seen in
figure 11.

The total number of neutrons produced from beamstrahlung photons is v, ,, =
2.5 10" per BX with a total energy Epy = 2.4 - 10°GeV per BX. Tor the pairs
these numbers are Ny = 4.9- 10* per BX with £, = 262GeV per BX and for the
racdiative Bhabhas N,,. = 2.7 - 10% per BX with £,,, = 2.1 10°GeV per BX (see
figure 11 for production location of neutrons from different sources}. The numbers
of nentrons entering some individual detectors could be fonnd in table 4 for the
vertex detector, TPC and electro-magnetic calorimeter (barrel/endcap). The Auxes
for the vertex detector are given as total fluxes for all neutrons and in brackets as
fluxes normalized to IMeV neutrons, weighted due to the silicon bulk damage by
total non tonizing energy loss (NIEL).

In conclusion one can say that the fluxes at the vertex detector are in the order
of 4-10% n/em?/year and that means both options (APS,CCD) seem to he possible
in terms of the neutron background. The total numbers of neutrons of about 6000
per BX in the TPC and of about 4000 (8000) per BX in the ECAL barrel (endcap)
seem to be a non critical amount of neutron background.

Table 4: Results from FLUKAS8 for neutrons entering individual detector parts.

VDET TPC ECAL(Db) ECAT(ec)
n (1MeV n) n/BX n/BX n/BX

/ch/year {(Erot[GeV]) | (Erat[GeV]) (Eia[GeV])
n from BS 2.8 10° 2400 1800 2100
{0.5.10%) (5.1) (4.3) (3.7)
n from Pairs < 0.5 .10 3200 2300 3100
{0.0-10%) (8.6) (6.1) {13.5)
n from RB < 0.5.10° 44 31 2300
{0.0-10%) {0.002) {0.001) (13.5)
total < 3.8.10° 5600 4100 7500
{0.5-10%) {13.7) (10.4) (30.7)
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Figure [1: FLUKA98 geometry for TESLA beam line and mask region. Production location of
newtrons for different sources: beamstrahlung, pairs and radiative Bhabhas.

4.0 Hadrons

An additional source of background is the production of hadrons by two colliding
photons (vyy — hadrens). In this process the photons fluctuate into hadrons with
the same quantum numbers and with a certain probability a photon can interact
hadronically as a vector meson (mainly as p"). Three cases are to be distinguished
for the production of hadrons by two colliding photons:

ciirect once resolved double resolved
Yy = jJ ¥V = 353 VY = Jaladd

The simulation of vy — hadrons was done such as the photons were taken
from the beamstrahlung simulation (GUINEA_PIG) and the ¥y interaction was
simulated by HERWIG 5.9, with multiparton interaction on and HERWIG cefault
parameters except for the HERA DIS tuning!”. In table 5 the results can be found
for the three different cases. Only about 2 - 1072 evenls per BX are expected.

14
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Table 5: Results for hadron production al TIZSLA.

type events mult, | charg. oli. Eior
/BX [107%] JBX [GeV]

direct 0.53 15.2 R.5 0.25

single res. 0.0 30.5 15.7 0.32

double res. 1.12 44.7 222 1.50

all 2.05 34.3 17.4 2.07

[Prom the TESLA detector simulation BRAHMS the following numbers for some
detector parts were derived: In the first layer (2./3./4./5.) of the vertex deteclor
3.39 (0.66/0.42/0.29/0.23) -1073 charged hits per cm® per BX were found for a
main magnetic field of 3T. In the TPC 8.5 gammas per BX with a mecan energy
ol 2.6MeV and 0.7 charged particles per BX were found. The energy flow into the
ECAL barrel 15 2.0GeV per BX and 4.0GeV per BX {or the endcap. In conclusion
one can say that the hadron background found in the detector is simall.

4.7 Muons

In ete” linear colliders muons are produced in electro-magnetic beam-nucleon inter-
actions in the beam delivery system due to pariial beam loss in heam line elements.
They can contribute an intolerable background in the detector. When electrons
or positrons strike beam line elements muons are produced by a variety of mech-
anisms: Bethe-Heitler process (vZ2 — p¥p~Z, dominant), photo production of =
{vZ — m(-» )+ X) and direct annihilation {ete~ — pTp~). Even the ruons
produced far away from the 1P can traverse the tunnel parallel to the beam line and
reach the detector. Therefore in the simulation all beam line elements of the beam
delivery system (-1200m — [P) and the tunnel are included. The dominant channel
vZ — pTu~ Z was investigaled in the current simulation studies. The detector is
defined as a disk of radius 4.5m at the TP. A detailed description of this study can
be found elsewhere '®. The results of this simulation can be seen in figure 12, where
the number of lost electrons to produce one muon in the detector is plotted as a
function of the source location.

One finds in average about 2.5.10% lost electrons to get one muoen in the detector.
Additional magnetized iron toroids (2 toroids a 9m at 866m/1060m from the IP)
help to reduce the mmon background by a factor 10. Introducing an iron doughnut
(120m iron at &800m) helps Lo reduce the muon background by a factor of 1000.

{.& Backscattered Synchrotron Radiation

Synchrotron raciation will be produced by the incoming beam in the magnetic
field of the last bending magnet. Also in the field of the final quadrupole doublel
synchrotron radiation will be produced by the incoming and outgoing beam. The
collimation system is made such that no direct synchrotron radiation hits any part
of the detector, but backscattered photons can be a potential background source for

15
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Figure 12: Number of lost electrons needed to produce one muon in the detector as a function of
the source location.

the detector. The main source for backscattered synchrotron radiation is the first
collimator at 19m from the [P. Table 6 shows the amount of synchrotron radiation
hitting the first collimator. The calculation of backscattered synchrotron radiation
into the detector takes into account the energy spectrum, the angular distribution
and the albedo of the collimator material, resulting in 60 photons per cra® per BX
in the vertex detector with energies of £, <1MeV. Approximately no backscattered
photons reach the TPC and the ECAL.

Table 6: Synchrotron radiation hitting the first collimator.

source N, scaltering Ny (scat. at col.1)
inc. beam/last bend || 5-10'% | edge + back 10° /BX
inc. beam/final quad || 2. 10" back 10* /BX
out. beam/final quad || 4. 10" back 2.10M /BX

4.9 Beam-Gas

The main sources of rest gas inside the beam pipe are on the one hand the material
outgasing, which s a global effect and on the other hand the synchrotron radiation,
which is a tocal effect. For the simulation of the beam-gas interaction it was assumed
to have as rest gas CO with a pressure of p = 5- 10" Ymbar. Tracking was performed
through the last 600m of the beam line, including quadrupoles, collimators, mask
and a beam pipe of lem radius.

As result there were 3 - 1073 electrons per bunch crossing found which are
leaving the beam pipe near the 1P with an energy of about £ & 0.2 Epeaim. So the
background expected in the detector from beam-gas interactions will be very small.

16
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Table 7 Summary of all background sources at TESLA for beamstrahlung (BS), pairs (PA),
vadiative Bliabhas (RB), neutrons (N), hadrons (HA), muons (MU), backscattered synchrotron
racliation (BSR) and beam-gas interaction (BGI).

Source Niat Eioe VDET TPC EC(b) EC(ec)
/BX GeV/BX hits/em? /13X /BX /BX JBX
Bs a6.6-10"" | 2810t - - - -
PA 1.2 107 3.0-10% 890 (L.layer, 3T) 1350 (3T) . -
I3 1.9 107 2.6 10° 2 (1.layer, 3T} 3y (4T - -
N/13S 25101 | z.4.108 28108 2400 1800 2100
nfem® fyear
N/PA 4.9 107 262 <05 10% 3200 2300 3100
n/cm? fyear
N/RB 2.7 10% 2.1-10° < 0.5 108 44 31 2300
nfcm?®fyear
HA 21-1077 21 3.4.10°° 8.5 (3T) 2.0GeV | 4.0GeV
evenis (1.)ayer, 371) 0.7char.(3T) .
MU 2.5 10% 2.5 107 1-10° 5-10% 5.10"
Nefu Nelpt Nefu Nefu N./p
ISR, 2.0 10" 2.0 10% 60y /fem? /BX - - -
B 3 1o~ 0.15 - - - -

5 Conclusion
The TR picture described in this paper offers a coherent solution to the beam trans-
port and detector protection assuining the most demanding beam and detector
conditions considered up to now for TESLA, namely:
¢ High luminosity £ = 3- 10*em™*s™!, corresponding 1o the beam parameters
with high beam-beam disruption
¢ Capture and transport of the ¢~ spent beam after collision, towards the
posilron source target
+ Vertex detector of about lem radius, combined with high solenocid field of 4T

While the global design of the collider design is under progress, these options are
still being discussed. If some of them are eventually removed, we believe that the
IR, design can only be easier and its layout simpler. The 800GeV center of mass
energy option of TESLA has also been studied and does not change qualitatively
the conclusions reached in this study. Vertical stabilization of the beam collision by
a bunch-to-bunch feedback system is necessary and feasible. Limiting the maximum
luminosity loss due to bunch separations to less than 10% relaxes the rms tolerance
of the final doublet pulse-to-pulse displacernents to 200nm.

The comparison of the generation of beamstrahlung and pairs between three
different simulation programs showed reasonable agreement. From the background
from pairs and radiative Bhabhas found in the detector one can conclude that the
mstromentation of the mask will be possible down to 23.5mrad and that for the
vertex detector both pixel options (APS,CCD) are possible. The neutron flux in
the vertex detector was found to be moderate, so that also from this side both
options (APS5,CCD) seem to be feasible. The neutron background in the TPC and
the ECAL seem to be handleable. Only small amounts of background signals from
hadrons, backscattered synchrotron radiation and beam-gas interaction were found
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in the detector (see table T). So we can state that with the present knowledge of
background at TESLA we foresee no problemss for the presently studied detector
design.
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INSTRUMENTATION AT THE INTERACTION REGION OF A
LINEAR ete- COLLIDER.

5. SCHREIBER
Dewtsches Flektronen-Synchrotron, 22608 Hamburg, Germany

A future TeV-scale linear et e~ collider will operate with ambitious beam parame-
ters at the interaction region in order to achieve the luminosity required lor physics
experiments, It will be essential to measure and monitor relevant beam parameters
close to the interaction point in order to obtain and maintain high laminoesity. This
report gives an overview on the beam parameters to be measured and discusses
examples of proposals for the required instrumentation and their implementation
in the interaction region.

1 Introduction

A stable operation of a TeV-scale linear ete™ collider with the highest lumi-
nosity possible will be a key requirement for the success of the physics program.
To obtain a luminosity in the 10%* crn=2s~* range, ambitious beam parameters
like low emittance and nanometer scale beam sizes at the interaction point (IP)
have been proposed!®. Beam parameters will be measured at various places
in the linac and in the beam delivery system (BDS). However, due to the large
demagnification {x 200 to 300), it is hardly possible to accurately predict the
beamn parameters at the IP from the measurements in the BDS alone. In-
strumentation in the interaction region (IR) is therefore required to achieve
optimal beam quality. But it has to be considered as well, that place con-
straints close to the vertex detector require the instruments being as compact
and least invasive as posstble.

2  Overview on Beam Parameters

Table 1 gives an overview on relevant beam parameters to be measured after
acceleration, either up- or downstreams the IR, most of them in the BDS. This
report concentrates on those parameters to be measured in the interaction
region. The table also gives typical values and resolutions required.

To summarize and ordering the items by priority, the following parame-
ters have to be considered to be measured in the IR: relative luminosity (beam
aberrations), vertical beam spot size, beam position, vibration and drift of
the final quadrupoles, horizontal beam spot size, and beam induced particle
background. Other parameters of importance like vertical and horizontal emit-
tance, energy, energy spread, and beam polarization will be measured in the
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Table 11 Relevant beam parameters to be measured. It is indicated, if the neasurement

should be i the interaction region (IR) or if a measurement elsewhere is sulficient: in the

Leam delivery system (BDS), up- or dowostreams the IR, Typical values and resolution
required are given. The exact numbers depend on the specific collider proposal.

parameter measured at value resolution
vertical spot size IR 3 to Hnm few %
horizontal spot size IR 200 to 500 nm few Y0
bunch length BDS 90 to 400 pm few %
emittance BDS 0.01 to 0.1 gm (vert.) few %
energy ds IR 250 to H00 GeV 10—+
cnergy spread ds IR 10-3 1%
beam position IR - I to 5 pum
beam jitter and drift [R - 10nm
vibration IR - 10nm
heam polarization us or ds IR | 60 (e*) to 80% (e7) 1%
beam phase stability BDS 2° (X-band) -
rel. luminosity IR - 1%
luminosity spectrum IR - 1%
background IR - -
bunch charge BDS 0.6 to 3.5nC few %

hear delivery system or downstreams of the [P. They are not discussed in this
report.

Highest priority is given to the measurement of the relative luminosity and
the vertical beam size. A luminosity monitor allows to correct for beam aber-
rations and to optimtze collision parameters. The optimization of the vertical
beam size is of utmost importance, since it limits the achievable luminosity
and is the most difficult one to achieve. Once collision is established, heam
position measurements are required to stabilize the collision with feedback sys-
terns. Beam position monitors (BPM) will also serve to measure beam jitter
and drifts of the beam in respect to the final quadrupoles.

Some of these measurements will be performed from bunch to bunch, eg.
the beam position for a feedback system. For most other monitors, it is suffi-
cient to measure from train o train, since the beam should be sufficiently stable
during one bunch train?. Measurements of vibrations of critical elements in
the IR like the final quadrupocles are helpful to justify this assumption. How-
ever, especially in cases, where a feedback system to malntain collision is not
easily realizable, vibration measurements together with a stabilization of the
final quadrupoles are essential®
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Maost of the resolutions required for the various measurernents are not
very ambitions and can be realized by known wechniques. One exception is the
measurement of vertical bearn spot sizes below 10 nm. Resolutions required
for the BPMs are in the range of 1 to 5 pm. This has alreacdy been achicved
with present technologies. However, for vibration and drift measurements, the
BPM resolution should approach the vertical spot size.

In the following, two examples of instrumentation in the interaction region
are discussed: the luminosity monitor and the beam size measurement.,

3 Luminosity Monitor

Stabilization of the colliding beams is achieved with a feedback system baged
on the minimization of beam-beam kicks? This system requires BPMs between
the mask and the final quadrupole and kickers to steer the beam.

The beam-beam deflection scan method is a useful tool to tune the beam
while in collision. It has httle impact on the integrated luminosity and has
been used successfully eg. at the SLC® However, in the case of large verti-
cal disruption this method fails to deconvolute the vertical spot size from the
measurerment. In this case, a combination of horizontal beam-beam deflection
scans to measure the horizontal aberration and luminosity scans for the verti-
cal aberration scams to be a feasible tool to tune the beam? The luminosity
ieasurement can be realized by two methods: (a) measuring the low angle
radiative Bhabhas (bremsstrahlung) in a calorimeter situated several meters
away from the 1P, and (b) measuring the e*e~-pair background in a calorimeter
mtegrated into the inner part of the mask (Fig. 4(a)). In method (a), radia-
tive Bhabhas will be measured background free in Lhe energy gap between the
background from pairs and from off momentum electrons (positrons) which
have raciated beamstrahlung. The Bhabhas are being deflected by the final
quadrupoles, and can be detected 8.5m from the IP in a calorimeter around
the beam pipe (TESLA case). 25 bunch crossings are sufficient to reduce the
statistical error below 1% allowing a complete scan within a bunch train®

To correct linear aberrations which effect the vertical beam size, different,
scans have been proposed. Two examples of waist shift scans are shown in
Fig. 1. A resolution of 1% per measured point during the scan leads to a
luminosity optimization with a precision expected to be better than 1073, For
method (b), a calorimeter will be installed in the inner part of the mask to
measure the energy of the beam induced pair background. The total energy
deposited below 20 mrad is in the order of 30 TeV per bunch crossing® and
poses thus a challenge for the detector construction. The advantage of this
method compared to (a} is, that the relative resolution of 1% can be reached
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Figure 1: Comparison of luminosity L and energy Ey deposited by the eTe™ pairs in the
inner part of the mask: (left) the two vertical waists are symmetrically shifted against each
other along the beam axis by 5, with respect to the collision point; (right) two coinciding
vertical waists are shifted together with respect to the collision point. (From TESLA CDR7)

already with one bunch crossing.

4 Beam Size Monitor

A difficult task will be the measurement of the vertical beam spot size at
the IP, which is in all linear collider proposals less than 10nm. At the Final
Focus Test Beam (FFTB), a method based on a laser interferometer® has been
developed and successfully used to measure spot, sizes down to 60 nm ! For the
measurement of larger spot sizes in the range of 500 nm to some i, a laser wire
has been tested SLD!! Other methods have been proposed to measure mm spot
sizes, eg. by measuring the angular distribution of the pair background.!® Here,
the vertical spot size is indirectly obtained by measuring the horizontal spot
size and the aspect ratio. However, scanning methods are model dependent
and cannot deconvolute the contributions from the opposite beam and thus
leave the uncertainty which beam has to be corrected.

4.1 Laser Interferometer

A laser beam with good coherence is split into two beams, which are combined
to generate an interference pattern at the location of the electron beam (Fig. 2).
The spacing between the fringes is a few times larger than the beam size to
be measured. The electron beam is swept over the fringe pattern. The rate
of Compton scattered photons is measured as a function of the beam sweep.
‘The result is a modulated signal, with the modulation depth M being a direct
measure of the beam size (Fig. 3a):

M(G’) = Jr\'l COSBIE_Z(%‘ESin %)202
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Figure 2: Principal components of the laser beam size monitor. The clectron or positron
heam is swept over the fringe pattern generated by the two arms of the split laser beam.
T'he Compton scattered photons are measured as a function of the sweep.

f the angle # between the laser arms is chooses to be close to 180°, the modu-
lation depends only on the laser wavelength A. Since the wavelength of a laser
beam is precisely known, this method provides a direct measure of the absolute
spot size. However, systematic corrections indicated by the factor K have to
be applied. It has been shown, that these corrections can be kept helow 10 %Y

"The range of spot sizes accessible by the laser interferometer is determined
by the wavelength of the laser and the resolvable modulation depth (Fig. 3h).
With a careful setup and sufficient statistics, a modulation measurement of
up to 0.95 and down to 0.05 should be possible. Assuming a standard laser
source like Nd:YLF, a wavelength of 262nm would allow to measure in the
range from 51 nm down to 6.7nm, a wavelength of 209 nm from 4] nm down
to 5.3 nm, with the latter being extremely difficult to realize. This would just.
include the vertical beam size of TESLA, but not of NLC or JLC.

The electron position jitter in respect to the laser fringes has to be smaller
than the bunch size to be measured. Therefore, the spot size measurement
should be accompanied by a beam jitter measurement eg. with a high resolution
BPM. The usefulness of the combination of spot size measurement and beam
position and jitter measurement at the IP and the image point of the final
focus system has been shown during the FFTB runs. A C-band cavity BPM
has been developed, which reached a remarkable resolution of 25 nim 3

In order to be useful in a train by train beam correction scheme, one
complete spot size measurement will be done within a pulse train. This is
especially appealing in the TESLA case, where a large number of almost 3000
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Figure 3: {a) Modulated Compton rate as a function of the beam displacement, o is the
fringe distance. (b) Dynamic range of the laser beam size monitor as a function of laser
wavelength., The lines indicate the measurable bunch sizes for a modulation depth Af of

0.95, 0.6, and 0.05 {8 = 175°).

bunches per train can be used. A suitable laser lor this would be a mode-locked
system synchronized to the electron bunch train. The expected Compton rate
is large enough to collect sufficient statistics: N, = 600. N,/10'®. P/MW. The

number of electrons per pulse is typically N, = 109

7

a laser beam power of

P = 1MW 15 obtained by modern ps laser systems. One point of concern is
the possible damage of optical elements by higher power UV laser radiation.
This has to be carefully take into account for in the design of the monitor.

For stability reasons, the last optical elements, the mirror and focusing
optics are preferably to be mounted onto the detector mask, which itself is a
heavy rvigid structure (Fig. 4(b}). Incorporating most of the optics into the
mask reduces additional dead material inside the detector to a minimum. The
laser and beam steering devices will be outside the detector. The mask will not
extend down to the interaction point. Therefore, the electron or positron beam
waist has to be shifted for the measurement away from the IP by 800 mm.

The horizontal spot sizes of all collider proposals are larger than the ac-
cessible range of the laser beam size monitor. A thinkable solution would he
to reduce the angle # between the split laser beams from 180° to the mask
cone angle of 2 x 83mrad. This would allow a measurement of spot sizes in
the range between 150 um and 1.2um (A = 523 nm) with the cost of larger

systematic uncertainties.
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[Figure 4: (a) Mask layout to suppress the background from pair creation. Indicated is the

proposed position of the luminosity calorimeter (LCAL) and the BPM between the mask

and the guadrupole cryostat. (b} Possible mechanical implementation of the optics for the
laser bean size monitor inte the mask. Indicating are position sensitive devices (PSD).

4.2 Laser Wire

The electron bearny 1s swept over a strongly focused laser beam. The Compton
signal 1s unfolded with the shape of the laser beam to extract the electron
beam size. In order to reduce potential systematic errors due to uncertainties
in the laser beam shape, the laser spot must be smaller than the beam size.
To estimate the achievable spot size, the geometrical constraints at the IP
have to be considered. For a suitable location of the laser wire in the IR,
the last focusing mirror would have distance to the beam line of aboul | =
100mm. Allowing a laser spot diameter at the mirror of D = 30mm, the
smallest achievable waist would be w = 20, = 2/ m‘cta.n(f—i) 7z 2A, Choosing
A = 262 nm, alaser spol size down to o, = 280 nm could in principle be realized
under perfect conditions. This would just work for TESLA, but is too large
for the other proposals. For this reason, a laser wire to measure the horizontal
spot size at the IP seams not to be feasible,

5 Conclusion

Including beam instrumentation into the interaction region is difficult but nec-
essary: a calorimeter for relative luminosity measurements inside the inner
part of the mask, a laser interferometer to measure the vertical beam size,
and beam position monitors for an orbit feedback system and for vibration
measurements. Commissioning of the final focus system will certainly be done
before the particle physics detector is in place. This will allow for testing of
the proposed instrumentation, but leaves also room for additional equipment,
eg. to measure beam induced backgrounds. Once the final focus is commis-
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stoned and Lhe detector is in place, a minimum of instrumentation will still be
required to verify, mamtain, and optimize the beam quality.
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HIGH-ENERGY BREMSSTRAHELEUNG AT TESLA

K. PIOTRZKOWSK] #
DESY, Notkestrafle 85, D-22607 Hamburg, Germany
and
Instilute of Nuclear Physics, Kauwtory 26A, PL-30055 KNrakdw, Poland

[t is argued that the properties of high-energy bremsstrahling in et ¢ collisions
make it a very attractive tool for measurements of the luminosity and beam prop-
erties at the linear celliders. More detailed considerations including a suggestion
of a possible detector realization are presented assuming the design parameters of
TESLA.

1 Introduction

A good control of beam properties in the interaction regions of the future linear
colliders as well as precise luminosily measurements are big experimental chal-
tenges. Due to a strong beam focusing and resulting extremally small lateral
beam sizes there will be very strong electromagnetic fields acting on all charged
particles in the interaction region. It will result in a number of phenomena as
an additional beam focusing (beam-pitching) or in strong coherent radiation
called beamstrahlung, for example. On the other hand, the neutral particles as
for example photons which are not are affected by these fields are ideal probes
of the properties of the colliding beams. In particular, the bremsstrahlung
photons emitted in eTe™ collisions and carring energies close to the beam en-
ergy have an unique feature of accurate mapping of the angular distributions
and (longitudinal} polarization of heam particles. Moreover, since the high-
energy bremsstrahlung cross-section is sizable and well understood therefore
the bremsstrahlung rate could be a precise and direct measure of the collider
luminosity.

2 High-energy ete~ bremsstrahlung

The main characteristics of the high-energy bremsstrahlung are extremaly
small momentum transfers between colliding electrons and positrons. The
typical momentum transfers 4| along the collision axis for photon energy I,
are near the mimimum value,

My
2E‘bemn 1 - y:

A‘i'il'nﬂ Ay

Ckrzysztof.piotrekowskiGidesy.de.
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where M, s the electron mass, By 18 the beam energy ‘a‘nd v = Iy fcam.
For example, il fpoqn = 250 GeV and y = 0.5 then Al”l“” w2 .13 eV which
corresponds (via the uncertainty principle} to micron-size distances. The lal-
eral momentum transfers are also very small and may in principle reach zcro.
In other words, the high-energy bremsstrahlung occurs over finite macroscopic
distances [y = h/Ay called the photon formation lengths. 1f during the photon
formation the incident electron (or positron) is scattered or dellected by an
angle bigger than about M,/ Ereqm then bremsstrahlung is suppressed.
According to Chen & Klein !, the relevant suppression at the considered
future linear colliders may occur only due to deflection of a radiating electron
(or positran) by the coherent electromagnetic field of the opposite beam. The
scaling variable for this effect is T = %T‘;‘BEM“,,,N/QO'Z(O'E + oy), where », 15
the classical electron radius, NV is the number of particles in a bunch and & is
the nominal Gaussian beam width at the interaction point (IP). If T < 1 then

bremsstrahlung is suppressed ' for y < %‘:

e'e” > e'e" Y E...=250Gev

= g [
['}]
3 B
‘_'.é 10 % -
= f
Q -
8 | i0
1 B
B 10
-1 R |
10 IIlIIIIII|I|I lllI!LlllLlllflllll
o 100 200 ] 2 4 & 8 10
ET(GeV) Bthrad)

Figure 1: The differential cross-section do fdE, and angular distribution of high-energy
bremsstrahlung for the colliding 250 GeV et e™ beams.

28



Contributions to the LCWS99, Sitges, April 1999 TESLA Report 1999-20

O the other hand, the small transverse momentum Leansfers correspond Lo
farge impaci parameters in the ¢ Te™ collisions and when the lateral beam-size
(e ay) is much smaller than the relevant impact parameters p < 1_;&&%%;&
then bremsstrahlung is also suppressed. The effect was discovered at VEPP-4
2 and recently confirmed at HERA®. At LEP it explained unexpectedly good
beatn lifetimes. In the following estimates of this effect at the linear colliders
the relevant formulae and useful approximations from the review by Kotkin ef
al. ' have been used.

It is worth noting that for both effects the suppression decreases with
photon energy.

The bremsstrahlung cross-section is sizable even for the highest photon
energies and the bremsstrahlung angular distribution is very narrow with a
typical angle between the direction of incident electron or pesitron and that of
the radiated photon, 8., of the order of M,/ Fpeam, see Fig. 1.

Il the beam longitudinal polarization PF is non-zero then the bremsstrahling
photons also acquire some degree of circular polarization F’.? according to:

pC — ph g4 — ) )
K AL -y + 3y

It follows that at y = Pf = PF, and that Pf is near PL if y is close to 1,
e.g. il y=0.9 then P,\f" = 0.986 %, The photon polarization is not affected by
Lhe bremsstrahlung suppression effects.

In summary, detection of high-energy photons in ete™ — et e~y process at
the linear colliders offers a unique opportunity of a dirvect control of parameters
of the heam collisions, t.e.:

o calibration of heam energy frem the position of ‘end-point’ of the bremsstrahlung
spectrum, see Fig. 1;

¢ monitoring beam tilt and angular divergence by measuring photon beam
profile;

« absolute luminosity measurement;

¢ measurement of the longitudinal beam polarization.

3 TESLA case

To consider the proposed method in somewhat more details the TESLA design
parameters, Fue,, = 250 GeV, N = 2 x 101?, ¢, = 553 nm, oy = 5 nm and
o = 0.4 mm, are assumed in the following. For these parameters one obtains
(043 2 2 prvac, I 2 0.4{1 — ) /y pm, T = 0.04 and p < 0.1(1 — y}/y m.
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Since the expected beam divergence is about 40 prad therefore the pro-
cduced photons accurately map the angular distribution of beam electrons at
the IP.

For y close to | (i.e. y 3 0.07) the bremsstrahlung suppression due to the
opposite beam charge is small. In contrast, the beam-size effect is signilicant
even at iy = 1 where it results in about 10% suppression, see Fig. 2. However,
the suppression depends only logarithmically on o, and o, hence, for example,
if the beam size is known to 10% the resulling uncertainty of the corrected
cross-section is only 1%. Tt is remarkable that the bremsstrahlung spectrum
become much Hatter making determination of the ene-point position even more
reliable.

e'e” —> e'e”y 0=553nmo,=5nmm

o 03 g 06
& o g [
8 025 I A
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0.15 0.45 :
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Figure 2: High-energy part of the differential cross-section de /dE~. Suppression due Lo the
finite beamn-size at the IP for the nominal TESLA parameters (dashed lines) and for two
times smaller beams (dotted lines).

The angular distributions of the bremsstrahlung is not significantly affected
by the beam-size effect as can be seen in Fig. 3.

The detector could be placed some 150 m from the IP where the beams are
bent and bremsstrahlung photons can leave the vacuum vessel. The photon
beam spot at that location is about T cmx 1 em. To select photons with y 2 |
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Figure 3: Angular distributions of bremsstrahlung for infinite beamns (solid line) and for the
suppressed bremsstrahlung at TESLA.

one has to reconstruct single events but on the other hand, the number of
ligh-energy photons produced in one bunch crossing is much targer than one
(e.g. for £y > 200 GeV one expects about 4000 events). A possible solution
could be to use a thin moving wire or a set of parallel wires to convert only a
small [raction of photons into e*e™ pairs. The electron and positron sharing
moreless equally energy of the incident photon could be then analyzed hy a
dipole magnet and small tracking detectors placed behind the wire target.
Measurement of the rate of y & 1 photons should potentially provide a
precise few per cent luminosity determination. A bunch-to-bunch measurement
should also be possible. To match intrinsic angular resolution some 300 ym
position reconstruction should be maintained. As was already mentioned, the
beam energy calibration could be done and should be limited only by the
intrinsic energy scale uncertainty of the et e~ analyzer and possible background
contaminaticn. The additional smearing of the end-point edge could perhaps
be used to estimate the beam energy smearing due to beamstrahlung. The
circular polarization of the photons could be measured using coherent effects
in thick crystals as proposed by Cabbibo et al. ®. The experimental setup might
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be similar to that proposed for HERA %, The proof-of-principle experiment to
cdemonstrate feasibility of this expertmental technique is underway at CERNT.

The major remaining issues are the way ol integration of such a detec-
tor withing the collider beam-line and the level of background events, For
the latter, one expects that only high-energy beamstrahlung is relevant. PFor
exaniple, at a half heam energy the rate of beamstrahlung photons is alimost
hundred times bigger than that for bremsstrahlung. A significant fraction of
such beamstrahlung photons would convert into asymmetric ete™ pairs. Acci-
dental coincidence of two such events {one with a high-energy et and one with
an energetic e ) would fake a real y &s 1 event. To avoid it either thickness of
the target should be very small but then the signal rate would be much less
than & 14 klz rate of beam collisions or, the detector would be very granular
and capable of handling many simultaneous events. The accidental background
could be then suppressed by umposing tight vertex cuts,

4  Sununary

High-energy bremsstrahlung at the future linear colliders seems to offer unique
capabitity of fast and reliable control of major beam parameters at the IT anc
precise lumnosity measurenient. Development of a reliable detection method
of ¥ =z | photons requires further investigations but an attractive solution has
been already suggested in this paper for the TESLA layout.
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GAMMA-GAMMA, GAMMA-ELECTRON COLLIDERS:
PHYSICS, LUMINOSITIES, BACKGROUNDS.

V.I. TELNOV
Institute of Nuclear Physics, 630090 Novostbirsk, Russia
email:telnov@inp.nsk. su

This report on Photon Colliders covers the [ollowing “physics” issucs: physies
mativation, pessible luminosities, backgrounds, plans of works and international
cooperation. More technical aspects such as accelerator issues, new ideas on laser
optics, laser cooling, and interaction region layout are discussed in my second talk
at this Workshop.

1 Introduction

In addition to eTe™ collisions, linear colliders provide a unigue possibility to study
vy and e interactions at energles and luminosities comparable to those in ete~
collisions. 179 High energy photons for 4+, ve collisions can be ohtained using laser
backscattering. Modern laser technology presents the real possibility for construc-
tion of the laser system for vv, ve collider (’photon collider’). This option is now
included in the pre-conceptual design of the NLC (North American)?, TESLA (Eu-
ropean) ® and JLC (Asian} ¥ linear collider projects in the energy range of a few
hundred GeV to about 1.5 TeV. These teams have intent so submit full conceptual
design reports in 2001-2002. However, in our time of tight HEP budgets the physics
community needs a very clear answer to the following question: a) can vyy,ve colli-
sions give new physics information in addition to ete™ collisions that could justify
an additional collider cost (~15%, including detector); b) is it technically feasible;
¢) is there enough people who are ready to spend a significant part of their career for
the design and construction of a photon collider, and exploiting its unique science?

Shortly, my answers are the following:

a) Certainly yes. There are many predictions of extremely interesting physics
in the region of the next linear colliders. If something new will be discovered (Higgs,
supersymmetry or ... quantum gravity with extra dimensions), to understand better
the nature of these new phenomena they should be stucied in different reactions
which give complementary information.

b) There are no show-stoppers. There are good ideas on oblaining very high
luminosities, on laser and optical schemes. It is clear how to remove the disrupted
beams and there is an understanding of backgrounds. However, much remains to be
done in terms of detailed studies and experimental tests. Special efforts are required
for the development of the laser and optics which are the key elements of photon
colliders.

¢) This is a new direction and it has to pass several natural phases of develop-
ment. In the last almost two decade, a general conception of photon colliders has
been developed and has been discussed at many workshops, the bibliography on v+,
ve physics now numbers over 1000 papers, mostly theoretical. The next phase will
require much wider participation of the experimental community.
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To this end, it was recently decided to initiate an International collaboration
on Photen Colliders. This Collaboration does not replace the regional working
groups, but rather supports and strengthens them. The Invitation letter, signed by
Worldwide Study contact persons on photon colliders: V. Telnov {Burope), K. Van
Bibber (North America), T.Takahashi (Asia) will be send to you shortly.

2 Physics
2.1 Higgs

The Higgs boson will be produced at photon colliders as a single resonance. This
process goes via the loop and its cross section is very sensitive to all heavy (even
super-heavy) charged particles which get their mass via the Higgs mechanism. The
mass of the Higgs most probably lies in the region of 100< My <250 GeV. The
effective cross section is presented in Fig. 1.1°

10 ¢ 1
£ g pb 2E,=1000 GeV
Galyyss 5'F)
Tolry -+ 857
1 15_1 -
sg wi o T
"---..q!_'l-'(soo) —+ Hav .,
\ -3
w02 le L Jaitt . \ i 10 L L . : 1 L
100 120 140 160 180 200 220 240 106 iS50 200 250 300 350 400 430
M, , GeV Mslepton CeV
Figure 1: Cross sections for the Standard Figure 2: Cross sections for charged scalars
model Higgs in vy and e*e™ collisions. productionin et e~ and v collisions at 2 £y

= 1 TeV collider (in vy collision Wyae =
0.82 TeV, 2 = 4.6); og and o2 correspond to
the total - helicity 0 an< 2.

Note that here L. is defined as the 4y luminosity at the high energy luminosity
peak (: = W,y /2E, > 0.65 for z = 1.8) with FWHM about 15%. For comparison,
the cross sections of the Higgs production in ete™ collistons are shown, We see that
for My = 120-250 GeV the effective cross section in vy collisions is larger than
that in ete™ collisions by a factor of about 6-30. If the Higgs is light enough, its
width is much less than the energy spread in 4 collisions. [t can be detected as a
peak in the invariant mass distribution or can be searched for by energy scanning
using the very sharp (~ 1%) high energy edge of luminosity distribution. ! The
total number of events in the main decay channels H — bb, WW (W*), ZZ(Z*) will
e several thousands for a typical integrated luminosity of 10 fb.”! The scanning
method also enables the measurement of the Higgs mass with a high precision.
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2.2 Charge pair production

The second exaniple is the charged pair production. It could be WHW = or
pairs or seme new, for instance, supersymmetric particles. Cross sections for the
production of charged scalar, lepton, and top pairs in vy collisions are larger than
those in ete™ collisions by a factor of approximalely 5 10: for WW production
this factor is even larger, about 10-20. The corresponding graphs can be [ound
elsewhere, 1810

The cross section of the scalar pair production (sleptons, for example) in colli-
ston of polarized photons is shown in Fig.2. One can see that for heavy scalars the
cross section in collisions of polarized photons is higher than that in ete™ collisions
by a factor of 10-20. The cross section near the thresheld is very sharp (in ete~
it contains a factor #%) and can be used for measurement of particle masses, Note
that for scalar selectrons the cross section in eTe™ collisions is not described by the
curve in Fig.2 due to the existence of an additional exchange diagram {exchange by
neutralino). Correspondingly the cross section is not described by pure QED (as it
takes place in yv). Measurement of cross sections in both e¥e™ and v channels
give, certainly, complementary information.

2.3 Accessible masses

I e collisions, charged supersymmetrie particles with masses higher than those in
ete~ collisions can be produced {a heavy charged particle plus a light neutral). vy
colhisions also provide higher accessible masses for particles which are produced as
a single resonance in vy collisions (such as the Higgs boson).

2.4 Quanfum gravity effects in Ertra Dmensions,

"This new theory '! is very interesting though beyond my imagination. It suggests
a possible explanation of why gravitation forces are so weak in comparison with
electroweak forces. According to this theory the gravitational forces are as strong
as electroweak forces at small distances in space with extra dimensions and became
weak at large distances due to “compactification” of these extra dimensions. 1t turns
out that this extravagant theory can be tested at linear colliders and according to
T Rizzo'* (vy — WW) and K.Cheung!® (yy — vv) photon colliders are sensitive
up to a factor of 2 higher quantum gravity mass scale than ete™ collisions.

3 Luminosity of photon colliders in current designs.

3.1 0.5-1 TeV colliders

Some results of simulation of ¥y collisions at TESLA, ILC (converged NLC and JLC)
and CLIC are presented below in Table 1. Beam paramecters were taken the same
as those in ete™ collisions with the exception of the horizontal beta function at the
IP which is taken {quite conservatively) equal to 2 mm for all cases, thal is several
times smaller than that in e¥e™ collisions due to the absence of beamstrahiung. The
conversion point{CP) is situated at distance b = voy. It is assumed that electron
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beams have 85% longitudinal polarization and laser photons have 100% circular
polartzation.

Table 1: Parameters of vy colliders based on Teska(T), ILC(1) and CLIC(C).
T(00)  [(500)  C(500) T(R00) 1(1000) C(1000]
no deflection, b = vyo,, £ = 4.6

N/1pM 2. 0.95 0.4 1.4 0.95 0.4
oz, 11 0.4 0.12 0.05 0.3 0.12 0.05
frep % ny, kHz 15 11.4 30.1 13.5 11.4 26.6

Yery/107% mrad  10/0.03  5/0.1  1.9/0.1 8/0.01 5/01  1.5/0.1
B3z y,mm at [P 2/04  2/0.12  2/01 2/0.3 27006 2/0.1

Ty i 200/5  140/5  88/4.5  140/2  100/4  55/3.2
I, mm 2.4 2.4 2.2 1.5 4 3.1
L{geom), 10* 48 12 10 5 20 14.5
Loyiz > 0.65),10%3 4.5 1.1 1.05 7.2 1.75 1.8
Le(z > 0.65), 1033 5.6 2.6 2.8 8 4.2 4.6
Lee, 1033 1.2 1.2 1.6 L.t 1.8 2.3

0o /0y mar, mrad  5.8/6.5 65/6.9  6/7 46/ 4.6/53 4.6/55

We see that vy luminosity in the hard part of the spectrum Lo(z > 0.65) ~
0.1L{geom), numerically it is about {1/6)L + - . Note, that the coefficient 1/6 is
not a fundamental constant. The vy luminosity in these projects i1s determined
only by “gecmetric” ee-luminosity. With some new low emittance electron sources
or with laser cooling of electron beams after the damping ring (or photo-guus)
one can get, in principle, Ly,(z > 0.65) > L 4+ _—. The limitations and technical
feasibitity are discussed in the next section and my second talk at this workshop.

Beside yy collisions, there is considerable ye luminosity (see table) and it is
possible to study e interactions simultaneously with v collisions.

"The normalized vy luminosity spectra for a 0.5 TeV TESLA are shown in
Fig.3(left). The luminosity spectrum is decomposed into two parts, with the total
helicity of two photons 0 and 2. We see that in the high energy part of the luminosity
spectra photons have a high degree of potarization, which is very important for many
experiments. In addition to the high energy peak, there is a factor 5-8 larger low
energy luminosity. Ii is produced by photons after muliiple Compton scattering
and beamstrahlung photons. Fortunately, these events have a large boost anc can
be easily distinguished from the central high energy events. In the same Fig.3(left)
you can see the same spectrum with an additional “soft” cut on the longitudinal
momentum of the produced system which suppresses low energy luminosity to a
negligible level.

Fig.3 (right) shows the same spectrum with a stronger cub on the longitudinal
momentum. In this case, the spectrum has a nice peak with FWHM about 7.5%.
On first sight such cut is somewhat artificial because one can directly select events
with high invariant masses. The minimum width of the invariant mass distribution
depends only on the detector resolution. However, there is a very important example
when one can obtain a “collider resolution” somewhat better than the “detector
resolution”; this 1s the case of only two jets in the event when one can restrict

36



Contributions to the LCWS99, Sitges, April 1999 TESLA Report 1999-20

1 ¢ 1 ¢
09 E a1 — le 09 E dl, 1 — L
- 72 lgem e (. E dz lgem  ceeen. [
0.8 08
07 b R=lw,—w,l /e, 0.7 E_ R=ltw, —w,l/t,,
0.6 | e eut 0.6 F
0.5 F 0.5 E R<O.1
0.4 : 0.4 ;. {by jet cottinearity}
0.3 § 0.3 F
0.2 0.2 ;_
0.1 . 0.1 F
o B N AR I BN PR 0 700 . AT LT
0 0.2 04 06 0.8 1 0 02 04 06 038 1
2=W,./2E, =W, /2E,

Figure 3: v+ luminosity spectra at TESLA(500) for parameters presented in Table 1. Solid line

for total helicity of two photons 0 and detted line for total helicity 2. Upper curves without cuts,

two lower pairs of curves have cut on the relative diflerence of the photon energy. See comments
in the text.

the longitudinal momentum of the produced system using the acollinearity angle
between jets (H — bb, 71, for example).
A similar table and distributions for the photon collider on the c.m.s. energy

130 GeV (Higgs collider) can be found in ref!®

4  Ultimate v, ve luminosities

The vy luminosities in the current projects are determined by the “geometric”
luminosity of the electron heams. Having electron beams with smaller emittances
one can obtain a much higher v luminosity. !* Fig.4 shows dependence of the vy
(solid curves) and e {dashed curves} luminosities on the horizontal beam size. The
vertical emittance is taken as in TESLA(500), ILC(500) projects (see Table 1). The
horizontal beam size was varied by change of horizontal beam emittance keeping
the horizontal beta function at the IP constant and equal to 2 mm.

One can see that all curves for vy luminosity follow their natural behavior:
L 1/ae, with the exception of ILC at 2Eq = 1 GeV where at small oy the effect
of coherent pair creation '*# is seen?® This means that at the same collider the vy
lumninosity can be increased by decreasing the horizontal bearn size at least by one
order (g, < 10 nm is difficult due to some effects connected with the crab crossing).
Additional increase of vy luminosity by a factor about 3 (TESLA), 7(ILC) can he
obtained by a further decrease of the vertical emittance. '® So, using beams with
smaller emittances, the vy luminosity at TELSA, ILC can be increase by almost
2 orders of magnitude. However, even with one order improvement, the number

“This curve has also some bend at large o, that is connected with synchrotron radiation in
quads (Oide effect) due to a large horizontal emittance. One can avoid this effect by taking larger
Az and smaller ;5.
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Figure 4: Dependence of v and e luminosities in the high energy peak on the horizontal bean
size for TESLA and ILC at varicus energies. See also comments in the text.

of “interesting” events (the Higgs, charged pairs) at photon colliders will be larger
than that in ete™ collisions by about one order. This is a nice goal and motivation
for photon colliders.

In e collision (Fig.4, dashed curves), the behavior of the luminosity on o, is
different due to additional collision effects: beams repulsion and beamstrahlung.
As a result, the luminocsity in the high energy peak is not proportional to the
“geometric” huminosity.

There are several ways of decreasing the transverse beam emittances (Lheir
product): optimization of storage rings with long wigglers, development of low-
emittance RE or pulsed photo-guns with merging many beams with low charge and
emittances. Here some progress is certainly possible. Moreover, there is one method
which allows further decrease of beam cross sections by two orders in comparison
with current designs. It is a laser cooling, 1718 see my second talk at this workshop.

5 Backgrounds

Sometimes one hears that photon colliders are closer to pp than to ete™ colliders
because the process vy — hadron connected with the hadronic component of the
photon, which has a cross section by about 5 orders of magnitude larger than that of
electromagnetic production of charged pairs. Continuing this logics line one should
say that eTe™ colliders are, in fact, rather photon colliders than ete~ because the
cross section of the two-photon process ete™ — ete™ ete™ is 10-11 orders higher
than any of ete™ annihilation processes. This is obviously a misleading philosophy.

It is more correct to evaluate the seriousness of background by the problems
which it causes for experimentation: recording of data (trigger), their analysis (un-
derlying background processes, overlapping of interesting and background events)
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and radiation damage of deteclor. The proton collider LHC has approximately the
same luminosity as a photon collider, but the hadronic background rate is 5 orders
magnitude higher; this cavuses radiation damage of delector components. In this
respect. photon colliders are inuch cleaner, practically the same as ete™ LC. Nev-
ertheless, the background is a serious issue for both e¥e™ and vy modes at an LC.
This is connected mainly with the high luminosity and relatively low beam collision
rate that causes many background reactions per each beam collisions.

[.et us enumerate the main sources of background at photon collicers:

o Disrupted beams. Low energy electrons after the multiple Compton scattering
are deflected on opposing electron beam. The maximum disruption angle is about
10 mrad and the energy spread (0.02 — 1)£y. Seclution: all these particles can be
removee from the TP using the crab crossing collisions with o, ~ 30 mrad.

o FElectron-positron pairs. This pairs are produced in the processes vy —»

ete™, ye — eTe™, ee — ee 4 ete”. There are unavoidable hard large angle
pariicles with acceptable rate and many rather low P electrons produced at very
small angle and then kicked by the opposing electron beam. Due lo solenoidal
magnetic field these particles are confined in the region®
r2[em?] < 0.12(N/1080Y z[em]/ o, [mm] B[T]).
The vacuum pipe should have larger radius. The level of ete™ background (mainly
in the vertex detector) at photon colliders is is approximately the same as in ete~
collisions though some additional study taking into account “reflection” of particles
from the mirrors is necessary .

e Large angle Compton scattering. The energy of these photon is w = dwg/6?
at @ >» 1/v, where wy is the energy of laser photons (~ 1 eV). At a distance
L the Aux of photons dn/ds o N/4*L*6*. The main contribution comes from
Compton scattering on low energy electrons. The simulation for 2E = 500 GeV
gives: P~ 1077 W/em?, w ~ 40 keV at § = 10 mrad (the edge of mirrors).

o Large angle beamstrahlung. The simulation shows that X-ray photons have a
wide spectrum, P ~ 107 W/cm?, & ~ 1.5 keV at 0 = 10 mrad.

X-rays may cause radiation damage problems for multilayer dielectric mirrors.
For our case this problem is not sufficiently studied yet. In principle, there are
dielecirical mirrors with very high radiation damage thresholds, sufficient for our
task, it should be checked that they have simultaneously high reflectivity. In any
case, one can use metal mirrors near the beam, for 1 pm wave length the reflectivity
13 more than 99 %. Other problems with mirrors: change of the shape due to
overheating and carbon deposits due to residual gas. Note, that the X-ray power
densily on the mirrors is proportional to 1/9° and, if necessary, the minimum angle
can be mcreased (it is very easy when the mirrors are place outside the beam).

o Halo of X-rays from final quads. This is a problem for ete™ colliders as
well. The solution here 1s the scraping of electron beam tails by collimators before
final focusing. This is not a simple problem, especially if some halo arises after
collimation.

e vy — hadrons. Its cross section is aypr ~ 500 nb.”! For a typical case
Loy ~ 10, » ~ 107 the background rate is 0.5 events/ bunch crossing. Hadronic
background was studied in TESLA CDR.3 It will make problems for certain pro-
cesses witlt Jets al small angles (such as various QCT) processes), however, for the
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“main” physics, where products usually have large angles, it should he no serious
problem even at maximum expected luminesities {one order higher than al the
“nominal” TESLA). It is important to develope algorithms of jet reconstruction
which have low sensitivity to “smooth” hadronic background. Influence of hadronic
background on quahty of reconstruction of various physics processes is one of im-
portant tasks of our Study.

6 Conclusion

Prospects of photon colliders for particle physics are great; the physics community
should not miss this unique possibility.
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GAMMA-GAMMA, GAMMA-ELECTRON COLLIDERS:
ACCELERATOR, LASER AND INTERACTION REGION ISSUES.

V.I. TELNOV
Instilute of Nuclear Physics, 630090 Novosibirsk, Russia
email:telnov@inp.nsh.su

In this report on Photon Colliders the fallowing technical aspects are considered:
special requirements to an accelerator, new ideas on laser optics, laser cooling, and
interaction region layout issues. In fact it is continuation of my first talk at this
workshop where physics motivation, possible luminosities and backgrounds were
discussed.

1  Imtroduction

As a general introduction see my first report from this workshop and references
therein.! Photon Colliders are based on e*e™ colliders and the main problem is the
same: production of electron beams with low emittances and acceleration to high
energics. However, phaton colliders have several new fealures and differences whicl
rec(uire special study, especially if we are going to reach ultimate lumincsities.?

The new key clement al photon colliders is a powerful laser system which is used
for e— v conversion. Lasers with required lash energies and pulse duration already
extst and are used in several laboratories, the main problem here is the repetition
rate. Present technology would already allow the required laser systems to be built
now, but il would be very expensive. * One very promising way to overcome this
problem is discussed in this paper. It is an optical cavity approach, which allows a
considerable reduction of the required peak and average laser power.

As you know, in ete™ collisions at linear colliders {LC), the beams should be flat
in order to restrict the beamstrahlung energy losses. The typical heam sizes at the
interaction point (IP} in the current designs are about o, /o, = (300 —500)/(3 - 5)
nm. Photon colliders with the energies of several hundred GeV can work with
practically round beams with a radius of about 1-3 nm. Due to some technical
problems connected with the “crab crossing” and the “big bend” and some increase
of backgrounds due to a coherent pair creation obtaining and operation with such
small horizontal beam sizes at the IP is problematic, but o, ~ 10 — 15 nm and
o, ~ 2 nm 1s quite a realistic goal.

‘The main problem in achieving ultimate yy luminosities is the generation of
electron beams with very small emittances both in the vertical and horizontal planes.
Damping rings can produce, in principle, the required vertical emittance, but the
horizontal emittance is larger than desired by two orders of magnitude. Production
of such low emiittances in both transverse directions is a very challenging task. Now
I see only one method to reach this goal, it is laser cooling. 57 The required laser
system should be much more powerful than that needed for e— v conversion, but
it is not impossible that using the optical cavity scheme such a system can already
be built now, The problems in the laser cooling and possible solutions are discussed
m sect. 3.
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The third group of problems is connected with transportation of low emittance
beams to the interaction point, collision and removal of the disrupted beams without
generation of additional backgrounds.

2 Lasers, optics
2.1 Requirements for the laser, wave length, flash energy

Laser parameters timportant for this task are: laser flash energy, duration of laser
pulse, wave length and repetition rate. The required wave length follows from the
kinematics of Compton scattering.® In the conversion region a laser photon with the
energy wq scatlers at a small collision angle «y on a high energy electron with the
energy Ey. The maximum energy of scattered photons (in direction of electrons)

_ €T - “_4504,‘)() " Eo [wg ¢ E() [,(.l.f,\-ﬂJ
“m=oyrte = —“-ﬂm =9y 5]

For example: By =250 GeV, wy = L17 eV (A = 106 pm) (Nd:Glass laser) =
v =45 and w/Ey = 0.82. The energy of the backscattered photons grows with
increasing . However, at » > 4.8 the high energy photons are lost due to ete
creation in the collisions with laser photons.® The maximum conversion cocfficient
(effective) at 2 ~ 10 is about 0.33 while at x < 4.8 it is about 0.65 {one conversion
length). The luminosity in the first case will be smaller by a factor of 4. Detailed
study of dependence of the maximum vy luminosity and monochromaticity on 2
can be found elesewhere, *

In the laser focus at photon colliders the field is so strong that multiphoton
processes can take place, for example, the electron can scaiter simultaneously on
several laser photons. It is preferable to work tn a regime where these effects are
small encugh, because the shape of the photon spectrum is better. Sometimes
strong fields can be useful. Due to transverse motion of electrons in the laser wave
the effective electron mass is increased and the threshold of ete™ production is
shifted to the higher beam energies, a factor of 1.5-2 is possible without special
problems “simply” by adding a taser power. For some tasks, such as the energy
scanning of the low mass Higgs, the luminosity spectrum should be very sharp, that
is only possible when multiphoton effects are small.

From all this it follows that an existing powerful Terawatt solid state laser
with the wave length about 1 pm can be used for photon colliders up to c.m.s.
energies about 1 TeV. For low energy colliders (for study of the low mass Higgs, for
instance), the doubling of the laser frequency may be useful, this can be done with
high efficiency, about 45 %.

In the calculation of the required flash energy one has to take into account the
natural “diffraction” emittance of the laser beam, the maximum allowed value of
the field strength (characterized by the parameter £2 = (e BR/mwye)?) and the laser
spot size at the conversion point which should be larger than that of the electron
beam. In the scheme with crab crossing the electron beam is titted in respect
to the direction of motion that creates an additional effective transverse beam size
Tr = a;0e/2. The result of MC simulation of k% (proportional to the vy luminosity)
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as a function of the Aash energy and parameter £ (in the center of the laser bunch)
are shown in fig. | and 2.

1 e e e e e e e 2 —
0.0 k2 a,=0.3 mm os b k 0,=0.3 mm
i (TESLAY os b (TESLA)
0.8 - :
24 . .
a7 0.7 I loser optic is outside of e—beam
’ 2.84
0.6 F 66 564,
0.5 . 24
; O <05ps
0.4 F L 0, <05ps Lz S
4y o Zuw=0.135mm at Zy,w.=0.25 mm
03 K
b B I
0.2 ¢ 0.7
0.1 f, 7 0.5
E /7‘//_’_- 1 1 1
0 L. il 1 Il 1 ] IR I T W S 'Y

0 0.2 0.4 0.6 0.8 1 1.2

52

Figure 1: The conversion probability for the Figure 2: Same as on fig.1, but the mirror
various laser flash energies and the values system is situated outsice the electron beam
of the parameter £2. Electron beams pass trajectories,

through the holes in the mirrors. See com-
ments in the texe.

In summary: the required Hash energy is about 3-5 Joules, that is quite rea-
sonable. However, the LC have a repetition rate of about 10-15 kHz, so the average
power of the laser system should be up to about 50 kW. % One possible scheme
is a multi-laser system which combines pulses into one train using Pockels cells. ®
However, such a system will be huge and very expensive. ?

2.2 Multi-pass laser systems

To overcome the “repetition rate” problem it is quite natural to consider a laser
system where one laser bunch is used for e— ¥ conversion many times. Tndeed,
one Joule laser flash contains about 101° laser photons and only 10! photons are
knocked out in the collision with one electron bunch.

The simplest sotution is to trap the laser pulse to some optical loop and use it
many times.? In such a system the laser pulse enters via the film polarizer and then
is trapped using Pockels cells and polarization rotating plates. Unfortunately, such
a system will not work with Terawatt laser pulses due to a self-focusing effect.

Fortunately, there is one way to “create” a powerfnl laser pulse in the optical

“trap” without any material inside. This very promising technique is discussed
below.

“Though the average power in the one bunch train is higher, the cooling time (namely over-
heating of the crystals is the main problem) is longer than the time between trains, therefore we
can speak about average power,
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2,3 Laser pulse stacking in an “external” optical cavity.

Shortly, the method is the following. Using the train of low energy laser pulses
one can create in the external passive cavity (with one mirror having some small
transparency) an optical pulse of the same duration but with much higher energy
(pulse stacking). This pulse circulates many times in the cavity each time colliding
with electron bunches passing the center of the cavity.

The idea ol pulse stacking is simple but not trivial and not well known in the
HEFP comumunity (and even to laser experts, though it is as old as the Fabry-Perot
interferometer). This method is used now in several experiments on detection of
gravitation waves. It was mentioned also in NLC ZDR ® though without analysis
and further development. In my opinion, pulse stacking is very natural for photon
colliders and allows not only to build a relatively cheap laser system for e —
conversion bul gives us the practical way for realization of laser cooling, i.c. opens
up the way to ultimate luminosities of photon colliders.

As this is very important for photon colliders, let me consider this method
in more detail. The principle of pulse stacking is shown in Fig.3. The secret

mimor with small transperancy

nirror

\ optical cavity /surfiue with zmiireflection coniing
il Eyp

_{_>"'""'1L="" laser

DRIBPELY
Eir i
>
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Figure 3: Principle of pulse stacking in an external aptical cavity.

consists in the following. There is a well known optical theorem: at any surface, the
reflection coefficients for light coming from one and the other sides have opposite
signs. In our case, this means that light from the laser entering through semi-
transparent mirror into the cavity interferes with reflected hght inside the cavity
constructively, while the light leaking from the cavity interferes with the reflected
laser light destructively. Namely, this fact produces asymmetry between cavity
and space outside the cavity!

Let R be the reflection coefficient, T the transparency coefficient and 4§ the
passive losses in the right mirror. From the energy conservation R4+ T +46 = 1. Let
Ey and £y be the amplitudes of the laser field and the field inside the cavity. In
equilibrium, £y = Ey g + E;r. Taking into account that Ey g = EoVR, Eyr =
EWT and VR ~1~T/2—6/2 for R & 1 we obtain E}/E? = AT /(T + §)*. The
maximum ratio of intensities is obtained at 7" = 4, then Iy/l; = 1/d &~ @, where Q
is the quality factor of the optical cavity. Even with two metal mirrors inside the
cavity, one can hope to get a gain factor of about 50-100; with multi-layer mirrors
it can reach 10°. ILC{TESLA) colliders have 120(2800) electron bunches in the
train, so the factor 100(1000) would be perfect for our goal, but even the factor of
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ten means a drastic reduction of the cost.

Obtaining of high gains requires a very good stabilization of cavily size: 8L ~
Af/AnQ, laser wave length: §A/A ~ A/47Q L and distance between the laser and the
cavity: ds ~ A/dw. Otherwise, the condition of constructive interference will nol.
be fullilled. Besides, the frequency spectrum of the laser should coincide with the
cavity modes, that is automatically fulfilled when the ratio of the cavity length and
that of the taser oscillator is equal to an integer number 1, 2, 3... .

For A = 1 pm and @ = 100, the stability of the cavity length should be about
1077 cin. In the L1GO experiment on detection of gravitational waves which uses
similar technigues with L ~ 4 km and @ ~ 10% the expected sensitivity is about
1071% em. In comparison with this project our goal seems to be very realistic.

In HEP literature 1 have found only one reference on pulse stacking of short
pulses {~ 1 ps) generated by FEL® with the wave length of 5 pm. They observed
pulses in the cavity with 70 times the energy of the incident FEL pulses, thongh no
long term stabilization was done.

Possible layout of the optics at the interaction region scheme is shown in Fig.4.
[ this variant, there are two optical cavities (one for each colliding electron beam)
placed outside the electron beams. Another possible variant has only one caviiy
common for both electron beams. In this case, it is also possible to arrange two
canversion points separated by the distance of several millimeters (as it is required
for photon colliders), though the distribution of the field in the cavity is not com-
pletely stable in this case (though it may be sufficient for not too large a @ and |
it can be made stable in more complicated optical system). Also, mirrors should
have holes for electron beams (which does not change the Q factor of the cavity too
much). The previous variant is simpler though it requires a factor of 2 higher fash
energy.

.

0.45.0.18 rad

Figure 4: Possible scheme of optics at the IR.

3 Laser cooling of electron beams

"The use of pulse stacking in the optical cavity makes the idea of laser cooling®7 very
realistic, though the required flash energy is one order higher than that required for
e —+ 7 conversion. In the method of laser cooling the electron beam at an energy of
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about 5 GeV (just after the damping ring and longitudinal compression) is collide
I-2 times with a powerful laser flash losing in cach collision a large fraction (~ %0
%) of its energy to the radiation (Compton scattering), with re-acceleration between
cooling sections. The physics of the cooling process is almost the same as radiative
cooling of electrons in damping rings. However, here the process takes only 1 ps
and the ultimate emittance is much lower than that in the damping rings. This is
because in the “linear” laser cooling there are no bends which cause a growth of the
horizonlal emittance. Also the intra-beam scattering is not important due to a short
“damping” time and following fast acceleration. Considering a practical scheme for
laser cooling we should take into account many important practical aspects:

o Radiation damage of the mirrors. X-ray radiation due to the Compton scat-
tering here is many orders larger than the radiation level at the same angles in the
v — ¢ conversion point. It is so because a) the electron energies are lower and
b} each electron undergoes about one hundred Compton scattering. At ¢ 3 1/4
and 2 < 1 (@ is defined in sect.2) the energy of the Compton scattered photons
w = 4wp/P? and does not depend on the electron energy. > However, at the lower
bean: energies the spectrum is softer (wyar = 4wgvy?) and more photons (per one
Compton scattering) have large angles. Simple calculations show that the number
of photons/per electron emitted on the angle 9 during the cooling of electrons from
some large energy to the energy Emin is

dn/dQ = mc* JAmwoyS im0
The total energy hitting the mirrors/em?/sec is
dP/dS = meENv/ryl i, 0° L7,

where I is the distance between the collision {cooling) point {(CP) and the focusing
mirrors, N and v are the number of electrons in the bunch and the collision rate.
One can see a strong dependence of X-ray background on 4min and . During the
cooling the electron beam loses almost all its energy to photons, For By =5 GeV,
N = 2% 10'", v = 15 kHz the total energy losses are about 200 kW, fortunately
the flux decreases rapidly with increasing the angle. At 9 = 30 mrad and L =5
m the power density dP/dS ~ 107% W/cm? and X-ray photons have an energies of
about 4 keV (for 1 pm laser wave length}. My estimations shows that rescattering
of photons on the quads can give a comparable hackground.

I have describing this item in detail because for laser cooling the required flash
cnergy is very high and to reach the goal we need very high reflectivity of the mirrors
in the optical cavity. For TESLA with 3000 bunches in a train it would be nice
to have mirrors with R > 0.999. Such values of R are not a problem for dielectric
mirrors, however the radiation damage may cause problems, better to avoid this
problem.

e Laser spot size should be several times larger than that of the focused electron
beam Lo avoid an additional energy spread of the cooled electrons.

e The cooled electron beam at the energy E=500-1000 (GeV has an energy
spread of ep/E ~ 15 % at the point where the 8- function is small (~ 1 —5 mm).
Matching this beam with the accelerator is not a simple problem and requires special
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insertions for chromadticity correction. A stmilar problem exists for the final focus
al linear colliders, it has been solved and tested at the FI'TB at SLAC. Here the
factor (I'/B)og/ F characterizing the chromaticity problem is smaller and the beam
energy is 500 times smaller, so one can hope that it will be no problem.

» The parameter £* (defined above) should be small enongh (< 1) to keep
the minimum attainable emittance, depolarization and the energy spreacd small
enough”” This is impossible with one laser (with required flash energy) without
additional "stretching” of the cooling region along the beam line. The simplest way
to do this is to focus several lasers at different points along the beam axis.

The possible optical scheme for the TESLA project is shown in fig.5 (only the
final focusing mirrors are shown). The system consist of 8 independent identical

b GeV

Figure 5: Possible scheme of laser cooling.

optical cavities focusing the laser beams to the points distibuted along the beam
direction on the length Az ~ 2 mm. The length of the cavity (the distance between
the “left” mirror and an entrance semi-transparent mirror (not shown)) is equal to
half the distance between the electron bunches in the irain, 50 m for TESLA). The
large enough angle between the edges of the mirrors and the beam axis {30 mrad)
makes X-ray flux rather small (sce the estimation above). Also this clear angle
allows the final quads to be placed at a distance about 50 cm (from the side of the
cooled beam), much closer than the focusing mirrors. Smaller [ocal distance makes
the problem of chromaticity correction easier.

‘The maximum distance from the CP to the mirrors is determined only by the
mirror size, the diameter of 20 cm seems reasonable, which gives L = 5 m. The laser
spot size at the CP is 7.5 pm, at least 3 times larger than the horizonial electron
beam size with 8. < 5 mm. The circulating flash energy in each cavity is 25 J
and 200 J in the whole system, not small. The average power circulating inside the
system is 200 x 15 kHz = 3 MW! However, if the Q factor of the cavities i1s about
1000-3000 (3000 bunches in the electron train at TESLA), the required laser power
is only 1-3 kW, or 0.15-0.4 kW /per each laser, that is already reasonable.

What about damage to the mirrors by such powerful laser light? The maximum
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laser flash energy/cm® on the mirrors is 0.13 J/cm? (0.7-2 has been achieved [or
I ps pulses ®), the average power/em? is 2 kW/em? (there are systems with > 5
kW/em? working long time®). The average power inside one train (AL = 1 msec)
is 200 times higher (400 J/1 msec), but from the same ref® is known that 100
for a time of 100 ns is OK, and extrapolating as v/ (thermoconductivity) one can
expect Lhe limit of about 10 kJ for 1 msec, much larger Lhat expected in our case.
Note, here we are speaking about circulating, not absorbed energy. So, all power
censities are below the known limits, this all depends, of course, on specific choice
of mirrors.

At last, the main numbers. After one stage of such a cooling system the nor-
malized emittance is decreased by a factor of 6. The ultimate normalized emiit-
tance (after several cooling sections) is proportional to the A-function at the CP,
at Bz y = 1 mm it is about 2 x 107% m rad, smaller than can be produced by the
TESLA damping ring by a factor of 5000{15) in x(y) directions. From this point
of view such a small 4, is not necessary, but it should be small enough (< % mm
to have a small electron spot size in the cooling region. The first stage of cooling
will be the most efficient because the beam is cooled in both horizontal and vertical
directions {far from the limits). Besides after decreasing the horizontal emittance
the 3- function at the LC final focus can be made as small as possible, ~ ¢.. All
together this can give a factor of ten in the luminosity.

Having no space for discussion of accelerator aspects in this paper [ would like
to note ouly that all systems of the LC should allow beam emitéances to be reached
which are lower than are necessary for eTe™ collisions (see the intoduction). Many
technical decisions should be done before the beginning of construction works.

4 Conchasion

Photon colliders is a very inspiring new field of high energy physics and T invite you
to take part tn this venture.
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