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Abstract

A calculational approach is described to study beam induced radiation effects
in detector and storage ring components at high-energy high-luminosity x* 1~ col-
liders. The details of the corresponding physics process simulations used in the
MARS code aregiven. Contributionsof electromagnetic showers, synchrotron radi-
ation, hadrons and daughter muonsto the background ratesin a generic detector for
a2x2TeV ptyu~ collider areinvestigated. Four configurations of the inner triplet
and a detector are examined for two sources. muon decays and beam halo interac-
tions in the lattice elements. The beam induced power density in superconducting
magnetsis calculated and ways to reduce it are proposed.

*1n Proceedings of the 9th Advanced | CFA Beam Dynami csWorkshop: Beam Dynamicsand Tech-
nology Issues for i~ Colliders, Montauk, NY, October 15-20, 1995



INTRODUCTION

Recent studies on a high-energy high-luminosity ¢~ collider [1, 2] have
shown the high physics potential and afeasibility of such aproject. A candidate de-
signfor 2 x 2 TeV machine, based on the existing and near-term technol ogy, with a
luminosity ashigh as10*> cm~2 s~! isdescribed in [3]. The two most serious beam-
related problems envisioned on the way to the practical realization of astoragering
are enormous particle background levels in a detector and a high power density in
the superconducting magnets [4, 5, 6] due to unavoidable muon decays and beam
halo interactions. With 2 x 10'2 muonsin abunch at 2 TeV one has 2 x 10° decays
per meter in a single pass through an interaction region (IR), or 6 x 10° decays per
meter per second.

Decay electrons with an energy of about 700 GeV and the enormous number of
synchrotron photons emitted by these electrons in a strong magnetic field induce
electromagnetic showers in the collider and detector components resulting in high
radiation and background rates. Another contribution comes from beam halo inter-
actions at the limiting apertures.

A first-pass study [4] showed that the electromagnetic component of the back-
grounds from p— e decays has the potential of killing the concept of the muon
collider without significant suppression viavarious shielding and collimatorsin the
detector vicinity. Beam induced energy deposition in the superconducting (SC) mag-
nets may result in magnet quench and in high heat load to the cryogenic system
which also requires special protection measures and a serious design effort [5].

In this paper a calculational stream and the corresponding physics algorithms
used to study beam related effectsinamuon collider lattice (Fig. 1) and ageneric de-
tector (Fig. 2) are described. Electron, positron and photon fluxes as well as photo-
hadron and photo-muon contributions are examined for four inner triplet and de-
tector configurations. Detailed calculations and analysis are performed to study the
physics phenomenaresulting in particle fluxesin detectors and energy depositionin
magnets. Results on beam induced heat load in the muon collider SC magnets are
presented. Efficacy of possible measuresto reduce background and heat load levels
are analyzed quantitatively.
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FIGURE 1. Schematic of muon collider inner triplet and detector [4] (Configuration 1) .
Dimensionsare in meters.
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FIGURE 2. Schematic view of realistic detector [7] (Configurations 3 and 4).

CALCULATIONAL STREAM

All the calculations are done with the MARS code [8]. Recent code modifica-
tions relevant to the studied problem include: a better description of muon cross-
sections, of muon decay and of the algorithm for el ectromagnetic fluctuations[9]; an
improved particletransport algorithmin amagneticfield; synchrotron radiation gen-
eration; generation of hadronsin photo-nuclear interactionsand muonsin the course
of electromagnetic shower development; modified geometry description; extended
histogramming and graphical possibilities.

Simulations with the MARS code are done for the realistic lattice extended
up to 300 meters from the interaction point (IP) including the detailed dipole and
quadrupolegeometry and magnetic field maps[4, 5]. All the particleinteraction pro-
cesses in the lattice, the 1.45m radius tunnel surrounded by rock, the experimental
hall 26 m long, 10 m radius) and the detector are taken into account.

A single MARS run includes:

e Forced u— evv decaysin the beam pipe (beam muon decay studies) or beam

tail interactions with the limiting aperture beam pipe (beam halo studies).

e Tracking of created electronsin the beam pipe under the influence of the mag-
netic field with emission of synchrotron photons along the track.

e Simulation of electromagnetic showers in the collider and detector compo-
nents induced by electrons and synchrotron photons hitting the beam pipe,



with the appropriate hadron and prompt muon production (Bethe-Heitler pairs
and direct positron annihilation).

e Simulation of muon interactions (bremsstrahlung, direct ete~ pair produc-
tion, ionization, deep inelastic nuclear interactionsand decays) along thetracks
in the lattice, detector, tunnel and experimental hall components as well as
with tunnel and hall air and the surrounding rock.

e Simulation of electromagnetic showers created in the above muon interaction
vertices.

e Simulation of hadronic cascades generated in muon and photon interactions,
with daughter electromagnetic showers, with muon production (= and K de-
cays, prompt muons in hadronic and electromagnetic interactions), and with
low—energy neutron transport.

¢ Histogramming and analysis of particle energy spectra, fluences and energy
deposition in various detector and collider regions.

Energy thresholdsare 1 MeV for muons and charged hadrons, 0.3 MeV for elec-
trons and photons, and 0.00215eV for neutrons. In this study we assume that a
bunch of 2 x 10'? muonsof 2 TeV energy enterstheinner triplet moving toward the
| B, creating showersresponsiblefor backgroundsalong itspath. Only asingle bunch
issimulated to study the directionality which is masked in the case of two colliding
beams. When studying the integrated effect, we assume 1000turns as a beam life-
time.

The physicsmodel and corresponding cal cul ational algorithmsfor particleinter-
actions and transport and for geometry definition are described in detail elsewhere
(see[8, 10] and bibliography there). The next section highlights muon interaction
specifics.

SIMULATION OF MUON INTERACTIONS

Muonsdecay inflight producing energetic electrons. Inthe MARS codethe syn-
chrotron radiation spectrum for electrons in a magnetic field is taken from Refer-
ences[11] and [12] with the number of photons sampled from a Poisson distribution.
These electrons and photonsinitiate el ectromagnetic showersin accelerator and de-
tector components causing the severe background and radiation problems. Muons
generated in electromagnetic showers and beam halo muons do penetrate through
the bulk of material and contribute to the rates cumulatively from the extended re-
gions of the collider. When high energy muons pass through matter al their inter-
action processes result in energy loss, production of photons, electrons and hadrons
which accompany the muon track and are taken into account inthe MARS code. For
alTeV muon iniron the mean energy loss rates due to ionization, bremsstrahlung,



direct ete~ pair production and photo-nuclear interaction are 2.32, 2.92, 4.16 and
0.39MeV/g/lcm?, respectively.

p—evv Decays

Vector momentum of the emitted electron is sampled according to the differen-
tial decay probability of the Viector—Axial model of four-fermion interactions [12].
All measurementsin direct muon decay i — evv are successfully described by this
model.

lonization Energy L oss

Collisions of charged particles and atoms with energy transfer = greater than
some cutoff <. are considered in MARS as discrete events involving production of
6-electrons, ete~-pair, bremsstrahlung. Energy losses with ¢ < . ( so called re-
stricted losses ) are taken into account as continuous.

Several methods have been offered to smulate fluctuations of restricted losses
for ionization [9, 13, 14]. All of them use Vavilov’s function [15] for this purpose
with redefined parameters

£ =Bs

B =0.1536%/A/ 3
Rn = f/fG
62 = 625G/5max7

where 7 and A arethe absorber atomic and mass numbers, 3 isthe particlevelocity,
sisthepathlengthing/cm?, ande,,,. isthemaximum energy transferredinasingle
collison. Withe; < e, Vavilov’'s function becomes Gaussian asymptotically for
k > 10 [15]. Thereforefor

fin > 10 (1)

the restricted loss distribution becomes Gaussian with the mean

A, =ale<eg)-s

and the variance

JESIT
0, = (1 2)7

Kn
where a(e < ¢.) isthe mean restricted energy loss per unit length.

For the ssimulation of ¢-electrons with energy greater than 5 at any step, ¢ IS
calculated using (1) and the restricted energy losswithe. = min(eg, £5) issampled.



Then, the number of §-electronsis simulated using a Poisson distribution. The coor-
dinates of ¢-electron generation are obtained with the following recursive procedure

Ty = Tpo1 + (1 - (1 - gn)l/(k_n+1))(3 - xn—l)

and
g — 0,

where k isanumber of 6-electrons, x,,are the coordinates of production pointsalong
thestep (1 < n < k) and g,, arerandom numbersuniformly distributed on (0,1). The
electron energies are sampled from the well-known Bhabha formulae. Total energy
loss of a particle is the sum of the 6-electron energies and of the restricted energy
loss.

Radiative Energy L oss

For high energy muons (E> afew hundred GeV), the radiative mechanisms,
bremsstrahlung and direct e*e~ pair production, will dominate over the ionization
losses. An exact but complicated expression has been given by Kel’ ner [16]. One
performs atwo-fold numerical integration to calculate the differentia cross section
using this approach. Therefore approximationsof Kel’ ner’sresults are usually used
in Monte Carlo calculations. However, the accuracy of these approximationsis not
very high. Even the mean energy loss differs by morethan 10% from Kel’ ner’scal-
culations.

At the same time, the numerical integration shows that only the first two mo-
ments of the pair production cross section give a sizable contribution to the mo-
ments of the total electromagnetic cross section. Relative contributions for higher
moments do not exceed a few percent. Therefore, in MARS asimple function [17]
is used to approximate the pair production cross section:

@ a(l+a)

=b,————= 2
dv “v(v+a)?’ 2
1 dE
bp_(E %)pv

where (dE/dx), isthe mean energy loss per unit length. The following expression
approximates b, with afew percent accuracy:

_sme Z(Z + 1) by Z~1/3 em?
16891 5”%7[51( )—b] e
b= 16891070 2SI () <) () @

Here M and m. are the incident particle and electron masses, respectively.The pa-
rameter « is determined from the second moment of the cross section

a—{al'lO_Smu/Mv b <as;

(a1 + azln(E/az)) - 10™*m, /M, E > a3,



Table 1: Parameters of the approximation for pair production cross section.

Muon Pion Kaon Proton
E>20GeV | E>20GeV | £ >50GeV | E > 90 GeV

ay 52 55 5.45 54
as A3 18 .35 43

as (GeV) 200 200 100 100
by 787 791 .819 .833

by 11 1.09 1.14 1.17

b3 2986 3017 2773 2532

where m,, isthe muon mass. The parameters a;, b; for some charged particles are
givenin Table 1. To sample the angles of e, e~ and muons after the interaction,
the method proposed in [18] is used.

There is a number of different approaches for the calculation of the muon
bremsstrahlung cross section ( see [19] for recent discussion ). These methods dif-
fer mainly in the treatment of screening corrections. In MARS ageneral expression
proposed in [19] is used, which allows arbitrary nuclear and atomic formfactorsto
be applied.

For asmall energy transfer ¢ < e, = 107 F at amuon energy £ > 10 GeV, the
bremsstrahlung differential cross section reaches the complete screening limit

d
ZW(E,aS) = gv
where d, = 4b, /3 and
1 dE
b, = (E %)w
With this, the restricted energy loss distribution can be approximated by
d,s 1
JUAG B, s) ~ — = (4)
e Ag

The continuous energy loss A, at a step s is sampled from (4) providing A. <
¢. < &,. The production of bremsstrahlung photons with energies greater then .
is considered as a discrete process. Fig. 3 shows muon differential cross-sections
for bremsstrahlung calculated by four different programs.



Muon differential cross section for bremsstrahlung
< & - ,
§ 200 GeV, carbon § r 200 GeV, iron
: s
< N <
T 8
> 10 — >
i 10
7\ Ll ‘ | ‘ I I ‘ Ll \““ I ‘ I ‘ I ‘ Ll \\‘
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
v=¢/E, v=¢/E,
2 i 2 [
NE Ng i »
P | 2000 GeV, carbon < - 2000 GeV, iron
3 3 i
= N
8 8
> >
—6
! 10 =
L1 ‘ I ‘ | ‘ I “ 7\ L1 ‘ I ‘ I | ‘ | ‘
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
v=¢/E, v=¢/E,

FIGURE 3. Muon differential cross-section for bremsstrahlung in carbon and iron at Eq =
200GeV and 2000 GeV vs energy transferred to photons, as used in GEANT [20], MARS
[19], in CCFR collaboration [22], and in CASIM [18] (approximation of Tsai formula).

Deep Inelastic Interactions

Different models of deep inelastic muon-nucleus scattering are consistent at the
30% accuracy level. At the sametime, therelative mean energy lossfor this process
is < 10% of thetotal, even at very high energies. The corresponding mean free path
exceeds ~ 100 metersof ironfor muonsinthe TeV energy region. So, high precision
in adeep inelastic interaction description is not of primary importance. We choose
the formulaevaluated in [21], which isin good agreement with recent experimental
data[22].



vA—hX Reactions

Hadroproduction in photon-nucleusinteractions at £., > 0.14 GeV issmulated
in an approximate way. The photon is replaced with areal pion of random charge
with the same kinetic energy. The total cross section is calculated as

Oya =Ry (Zoy+ (A~ Z)o,,). ©)

For thetotal ~p cross section experimental dataare used from [23] at momentum be-
low 4.215 GeV/c and the fit from Review of Particle Properties[24] at higher ener-
gies. For thetotal vn cross section experimental datafrom [25] at momentum below
4 GeV/c and afit from [26] at higher energies are used.

The A-dependence of the cross section R 4 in (5) isextracted from experimental
data: recent data [27] at E < 1.15GeV, and the approximation R4 = 1.047A~°08
at higher energies. The quality of this description in comparison with available ex-
perimental datais shownin Fig. 4.

Photoneutron production in the giant resonant energy region 6 < £, <60MeV
isdescribed according to the algorithm[ 28, 29] extended for light nuclei 4 < A <56
on the basis of the latest data. An interpolation is used between 60 and 140 MeV.

o
o

Cross—Section (microbarn)
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FIGURE 4. Caculated photon-nucleus cross-section in comparison with experimental
data vs photon momentum for lead, copper, carbon, beryllium and hydrogen.



DAUGHTER MUON PRODUCTION

Processes responsible for muon generation at the above stages in the induced
hadronic and electromagnetic cascades are included in the MARS code.

Hadronic Inter actions

Simulationalgorithmsfor 7 — p* () and K* — u* v () decaysand for prompt
muon production (single muons in charmed meson decays, ¢t~ pairs in vector
muon decays, and the dimuon continuum) with forced generation of weighted muons
aredescribed in [8, 10].

Electromagnetic Showers

Prompt muons produced by electrons and photons are handled by the cur-
rent MARS version [8, 30]. Bethe-Heitler pairs vZ— Zutu~ are produced at
E., >0.25GeV a arate of (m./m,)* timesthat for e*e~ with the appropriate sta-
tistical weightsand acomplete simulation of the el ectromagnetic showers, smilar to
the MUSIM code[31]. It was shown[30] that thisapproach givesresultsin remark-
able agreement with those based on the numerical integration in the Tsai formalism
[32].

At F > 45GeV direct positron annihilation et e~ — u ™~ is simulated accord-
ing to[12] with the cross section 86.8/s nb, where s isin GeV?, and the (1 + cos*6)
angular distribution.

LATTICE AND DETECTOR CONFIGURATIONS

Beam muon decays and beam halo interactions in the inner triplet and adjacent
regions have been studied in four | attice-detector configurations for a 6 km circum-
ference 2 x 2 TeV storage ring.

Configuration 1

The first configuration is examined for adistance L <70m from the IP for the
inner triplet with 5*=3mm and /,..,,=400 km [4]. Superconducting dipole magnets
B1, B2 and B3 haveacentral field 8 T (Fig. 1). Combined function superconducting
quadrupoles Q1 and Q2 are have a2 T dipole component and a gradient of 50 T/m.
All of the SC components have an 8 cm radius aperture. The Q3 quadrupoleisre-
sistive with a0.5T dipole field, except the first 1.3 m near the |P where the dipole
component isequal to zero. Its apertureis reduced toward the IP from R=4.5cm at
L=12.8m to R=0.45cm at L=1.2 m, with the gradient increasing from 33.3T/m to
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333.3T/m, appropriately. Geometries and materials of beam pipes, collars, yokes
and cryostats for the SC dipoles and quadrupoles as well asthe 2-D POISSON cal-
culated magnetic fieldsin these components are embedded in the cal cul ational pack-
age. A copper bucking coil is placed on the outside of the Q3 to neutralize the effect
of the solenoidal field in the quadrupole.

A rather simple model detector is used (Fig. 1) [4]: a two-region silicon
tracker with volume averaged density p=0.15g/cm®, a central calorimeter (CH,
p=1.03g/cm?) and a solenoid magnet with 2 Tesla magnetic field.

Configuration 2

This configuration is based on the first complete lattice of the 2 x 2TeV utp~
storagering. It wasfound [5] that a suppression of synchrotron radiation generation
ispossible by using singlefunction quadrupolesinthetriplet and by keeping thehigh
field dipolesasfar from the |P as possible. In a prototype lattice [5] with 5*=3mm,
Bpearr=200km, thelow- 3 quadrupoleshaveagradient of 262 T/m andthenearest 8 T
SC dipole starts at L=130 m from the | P. The detector configurationis asin thefirst
case. Calculations have been carried out for the region L < 300 m from the IPwith
and without some collimatorsthere.

Configuration 3

The previous lattice with a much more realistic detector (Fig. 2) isused in this
configuration. Detector design is based on GEM and ATLAS detector ideas adopted
to the muon collider [7]. The detector consists of an inner tracker, Pb-LAr/Cu-LAr
electromagnetic calorimeter followed by Al-Sci hadronic calorimeter, low-7 pas-
sive absorber and a superconducting solenoid surrounded with muon chambers. In
the forward direction it has an endcap cal orimeter and forward muon spectrometer.
Studies are performed for L <300m from the IP.

Configuration 4

A more practical lattice of lower luminosity designed by K. Y. Ng is adopted.
The final focusisadoublet with 5*=3cm, /3,..,=31.4km. Thefirst 6.3mlong low-
(3 quadrupole, still inside the detector, startsat 6.5 m, whichismuch father compared
to the previous cases. A second 6 m quadrupole, just 0.13m away, is followed by
about 20m of drift. Both quadrupoles have a tapered SC coil aperture of 2.5cm
radius at L=6.5m and 6.1cm radius at L=18.93m. The poletip field is9.5T. The
coil apertureradiusof therest of themachineisassumed to be 7 cm. A tungsten liner
(flared in the doublet) occupies the allowable space in the aperture. The realistic
detector description of Fig. 2 isused. To study in detail the importance of various
parts of the final focus, the contribution to the backgrounds is explored for a short
region L <30m.
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BACKGROUNDSIN DETECTORS

Muon Decays

Typical particle spectra integrated over the whole system are shown in Fig. 5.
The results are normalized to a single pass, so the relative importance of different
componentsis clearly seen. The peak sitting around 700 GeV inthe et e~ spectrum
representsthe y— e decay spectrumwith atail at |lower energiesenriched by elec-
tronsand positrons of el ectromagnetic showersinduced in the beam pipe and super-
conducting coils. Photons emitted dueto synchrotronradiationalong et e~ tracksin
astrong magnetic field have apeak around 1 GeV. Neutron spectra (not shown) have
pronounced peaks at ~80MeV and ~0.8 MeV, and a I/E sope down to the thermal

peak. Neutrons, along with photons, dominatein total flux, especially at large radii.
95/12/10 15.42

Muons Photons

2x2 TeV MuMu Global, dN/dE (GeV'cm™) per X—sing vs Log10(E/GeV)

FIGURE 5. Particle spectra averaged over the interaction region and detector with 2 TeV
muon decays as a source (Configuration 4).
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Due to the very high energy of electrons and photons in the large aperture, the
whole triplet is a source of backgroundsin the detector. Ascalculated in [4], ete™
and photon fluxes and energy deposition density in detector components are well
beyond current technological capabilitiesif one applies no measures to bring these
levels down. The most effective collimation includes a limiting aperture about one
meter from the IR, with an interior conical surface which opens outward as it ap-
proachesthe IP (Fig. 6). These collimators have the aspect of two nozzles spraying
electromagneticfire at each other, with the charged component of the showersbeing
confined radially by the solenoidal magnetic field and the photons from one nozzle
being trapped (to whatever degree possible) by the conical opening in the opposing
nozzle.

A few collimator configurations occupying the cone ¢ < 150mrad in the
15< L <120cm region on the either side of the IP are studied (Fig. 6). Collima-
tors made of tungsten as well as of a combination of various materials (aluminum,
copper and tungsten) with different hole shapes have been considered. It turns out
that for the main source of the backgrounds, direct muon decays, the best choiceis
atungsten nozzle with an aperture radius R=0.45 cm at L=120 cm and R=1 cm at
L=15 cm. The background reduction is amazing. The e*e~ fluence calculated in
[4] for Configuration 1 is given in Table 2. There is a significant differencein the
background levelsin the left (outward) and in theright (inward) parts of the tracker
and calorimeter.

W—1
T
R10 7 IIIIIIIIIII, R
W-2

77777
R1.00 e III,IIIIIIIII R9.04

l=— 150.00
R4S

CUME — R300.00

T A}
R375.00

Vl7 YLTR%OAL AL ‘ jmozx %

Re2 .50 jk [F = 150‘0?@00‘00 >1 % ﬁk
250000

FIGURE 6. Configurations of collimating nozzles examined. Dimensionsare in
millimeters.
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Table 2: ete~ fluence (cm=2 per crossing of 10'? muons per bunch) in theoutward (L) and
inward(R) parts of the inner (T1) and outer (T2) trackers and the central calorimeter (CH)
for the cases with and without tungsten nozzle and with and without copper collimator in
Configuration 1. For 2 x 10'? muons per bunch multiply by 2.

Nozzle | Collim T1(L) T1(R) T2 (L) T2(R) CH (L)
No No 8.54 x 10* | 2.04 x 10* | 1.57 x 10° | 6.21 x 10% | 2.86 x 10"
No Yes 1.68 x 10* | 6.74 x 10 | 3.46 x 102 | 2.38 x 10% | 4.00 x 10°
Yes No 1.40 x 10% | 1.10 x 10% | 4.11 x 10! | 3.02 x 10" | 3.93 x 10°
Yes Yes 1.74 x 10% | 4.81 x 10% | 3.15 x 10° | 2.31 x 10° | 1.73 x 10°
Kpaw = 491 43 498 269 17

An additional way to suppress further the background levels can be a collima-
tor between Q3 and B3 (see Fig. 1) with the smallest possible aperture. A copper
collimator 50 cm long with 2.50 radius aperture in these calculations provided up
to a factor of 10 additional background reduction. The total maximum reduction
K.,.... defined as aratio of background levels in the given detector region without
protective measures to that with a tungsten nozzle and copper collimator between
Q3 and B3 magnetsisgiven in the last row of the Table 2. It is as high as a factor
of 500 at best, but for the larger radii in calorimeter itis“only” afactor of 20 to 40.
Particle spectrain the detector are very soft in such a configuration: for al the re-
gions considered background photons and el ectrons have energies below 100 MeV,
being on the average just a few MeV. With a tungsten nozzle and copper collima
tor between Q3 and B3, the peak charged particle flux in the silicon tracker is of the
order of 1000cm~? per crossing of two single bunches through the IR in opposite
directions. Thefluxesfall off very rapidly with radius.

Transverse distributions of e*e~ flux in the central tracker are shown in Fig. 7
for Configurations 1 and 2. Backgrounds in the part of the tracker toward the ring
center are significantly lower in Configuration 2 with a strong dipole field starting
at 130 m from the IP [5]. On the outside the reduction is about a factor of 2 to 5.
Fig. 8 shows the contribution to the energy deposition in the central tracker (6 <
r < 100cm) from muon decays along the IR in Configuration 2 [5]. Collimation
and spoiling in the second focus region and in the long drift between the detector
and the first dipole magnet can provide additional background reduction, but one
needs to be very careful with beam halo handling in this case.
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FIGURE 7. Distributionof e*e~ flux in the central tracker horizontal plane. 1 -
Configuration 1, no collimation, 2 - Configuration 2, with tungsten nozzle, 3 -
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Table 3: Particle fluence (cm~2 per crossing) in the central tracker (r =20cm) and at the
outer sideof theendcap calorimeter (r =150cm) dueto 2 TeV muon decays (2 x 10'? muons
per bunch) in Configuration 3.

Detector n ol e* h* 5
>0.00215¢eV | >0.3MeV | >0.3MeV | >1MeV | >1MeV
Tracker 5x10* 1.5x10 1000 80 3
Calorimeter 800 3x10* 7000 0.3 0.2

The above results are confirmed for Configurations 3 and 4 with a much more
realistic detector. In addition to e*e~ and ~, hadrons and muons generated in the
course of the electromagnetic shower development are taken into account. Fig. 9
shows atagged decay distribution of energy deposited in the tracker as afunction of
the decay electron creation coordinate. Even with the optimal tungsten nozzle, the
contributionfromthe 3 <L < 30m region to the background ratesisvery high. Par-
ticlefluxesinthe central tracker and at the downstream end of the endcap calorime-
ter are presented in Table 3 for Configuration 3. 1n the endcap calorimeter theradial
distributions are rather flat.

r<18cm, z<15cm, +
----r<18cm, z<15cm, - E
o0 18<r<50cm, 15<z<50cm ]

g |
|

_______________.,4

v

S S,

Energy Deposition in Tracker (GeV per 1 dec/m)
=
o

Tracker

QF QD

10'7 ‘ H ‘ 1
0 500 1000 1500 2000 2500

Path Length (cm)

FIGURE 9. Tagged energy depositionin different regions of the central tracker due to
u— ev decays happened at given path length from the IP in Configuration 4.
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Beam Halo

Beam hal o backgroundsarisefrom muonswhich arelost somedistance upstream
of the detectors. These muons induce electromagnetic or hadronic showers either
upstream or inside of the detector and can cause more serious problems. Beam par-
ticlesinjected with large momentum errorsor betatron amplitudeswill be lost within
the first few turns. After this, an equilibrium level of losses will be attained as par-
ticles are promoted to larger betatron amplitudes via beam disruption from the col-
lision point, beam-gas scattering, etc.

In simulations the beam is assumed to enter the IR with a non-truncated Gaus-
sian profile. Muons outside +3¢ will then interact and be scraped by the final arc
magnets, low-beta quads, collimators, and detector components. The energy spec-
trum of muons averaged over the IR due to beam lossis presented in Fig. 10. The
distribution of the muon interaction vertices in the vertical plane in the vicinity of
the IP is rather symmetric, but in the horizontal plane thereis a strong asymmetry
related to the magnetic field. With an energy cut-off equal to 50 MeV for particles
produced in muon interaction vertices, morethan 95% of theverticesaredirect et e~
pair production. Other processes, such as muon bremsstrahlung, deep inelastic nu-
clear interactions, muon decays and energetic knock-on electron production, are not
S0 numerous, but secondary particles are more energetic (Fig. 11). Thereforetheto-
tal energy going to these channels can be comparableto that of the pair production.
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FIGURE 10. Muon energy spectrum due to 2 TeV muon beam loss at a limiting aperture
at L =200m averaged over the IR region (Configuration 3).
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Particle fluencesin the detector (Fig. 2) are shown in Fig. 12 for a 1% per store
beam loss at alimiting aperture 200 m from the IP. One sees that all the components
contributeto the background rateswhich for thefew first turns(crossings) can signif-
icantly exceed those due to decays for the model considered. Itisimportant that the
protection strategy be different here. Collimatorsin the detector vicinity are drasti-
cally less effective. Beam scraping prior to injection to the storage ring and a dedi-
cated beam cleaning system (with aperture smaller than any in the IR) afew kilome-
ters from the IR are absolutely necessary elements of the collider to overcome the
beam halo problem.

ENERGY DEPOSITION IN SC MAGNETS

Dueto unavoidable ;— ev v decays, about 300 to 900 W of power are deposited
in every meter of the ring with a 10 to 30 Hz repetition rate. This resultsin a heat
load to cryogenics which significantly exceeds the levels tolerated in existing SC
magnets. Thisenergy isdeposited viaelectromagnetic showersinduced in the beam
pipe and in SC coils by high energy synchrotron photons and by decay electrons.

The calculations of energy deposition distributions in the storage ring compo-
nents are performed for muon beam decays in Configurations 1 and 2. Even with a
longitudinally uniform source, there is an increased rate at the 3, location. With
an 8 cmradiusaperture, the photon flux at the 7.5 cm radius beam pipe and beam side
of the SC coil is~ 10°cm™2 and eTe~ flux is~ 5x 10° cm~2 per store. Thereisa
significant azimuthal dependence of energy deposition density due to the effect of
the strong magneticfield. The peak energy deposition ~ 3mJ/g exceeds the quench
limitsfor the magnet of the assumed type by almost an order of magnitude.

The way to mitigate the problem would be to intercept most of the shower en-
ergy, say at the nitrogen temperature level, inserting aliner between the beam pipe
and the SC coils. A rather thin layer of aheavy material would do agood job bothto
reduce the peak energy deposition density (quench) and the total energy deposited
at theliquid helium level (heat load to cryogenics). A 5-mm tungsten liner provides
afactor of 8 reduction of the maximum energy deposition density. Fig. 13 shows
the energy deposition azimuthal distribution with such aliner. Being azimuthally
averaged, the effect istwo times smaller. The lateral gradient of energy deposited
in the SC coil is very strong both with and without aliner (Fig. 14).

A thicker liner has abigger effect. Fig. 15 shows the azimuthally averaged en-
ergy deposition versustungsten liner thicknessinthe 7.5cmto 9.0cm radial region
inthefirst IR dipole. Even for the averaged deposition the reduction can be as high
as afactor of 18 with a 10-mm liner and exceeding a factor of 30 reduction for the
peak energy density. For the fixed inner radius (=7.5 cm) the effect of a thicker
liner (>10 mm) isweaker. For aparticular |attice, the liner thickness might be non-
uniform: thicker in a horizontal plane (and in a vertical plane in the quadrupoles),
consisting of rod-likeinsertions, and thinner in therest of the aperture (see Fig. 13).
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FIGURE 14. Azimuthally averaged radial distribution of energy deposition density in the
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FIGURE 15. Attenuation of azimuthally averaged energy deposition density in the first
SC cable shell as afunction of the tungsten liner thickness.

CONCLUSIONS

A 2 x 2TeV high-luminosity .+ u~ collider offers exciting physics opportuni-
ties. The calculational tools developed alow reliable and detailed analyses of the
background and radiation fields formed in machine and detector components. Inthe
studies performed, the beam induced effects look severe, but can be mitigated with
the proposed measures. Thereisahope that with more work the design goals of this
new generation project can be achieved.
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