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ABSTRACT

Physical principles of colliding yy- and ye-beams are
described briefly. Beam-beam eifects restricting lumi-
nosity are considered. A possible schemes of collision
and beam ejection are discussed, together with associat-
ed problems. Requirements for accelerator and laser
parameters are formulated. Estimation of attainable
luminosities and examples of physical processes are
given. ;
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1. INTRODUCTION

It is well known that due to severe synchrotron radiation in sto-

'~ rage rings, future ete -colliders in the TeV energy region will be

linear. The Soviet Union is planning a linear collider VLEPP [1],

designed at Novosibirsk to be constructed at Protvino. Similar pro-

_jects are under development now at CERN (CLIC) |21 = SEAC
(1.C) B3] KER (ILG) |41

" The general parameters of these colliders (according to present

expectations) are shown in Table 1. |

T-able ]

VLEPP CLIC TLC JLC

Beam energy (TeV) 1 l 0.5 0.5
Luminosity (em™%s ') 1 1.1 R |
Length (km) . : 20 25(13) 7.3 10
Accel. grad (MeV/m} 100 80(160) 186 100
Particle/bunch (10" 20 0.54 1.4 D
Rep. rate (kHz) 0.1 5:8 0.36 0.51
Num. of bunch. ] 1 ks Jojliincks d e o

Beamstrah. & (%) 10 & bl 10 5
R =0/, 150 | 132 i

g, (um) : Ty 0.02 0.065 0.003 0.17

g, {mim} 0.75 0.3 0.07 1.0
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Unlike the situation in storage rings, in linear colliders each .'
bunch is used only once. This makes possible the use of electrons &

for production of high energy photons to obtain colliding yy- and
ve-beams. This idea was put forward by the author and colleagues
in Ref. [6]. Further discussion of this subject were presented in
Reis [6—11, 41]. It was shown that using the designed linear colli-
ders one can obtain yy, ye colliding beams with high energy and

luminosity. The required high energy photons were suggested to be |
obtained by backward Compton scattering of laser light on the |
electron beams of colliders. This method is well known [17]. Small |

beam sizes in linear colliders make it possible to achieve a conver-

sion coefficient (number of high energy photons per one electron) |

k~1 at the moderate laser flush energy of ~10 J. The modern level
of laser techniques should allow one to build a laser with all re-
quired parameters, although special development is necessary.

If it can be realized, yy- and vye-collisions could considerably
increase the potentialities of eTe -colliders. Many interesting pro-
cesses can be investigated in these collisions [12—13]. Note, that
physics in yy- and ye-collisions at TeV energies has been studied
theoretically much less than in eTe ™ -reactions.

In this paper a review of physical principles of colliding yy- and
ve-beams is given. Beam collision effects restricting the yy- and
ve-luminosities are examined for the first time as well as a propo- =%

sed scheme of collisions and removal of disrupted beams and asso-
ciated problems. Requirements on accelerator and laser parameters

are formulated, and estimates of attainable yy- and ye-luminosities ',

are presented for planned linear colliders.

2. GENERAL FEATURES OF LINEA.R e"e -COLLIDERS

Let us consider briefly the most essential features of eTe~ line- -

ar colliders and inherent problems. Since yy-, ye-beams are pro-
duced in ete -accelerators there are some common problems. But
in some aspects, for example, beam-beam effects, there are conside-
rable differences. This short excursion enables us to realize better

an initial picture, and it will be easier further to orient ourselves in.

the problems under discussion, to evaluate possible advantages of
different methods.

2.1. Accelerating Gradient

For «warm» accelerating structures at the wave length of a few
centimeters a gradient of 100—200 MeV/m can be achieved. For
superconducting structures, which allows energy recovery at high
repetition rates, the obtained fields are much lower.

2.2. Repetition Rate -

As one can see from the Table 1, the repetition rate varies from
01 to 5 kHz. It is determined mainly by available RF power and |
also by the time needed for preparation of beams with small emit- |
tances. For increasing effective rate a multibunching mode of opera- |
tion is foreseen for some projects. It can be done when one beam
takes away a small part of the RF energy.

2.3. Beam Size :;.t the Interaction Region

Due to low repetition rate (in comparison with storage rings) a
very small beam cross section is required. The luminosity of colli-
ders is

=N | S (o
L—S, (2.1)

where N —number of particles in a bunch and S=4no.c,. For
example for obtaining L=10* cm~*s~ ' at VLEPP (N=2-10"" and
f—100 Hz) beam cross section of S=4-10"%cm’ is needed.

Transverse beam size is determined by the emittance e. Near by
the interaction region the r.m.s. size of a bunch depends on the
coordinate z along the beam as follows (i=x, y)

e 2 | (2.2)
G (2] —0; -I:’*E?’ .

where B; is the beta function. From here the emittance
¢;—0,0/=0¢/p; and the beam size in the focus

ai— Y Ei ﬁr‘ . {2-3]

The luminosity grows with decreasing of § up to o. and almost
does not change further. With increasing energy the emittance f:;tf
the bunch decreases: & =¢n/y, where &, is the normalized emit-
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tance, ' y=Eo/m¢’>. The beams with small e, are prepared in.:-‘_

damping rings.

2.4. Beam-_Be'am Effects, Ultimate Luminosity

Due to small beam sizes particles are exposed to a very strong

electromagnetic field created by the opposing beam. This leads to

the following two elfects:

l. Particles emit synchrotron radiation which is called
«beamstrahlung». Beamstirahlung reduces the mean electron energy

and increases the energy spread.
2. At some conditions beam instabilities arise and the luminosity

drops. When the beam density is close to the critical one some _'1_

enhancement of the luminosity relatwe to the geometrical one is
expected (pinch effect).

Both these effects impose principal restrictions on the attainable
eTe  -luminosity.

In the first case a drastic gain is given by flat beams [14]. The
field in the beam is proportional to 1/oxoc\/L/R, where R=o0x/0, is =%
the ratio of the transverse beam sizes (aspect ratio), o.—larger =

size.' From here follows, that at a given relative energy loss, num-

ber of particles and beam length the luminosity is linearly propor-

tional to R.

In the classical beamstrahlung regime, i. e. when critical energy

0. < E, the mean relative energy losses are equal [14]

i BN rivy
BdsorllLR)A;

(2.4)

where r.=e?/mc?*=2.8.10""2cm is the classical radius of el'e-::t_mh;

Hence, the maximum luminosity at the losses & and' aspect ratio

R>1 : ¢ e
L =22-10*R8JH,Eo(TeV) o, (cm), em 35—, (2.5)
or at optimal focusing (f,=o0:) 2 243
2
P n.lfufgfﬁr,f (ﬁrr.) 1 o
BT Eny < 3 :

where Hy~1—2 is the pinch factor.

The designed colliders fall within a «transitions regtme of radia- |
tion (between «classical» and aquantum»} The cn;respondmg para- {

meter is [15]

Ode s vl al (2.7)
Eo  6afl+R)o,0.

!
l
|:,n.:l|t\:'

where a=¢e*/hic=1/137.
[n the general case [16] the mean relative losses at R>1 are
3 Lr2
0 =3.8a(F ] —_, 2.8
a(FyY) TRH (2.8)

where F, is the function of ¥ (F,=1 at Y<«1). It turns out
[15, 16], that (F,Y') changes slowly in the range ¥'=0.2-+100 and
equals to 0065, 0.1, 0.18,. 0.18, 0.11 at ¥=0.1, 0.2, 1, 10, 100,

respectively. Assuming (F 1) =0.15, we get

L=7.5-102R}62H,, cm 2~ (2.9)

or

: S I2

2 €ny Oz

For VLEPP beams and H,=2 one gets =0.15, (F.I')=0.08
and hence, L~10* cm*s~' at §=0.11.

From formulae, presented above, it follows that one can increase
the luminosity without limit by decreasing e, (increasing R).
However, this is not possible not only for technical reasons, but
also due to the appearance of beam-beam instabilities [14]. The cor-
responding parameter is the mean number of oscillations of an
electron during collision -

172
n_,fz__-rl__ [””“-‘) | (2.11)

VO Ly

The instability, which occurs at n,~1, determines the attainable
luminosity [14]

Bl e (2.12)

~ M ']."i
v 2¢a,

From here for VLEPP we get L~3.10** cm %' and twice as
much with taking into account the pinch factor H,~2. For ob-
taining §=0.1 we must have R= 1000, which is hardly possible.

We see, that due to collision effects, obtaining high luminosity in
ete-collisions is a difficult problem.

9




In yy- and ye-collisions, some kind of collision eifects also take : =

place. However, in yy-collisions one can obtain higher luminosity,
than in ete -collisions.

2.5. Reproduction of e"e -Beams

In the linear ete -colliders a reproducton of beams is neces-
sary. In the VLEPP scheme [18, 19] the beam, after acceleration up

to 150 —200 GeV, passes an ondulator, where it creates photons of |
10 MeV energy. These photons incident on-a target produce suffici-
ent electrons and positrons to prepare new bunches. Only the hard
part of spectrum is used, where particles had a high degree of |
polarization' (~65%). Further these beams are cooled in damping |
rings. The initial beam after collision at the interaction region is |

directed to an absorber.

One-fold usage of the beams is a decisive feature for obtaining

photon beams. For this goal positrons are not necessary at all, and
electrons can be prepared in the usual way. One can have the pola-
rized electrons using a laser source [20].

2.6. Backgrounds

Due to the low repetition rate the background at linear
ete -colliders is a severe problem. At integrated luminosity of
L=10 cm? per one collision more than 10° background reactions
vy—e e, ye—eete~ will happen simultaneously (where v is the
synchrotron or virtual (3.1) photon). At Y>> 1 the probability of
coherent ete™ pair creation by a photon in a field of the opposing
beam also become large [37, 38]. The number of such pairs can
account for a few percent of beam electrons. Although the angles of
produced particles as well as those of the emitted hard photon are
small, particles obtain an additional angle in the field of the oppo-
sing beam In head-on collisions these particles can not pass

through lenses and will be absorbed near the detector. This will

cause a large flux of reflected particles. Most dangerous are neu-
trons (10°neut./J [21] ). In this respect TLC project is of interest,
where it is proposed to collide particles at a small crossing angle,
so that disrupted beams travel outside lenses. Such a method is
exceptionally useful at Y ‘;}‘:l when a lot of soit eleatroﬂs and posr
trons are produced.

s 10
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3. TWO PHOTON PHYSICS AT e"e -STORAGE RINGS

Up to now two photon physics was actively investigated at
eTe~ -storage rings. With good accuracy one can consider that each
electron is accompanied by almost real equivalent photon with the

~ probability [22]

afn,‘,zi_%’ (1_y+ﬂy)1n-‘§-‘#, (3.1)
Ty m°y

dny,~0.03522 at w<E,, (3.2)

(1]

where y=o0/Ey, ¢h=m;, p%, W3, depending on the process [13]’
The spectral luminosities of ye- and W-C(}]lisiﬂns are

2o = Le"e E‘U_ﬂ_d_z (l ._z + ) qm{lﬂ_s,. e ’ [3-3}
dz T 2 mz |
de:L__E{[( fi)z Al
= ot g = 21 1 + 3 In s
ik te 2] '(qlm)__i 3L}
2{1 z)(3+2) |In o 3 In e (3.4)

where z= W,./2E, for ye and z=W,,/2E, for yy. The graphs of
these functions (and their integrals) are presented in Fig. 1. The
integrated gamma-gamma luminosity for the region Wy,/2E,= 0.5
account for L.,,~0.4-10"°L,.,-. It is seen that the luminosity of
equivalent photons is high enough only for small z and is much
smaller than L, +,- for z~1.

4. METHODS OF THE e—~y CONVERSION AT LINEAR COLLIDERS

I

At linear colliders the electron bunches are prepared for every
collision anew. This allows the conversion of electrons into photons
and thus to obtain yy and ye colliding beams. Let us consider pos-
sible methods of conversion.

4.1, Bremsstrahiu.ng Radiation

The simple and obvmus method of hard photon production is

_ bremsstrahlung on a target. When an electron passes through a

11
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Fig. 1. Spectral luminosity of yy- and. ye-collisions at e* e -storage rings.

plate of a thickness x, the spectrum of emitted photons is

¥ do
dﬂ?f"‘-’ o=

a i
Xq] (1)

where X, is the radiation length. If we take x/Xo=0.35, so that the .

probability of secondary collisions is small, then dn,~0.35de /0. We
see, that the amount of bremsstrahlung photons is larger than that
of virtual photons by one order of magnitude and, hence, the
vy-luminosity will be larger by two orders.

Weak points of this method are:
a) ‘background due to photonuclear reactions(see beiow);
b) soft spectrum of the produced photons.

4.2. The Coherent Bremsstrahlung on Crystals

Unlike the case in an amorphous medium, in crystals a collec-
tive interaction of atoms with passing electron takes place [23],
resulting in a considerable increase of radiation intensity. The effec-

L2

(4.1) ’fjr.

-~

tive radiation length in a crystal X§ can be considerably smaller
then X, in an amorphous medium. The maximum shortening of the
radiation length takes place just at E~1 TeV and the ratio Xo/X5
is: for C (diamond) — 168, Si — 80, Ge — 30, W — 11 . The spec-
trum of photons at this energy resembles the usual bremsstrahlung
spectrum  (4.1). :

For our application it is advantageous to choose the crystal with
the largest ratio of the radiation length to the photonuciear (ph. n)
length. Since 6,aaxZ?Xo/Xb, and
Grad) O punoc Z**Xo/Xh. In the extreme cases, diamond and tungsten,
these ratios diifer only by a factor of two in favour of tungsten.

Let us take a tungsten converter of 0.3Xy (100 wm) thickness.
Passing the radiater each electron produces 0.3:In (E/wm) photons
(wm~1 GeV). The ph. n. collision length in W is about 1000 cm,
i e. the probability of a ph. n. reaction in our converter is of about
9.10~5. Hence, one bunch (N=2.10"") will generate ~4-10° nucle-
ar reaction per crossing. With two bunches and two converters we
et more than 107 reactions per crossing. Evidently, such a level of
background is not acceptable.

In the above discussion we neglected electromagnetic processes
such as ete -production, since particles here have very small
angles and are not seen in the detecter.

We should not forget also about radiation and heat damage of
crystals by such high dense electron beams.

4.3. Beamstrahlung Radiation
At el (ed (2.7F) the spectrum of beamstrahlung photon

becomes hard (@~0.25E, [15]) and the number of photons is about |
one per electron (n,~3.78 at Y>>1). This provides rather high pho- |

ton-photon luminosity [39]. However, in such an approach the fol-
lowing disadvantages are seen:

a) a beam-beam instability restricts the luminosity;

b) many soft particles (both e~ and et) are produced and are
deflected by the field of the opposing beam in all directions, causing
baskground; |

¢) broad spectrum of photons;

d) in the strong field of the opposing beam, photons will convert
into ete -pairs (see Sect. 7.1).

13
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4.4. Compton Scattering of Laser Light

If laser light is focussed on an electron beam, the photons after -
scattering have high energy (©o~£Eo) and follow along the initial
electron direction («backward» Compton scattering [17]). Let us
enumerate the main advantages of this method: y g

a) no matter in the beam path; -’

b) the «used» electrons can be swept out from the photon beam; |

¢) in yy-collisions one can use beams with the cross section |
smaller than in ete -collisions (no beamstrahlung and beam-beam
instabilities) ;
~d) the photon spectrum is enhanced in the hard region at w~Ey,
and one can obtain the monochromaticity of collisions AW/ W ~10%.

4.5. Summary of e—>y Conversion Methods ._

The Compton scattering has obvious advantages over all other
method of e—y conversion considered above. In the following dis-

cussions we will conside only this method.

5. BACKWARD COMPTON SCATTERING

- 5.1. Kinematics

‘Below some useful formulae for Compton scattering .are given -
for the case of interest [7], [10].

W,

e - . _

Fig. 2. Kinematics of Compton scattering.

In the conversion region a photon with the energy w, is scattered
on an electron with the energy Eo, at a small collision angle ao
(Fig. 2). The energy of the scattered photon o depends on its angle |
0 relative to the motion of the incident electron as follows:

h |
l

®
—_ el
¥ 14(8/6g)* )
where
X m 4Eq wy
17 s =y Op= —"\Yx 1 4 = —
W =1 Eo; U= I —

o, is the maximum photon energy.

1 d&
6F G dy - |

0.2 QL 06 as

lé- LﬂfEr.-

Fig. 3. Energy spectrum of scattered photons.

The energy spectrum of the scattered photons is defined by the
cross section (see Fig. 3) :

Hdae =g e 200 [J_* Fl—yg—ar(l—r) +20Prx (1 —20)2—Y) ]

o, dy xo. L1 —y
0 X Y
:--'_"""-{-.. m= A o "f-..]., 5a2
e T TR x(1—y) Sl
g2 \* 5 ;
U:1=JI(—;) = 95407 cm” .
mc

For the polarized beams the spectrum only varies if both
electron mean helicity (A) and that of the laser photons (P.) are

nonzero. The total Compton cross section is

15
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In the region of our interest x=1-+10 |o,/0./ <0.2 and 0,=0
at x=2.5, i. e. the total cross section only slightly depends on the
polarization. However, the energy spectrum does essentially depend
on the value of AP, At 20P,= —1 and x> 2 the relative number of
hard photoris nearly doubles (Fig. 3) improving essentially the
monochromaticity of the photon beam.

5.2. Conversion Coefficient

The conversion coefficient, i. e. the average number of scattered

photons per one electron, depends on the energy of the laser flash A
and is defined by

E=N,/N~1—exp(—A/A),

~AfAs - at A<<A,. (5.4)

Formulae f{for the calcula't-i.{m of Ay have been obtained in
Ref. [7]. At the conversion region the r.m.s. radius of the laser
beam depends on the distance z to the focus (along the beam) in
the following way: '

g ;_: , (5.5)

where B,=2naj/A, a, is the r.m.s. focal spot radius, A is the laser
wave length. Expression for §, is valid for a Gaussian shape of the
beam in the diffraction limit of focussing. The laser bunch of the
length [, (~2¢?) collides at some distance b from the interaction
region with the electron beam of length l. (~20%). The radius of the

electron beam at the conversion region is assumed to be r.<ay. For °

the case, when [,=~[,>>2p,, the following expession for Ap can be

obtained [7] _ ;
. Agzﬁi“ﬁ'ﬂzllﬂff (em), J. ok
o e Oc
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The value of Ay varies only slightly with growth of a, until
OB <gday dice. up 1o

ay <\ Me/4n . (5.7)
It is reasonable to work at the largest a;, given by this formula,
since 1) there are fewer problems with hitting the electron beam
and 2) the high density of photons is spread over larger region,
which is important for reducing nonlinear effects (see Sect. 5.4).
The origin of the formulae (5.6), (5.7) can be explained as follows.
The probability of an electron collision with the photons of a laser
target p~nyocl, where the density of the laser photons at the focus
n,~A/nalos, and the length of the conversion region with high
photon density [=2py,=4na3/h. Taking L=l we get p~1 at
A~ Ay=mhcl./20,., close to (5.6). _

Let us note, that with decreasing of a, the conversion length
decreases as well. This was not taken into account in the recent
paper [41], resulting in underestimation of Ao by several orders of
magnitude.

For Eo=1 TeV, L.=1.5 mm and x=4.8 (the advantages of such
a value of x is explained below) we get 6./060=0.75, A=4 pm and

Ag~2.5 J,
== 200 (H.8)
[,~1.5 mm .
At such a focussing the angular divergence of the laser light
mv=a?,’ﬁ?=lg’23av:\ﬁl/ni{. : (5.9)

Formula (5.6) was obtained under the assumption of a head-on
collision (oo=0). The value of Ao, only slightly varies while
ao<a,. Head-on collisions could be realized using mirrors with
holes for electron beams. If the focusing system is outside the
beams and oo>>a,, then Ay grows by a factor [7]

(5.10)

M= y’n_.an,*’a? \

 For example, if ao/ay=2.5 (lenses are outside the beam), then
v« =4, and, hence, Ag~10 J.

17




5.3. Choice of a Laser Wave Length

With increasing energy of laser photons the maximum energy of
scattered photons increases also and the monochoromaticity im-
proves (for keeping k=const A must grow as 1 /6.(x)). However,
besides Compton scattering in the conversion region other processes
become possible [7]:

1. edvyoretete
2. vo+y—eTe. LB

In the first process (by Bethe —Heitler) the eTe™ -pair is created
in the collision of an electron with a laser photon [26], [32]. The
threshold of this reaction correspond to x=8 [7]. The cross section
(not close to the threshold)

Oyenscete~ = 510D (m il l@) (5.12)

At x<20 it is less than that of Compton scattering by two orders
of magnitude. | |

In the second process ete ™ -pair is created in a collision of the
laser photon with a high energy (scattered) photon. The threshold

of this reaction follows from the condition @meo>mc®, i.e.
x> 2(14-/2 ) ~4.8. The wave length at x=4.8 is
h=4.2E)(TeV), pm. (5.13)

This region of a wave length is not best for existing lasers, there-
fore, let us consider what happends at x> 4.8, i. e. at shorter A.
The total cross section of the process yy—>e e is [22]

it e iy
O pysotes Pt [2[1_1_ ri E)ln\/x, —I—Q/:w “

e

2 (.1_ _1_;_})\/;___% ] ; X (.'5.14}

T 2k

: where xy=4 —— and Xy

VhAd ey o ; x—+1 By PR
In Fig. 4 (curve a) the ratio 6, .. /c. is shown as a lunction
of x. Above the threshold region the two photon cross section ex-
ceeds the Compton one by a factor 1.5—2. The question arises,

i —
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what maximum conversion coefficient is possible to obtain, taking
into account the loss of photons due to pair creation?

Let electrons traverse the conversion region, where the Compton
collision length is A, the pair creation length is Ay (=const, as far
as mainly the photons with @~on. give contribution to the lumino-
sity) .

The kinetic equation has the form:

Ny Noe — 82 _ N 42 (5.15)

Ac Ay

where Ng is the initial number of electrons. The solution of this
equation is

No—e N DR sy S Shgepp . ; 516
3 0 R e e ) ( )

At small k& the relative diminution of the conversion coefficient due
to pair creation is:
AR NG 8 e B A

2 NORIEL AW (5.17)
TR A MR T

The maximum number of photons is

M N
max ™

2 max ; : | (p 1 =pr L ppli—p) (5.18)
Ll FIE

k

where p=A2./Ay. In Fig. 4 (curve b) is shown the value of k., as a
function of x. At large x the maximum conversion coefficient is
25—30%.

The relationship between conversion coeflicients with (k) and
without (ko) pair creation for x=10 is shown in Fig. 5. One can
see that at kg<<0.3 the difference between k and ko is small.

At x> 4.8 one should provide removal from the detector not
only for e~ but for e™ as well. The minimum energy of particles in
a pair

2 r
e T e i L GeV.  (5.19)

Emg(i 41 —4/x, ) wo(eV)( 14/ 1 —Lfl,f'x‘, )

So, at Eg=1 TeV, x=10 we have @o=0.62 eV, x,=9.9 and, hence,
e —118 GeV, i. e. rather high. However, due to repeated collisions
e.... will be less by one order of magnitude (see Sect. 8.3).
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Fig. 4. Curve a—dependence of the ratio O opvete—/Oc ON X; b — dependence of the
maximum conversion coefficient on x. It is assumed, that w = wg,.
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Fig. 5. Connection of the conversion coefficient without (kg) and with (k) taking in
: to account pair creation. :
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With the growth of A above Ay the conversion coeificient in-
creases slower than linearly (eq. (5.4)). Also, repeated scatterings
lead to softening of the electron spectrum (bad for beam removal).
For these reasons it is better to work at k<<0.65 (or A <<A).

General resume is following: at x<4.8 one can have k~0.65, at

x> 48—only £~0.25. As it will be shown in Sect. 7 the ultimate
luminosity is restricted by collision effects and L,,ock®/ (1 —k), so
that luminosities for £=0.25 and £=0.65 differ by a factor 15.

5.4. Influence of a Strong Field on the Compton Effect

In the conversion region the density of laser photons can be so
high, that multiphoton processes occure [24 —26]. Nonlinear effects |
are described in part by the parameter £—the energy acquired by
an electron within Compton wave length divided by the photon:

energy. & is defined by:

He elh . (5.20)

]
Mgl

F is the field strength (E, B), wo— photon energy. At §<1 an elec-
tron interacts with one photon from the field, but at £>1 an elec-
tron feels a collective field. For an electron traversing the electro-
magnetic wave the Compton scattering occurs at §<1 or the usual
synchrotron radiation may occur at §>1 [26]. Similarly, only at
t< | is the formula (5.14) for pair creation valid. As soon as spec-
trum of scattered photons in Compton process is harder than that of
synchrotron radiation, we have to work in the region §<1. Let us
estimate the value of ¢ at k~1.
The field in the laser focus is

3 AA
F= i (5.21)
where A —the flash energy, and 7 is the duration. From here
2
B A/ A= STy (5.22)

Substituting from (5.6), (5.7) ay~ VM./4n , A= kAo=khcle/o.,
ct~l.,, we get
§g= 4 LT} A

; (5.23)

an’ o: [,
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where according (5.1), A=~20Eo(TeV)/x, wm. For VLEPP with
[,—0.15 cm at x=4.8 and £=0.5, we have

£2~0.1 Eo (TeV). (5.24)

Such a value of & may be considered as acceptable, but at the
limit. It is seen, that with increasing Eo or decreasing [, one can
get £ 1. It does not mean, that it is not possible to work with
such accelerator parameters. Formula (5.2) was obtained under
assumption that the length of the conversion length ~l. (then we
get a minimum Agocl.). By increasing the conversion length and
flash duration (l,~28,>1[.) one can again get §< 1. Then In the
formulae for Ag and &%, [, should be replaced by /.

5.b. Lasers

Let us summarize once again the essential requirements for
laser parameters to provide k~0.65 at x=4.8.

A~25 1]

f=100 Hz (for the VLEPP)
ct~1.9 mm

r~4.2 Ey (TeV), pm

near to diffraction limit

Flash energy
Repetition rate
Duration

Wave length
Angular divergence

(5.25)

Now we can give some general considerations about the choice
of a possible laser.

Solid state lasers have flash energies considerably higher, than "

is mecessary for our purpose, but at a low repetition rate. With a
specially developed laser it should be possible to get simultaneously
the all required parameters A, f, 7. However, solid state lasers
have, as a rule, a wave length less than 1 pm (A=1.06 pm—ne-
odymium glass), i. e. for Eq=1 TeV we will have x~20. Hence,
pair production is possible and, therefore, k<025 (see Sect. 5.3).
Another -problem is obtaining short bunches with difiraction diver-
gence and synchronization with the electron beam.

Gas lasers can work from ulira-violet (eximers) up to
h=5—10pum (CO, CO,) with fewer problems with repetition rate
and - divergence, than with. solid state lasers. In other respects the
problems are approximately the same. | e 4

Free-electron lasers. In Ref. [9] it was suggested to use for this
purpose a one-pass iree electron laser (FEL). In their scheme the
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photon bunch with A~1 pm is generated by the main electron beam [
when its energy is 10 GeV. It seems more rational to use a separate |

linac for FEL, so that there is no need to transport the light bunch |

along a 10 km length. - !

It is of interest, that for a 5 TeV collider a wave length of |
90 um is needed. If an electron bunch of such a length is prepared, !
it will generate light in the ondulator coherently without any pre- |
bunching. |

Another FEL scheme is also possible with the storage of the%
licht between mirrors at storage ring of a few hundreds MeV |
energy. ; "

length, adequate repetition rate and duration, and simplicity of
synchronization. Unfortunately, the worid experience in this field is
limited.

6. SCHEME OF 7vyy-, ye-COLLISIONS

6.1. General Scheme of the Interaction Region

After conversion at a distance & from the interaction point (i.p.)
electrons and photons travel in the direction of the i.p. Without pre-
ventive measures, soft electrons will scatter on the opposing beam,
with a large angular spread. Moreover, in the strong fields various
collision effects will take place (see Sect. 7), restricting yy- and
ye-luminosities. |

More attractive is the following scheme for an interaction region
(Fig. 6). After conversion, the electrons with a wide energy spec-
trum cross a region with'a tranverse magnetic field B., where they
are deflected in the horizontal direction (x). Passing by each other,
beams are repulsed in the same plane (il the deflection is much lar-
ger than the vertical beam size). As a result, the beam keeps a
small vertical angular divergence and can be removed through a
narrow horizontal slit in the lenses. Besides, due to predeflection by
the external field, soft particles scatter on the opposing beam at
relatively small angles. This circumstance is of great importance in
the scheme, where beams collide at some crossing angle. Removal |
of particles is considered in detail in Sect. 8. 5
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For our purpose FELs have evident advantages: tunable wave\
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6.2. Problems

~ In the scheme of yy or ye colliding beams the following prob-
lems of principal and also of a technical character are seen:

1. There are collision effects restricting the luminosity. The most
serious restrictions arise for ye-collisions.

9. A difficult problem is the removal of «used» electrons aiter
conversion. These electrons have energies in the range
E= (0.02=1)E, (see Sect. 8.3). They should be removed from the
detector without losses on lenses and other elements. One absorbed
electron of TeV energy creates about 200 neutrons. From here the
requirements are seen. The task is complicated by deflection of par-
ticles in the field of the opposing beam.

3. The power of all photons is comparable with that of the elec-
tron beam. They also have to be removed outside the detector and
accelerator.

4. Electromagnetic focusing lenses and bending magnets should
not be placed in the pass of laser light.

5. 6. Last, for obtaining the high luminosity, the e"e™ -collider
itself and the laser with the required parameters must be built.

7. BEAM COLLISION EFFECTS

In the interaction region electrons and photons are influenced by
the field of the opposing beam. In the case of yy-collisions the field
is created only by electrons, deflected after conversion by the exter-
nal field. In ye-collisions the field is created also by main electron
beam used for ve-collisions. The strong field leads to increased
energy spread of the electrons (in ye-collisions) and also to conver-
sion of photons into ete~-pairs (in yy- and ye-collisions). A resolu-
tion of these problem is connected inevitably with a loss of lumino-
sity. Below we will consider these and other collision effects.

7.1. Coherent Pair Creation in the Beam Field

In a strong transverse magnetic (electric) field created by the
opposing beam a photon have probability of conversion into
ete-pair [33—36]. The importance of this process for linear colli-
ders was pointed out in Ref. [37, 38].

The probability of pair creation per unit length by a photon with
the energy o in the magnetic field B (IB|+|E| for our case) Is
[34]
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where

: = 4.4.10" Gs,
T(%) =~ 0.160%~ ' K3 2(4/3%) . ()
J'?L pln’t of the function T(x) is shown in Fig. 7. In the asymptotical
limits
T(n)=0.23 exp(—8/3xn), =<l,
ooy =0i38% 2.8 n>L. (7.3)

; In the our case w~Ey, therefore one can puts x~Y=yB/By, and
then

a’ T

rey

W) =~ I(Y). | (7.4)

Intensive pair production begins at 1= |. This can be seen from
the following arguments. In the frame of the pair c.m. at Y'~1 the
electron acquires within one Compton wave length an energy equal
to its rest mass.

Let us obtain an expression for Y. After conversion, the elect-
rons are swept aside by the magnetic field B. and pass the i. p. at
some distance xo ( for E=E,, Fig. 6). The field at the i. p. is pro-
d_uced mostly by particles which have not lost energy in the conver-
sion region, since they pass closer to the i.p. Their field is

|E|+ Bl =2eN(l —k)/o.x0,
From here

T 2N (1 —Fk) Ts ¥, {(7.5)

CLO: X

In ye-collisions photons are influenced also by the opposing electron
beam, moving along the axis. Inside a flat beam (o0,>0,)

= Nr?
e
Ty O

(7.6)

F_urther we will provide Y" with the index O or | for designation of
field sourse: 0—not deflected beam (sometimes we will call it as
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Fig. 6. Scheme of interaction region and removal of electrons.
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Fig. 7. Function T(x) in the formula (7.1).
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«main electron beams»), 1 —for the beam, deflected after conversion,

Let us determine the minimum energy of the produced particles.
At the threshold of the reaction (Y<<1) the energy of particles of
the pair ~w/2. At Y>1 an estimation can be done as follows. In
the c.m. system of the pair we find, that the invariant mass of the
pair is about W=2vy‘eBA, where By’ is electric field in this system,
and y'=w/W. From here W°~2eBwhk. In the decay of this system
into et e -pairs along the direction of motion the minimum energy
will be (at W> mc?) '
oy Em_g ]Blj Eﬂ

A — = : : Tk
41"-I'I'I'II'I B 2.[0 { }

Lk
2

Though this is very rough estimate, it is in agreement with the
exact formula for the spectrum [36, 38]. At Y>1 (=Y in our
case) the spectrum has a saddle like shape with enhancements
at the edges at e/o=16/Y and 1—16/Y. In the region
e<<0.5Eo/Y the spectrum has the exponential fall off. For further
estimations we put the minimum energy to be &,,=0.2E,/Y. Below
this bound the number of particles is negligible.

The probability to create a pair during the time of collision is:

ala.
PO —

YY) (7.8)

E

From here, at a given probability of pair creation p one can find T,

which is a function of one variable:

I,‘}] :p__r::r'l[’ F {Tg}

o Ao 18

With a sufficient accuracy (better than 259%) the solution of (7.8)
can be approximated as

27/In(0.1/p1), p1=<0.01 (7.10a)
T { 1.249p 001> p <4 (7.10b)
4.5.pi* pi==4 (7.10¢)

For clarification of qualitive dependence it is useful to simplify
these expressions

l. 0.001 p;<<0.1 (7.11a)
i { 10y 0.1=p<H 7.11b)
4.5-pi"* pi=5 f-lle)
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The accuracy of approximation (7.11) is about 2 at p1<C0.25 and
better than 25% for larger p;. In the case b) it is assumed in fact,
that T7=0.1 in the range Y=1-50. The characteristic values of p;
are: py=0.14-p for VLEPP and p;=0.75-p for TLC. At multi-TeV
colliders one expect to use shorter bunches, so that p; can be consi-
derably larger. '

7.2. Restriction on a Luminosity in yy-Collisions
due to Coherent Pair Creation

Pair creation in the field of the deflected beam is determined by
the parameter Y. From Y, one can obtain the required separation
at i.p.

IN(1 — k) yr2

a1

(7.12)

Xp=

To provide the deviation x¢ in the field B. it is necessary to have
a distance between the conversion region and i.p.

_ 2Eyxy _ AN(1—k) riv” Ba

:E
b o
EB;- o Oz T[ B(-

(7.13)

Let us assume that the emittance of electron beams is very
small and the transverse size of the photon beam at the i.p. is
determined by Compton scattering, i. e. a;~b/y. Then the yy-lumi-
nosity

. Nfr* (1 —p) - Nia’kH(l—p)o.Be Y

1 7.14
L"f dnal 167(1 — k) ri Ba e

The omitted numerical coefficient is 0.85 for polarized
(2PA= —1) and 04 for nonpolarized beams. The factor
(1—p) ~(1—0.5p) at small p means diminution of the number of

photons due to conversion into et e -pairs. Substituting Y, from
(7.11) we get the yy-luminosity for three regions ol _pi:
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Nfa’k*c.B.(1 —p)

165(1 — k) r? Bo (7.15a)
o : 15b
W 1.6artB(1—%) (7.15b)
NiB. (v’*r.?p )”"2 k(1 —p) e
T —_— 5 ?.
4mours By Oz | (7.15¢)

We see, that working in the regime (a), when the pair creation _f
probability is small, the luminosity Lyyoco. and does not depend on |
the beam energy. With the growth of p; the dependence of L.y on o: |
changes: in the regime (b), it does not depend on o; in (c), it even |
increases with decreasing o.. Also in the region (b) and (c) Lyy!
ogrows with increasing beam energy. f_

It follows from eq. (7.14) that L,ocYy, i. e, the larger pair crea- |
tion probability we allow, the larger luminosity we can obtain. The |
regime of low p corresponds to Yy<Cl. What restrictions exist on |
the value of p? Formally, the luminosity grows up to p~0.5. How- |
ever, there are two effects, not studied yet, which can restrict p at a ’:
much lower level. |

1. Electrons and positrons produced by the photon are separated
by the field of the opposing deflected beam. These separated par- |
ticles produce their own field in the region of the photon beam.
(on axis), that can increase the pair creation probability. This field
affects also the motion of e~ and e* themselves. So a rather com-
plicated picture emerges. - s

Let us consider the field acting on a photon travelling from left
to right. The particles, moving in the same direction, do not influen-
ce it (electrical and magnetic forses are opposite). One has take
into account only the field of opposing swept electrons and separa-
ted et and e—. These fields are added or subtracted depending on

the types of primary particles and the direction of bending. Fig. 8 _:?; .

shows various combinations. The fields are added in the cases a
and d, but subtracted in & and c. In the latter cases some sort of
field screening on axis can occur, which is very uselul. Good cases
from this respect have also some disadvantages. So, in b the swept
beams scatter on each other not only in the plane of the picture, but
in a vertical direction as well, causing an additional background. In
the case c positron beams are required. ' '

-




2. Second effect. Let us assume for a moment that the
e"e  -particles are not separated by the field of the opposing deflec-
ted beam. Nevertheless, in the collision of neutral beams, consisting

Fig. 8. Field sources at the interaction region.

+

of eTe -pairs, at certain conditions an instability can occur [14].
The criteria of the instability is approximately the same as for
charged beams (eq. (2.11)).

These questions need further detailed consideration. Arising
fields influence also the deflection angles, which determine the
removal scheme,

At small p all these effects are not essential. For colliders of
TeV energy the luminosity depends only slightly on p; (see.
eq. (7.10)), therefore, in the following, we will consider here only
this case. Let assume for estimation Y, =1. Then

Nialk®a, B,

S e T e
For k=0.5, B.=30 kGs, we get
Lyw=2 1L.6(N/10'Y | (Hz) -0.(cm)-10*?, em~ 25", (7.17)
Hence : :
for VLEPP [ i Ly ~25,10% em~%s7i!.
for TLE Ly3~5.5-10* em—%—".

At £=0.65 the luminosity will be larger by additional factor 2.4.

We see, that the restriction on the L,, luminosity due to coherent
pair creation occurs at a rather high level, even higher than the
luminosity attainable in e*e™-collisions.
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7.3. Restriction on L,. due to Coherent Pair Creation

In the case of ye-collisions the photons are affected mainly by
the field of the opposing electron beam. The coresponding parameter
is Yo (eq. (7.6)). The dependence of Y, on beam parameters and
the probability of pair creation is given by the same formula (7.10).
"At fixed N, 0., v pair creation is controlled by the horizontal beam
size Ox. ;

Let the beam separation at the i.p. be

e (7.18)

(The ratio s=uxo/0. will be discussed further together with other
effects: beam energy losses, displacement etc.)

The distance between the conversion region and the-i.p. is found
from eq. (7.13) (with replacement of Y, by Yo). At the i.p. the flat
electron beam collides with the photon beam having the vertical size
not less than 6/y. The ye-luminosity will be

N*fky (1 —0. 5p)

1l 7.19
ot dnbo, : }
where
2
o e Bl (7.20)
oo, 1 .
HRE 2ey0.5 . (7.21)
reB.
In the result
s AL G LR (7.22)
1 dnrdy 2Bos
For three ranges (7.11) of p; values we obtain
o,oasfkaﬂg:{l—n.sp) (B;-G:N)”zj (7.23a)
r;.ﬂf- 23{]5
i 1/2
Lae 117’51%(12 p)p (Beh“mr) : (7.23b)
Fe BI:I-S
0.5fk(1 —0.5p) (N’;:Be)”g(p?n)m_ (7.23c¢)
ore Bos o Ao 18
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In these formulae we have not determined yet the values of s and
p. The two next subsections are devoted to this subject. After consi-
dering all effects a summary of physical effects determining L. will
be made.

7.4. Radiation Energy Losses of Electrons
in ye-Collitions

The fields ol opposing particles lead to bremsstrahlung radiation
ol electrons. The relative losses have to be restricted. There are two
sources of the field: '

1. The electron beam, swept aside alter conversion.

2. The e"e™ -pairs, created by photons. The field in this case ari-
ses in the following way. Under the influence of the main electron
bunch the created electrons are bent away from the collision area,
so that positrons remain inside the beam and produce the field.

From here arise the main requirements to the beam separation
and maximum pair creation probability.

Let us consider the first effect. At the i.p. the field is produced
mainly by N(1—Fk) unscattered electrons, since they travel closer to
the axis. Assuming an uniform density of particles on the length 2¢.,
it is easy to get the relative energy losses when an electron passes
at the distance xy from the deflected beam (comp. (2.8))

_ 8Ny (L—k)? o - . 2d%. .. b ‘
6— o Ey = g Ci{FEy, 1), (7.24)
where: Yi. detined by’ (F.8) 0 The Gunctiony Fr—1 "for "= 1" and
(FyX)=Y/(6Y41) for Y<<100 (my approximation of numerical
calculation of Rel. [15]). From hcere

Y1 =2.5u+\/6.25u>+u (7.25)
where
V— Bﬁr,"? ,
Q{Ilﬂ';

From formulae (7.5), (7.6), (7.24) we get the required separa-
tion g
__ Aar.N(I—k)
Xo—
30

(Fy, Y1) | : (7.26)

and the ratio
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The value of Y, was determined just above, and the value of Yy is
given by (7.10), (7.11). Let us calculate s for small pair creation
probability, i. e. Yo~1. For §=0.05 and £=0.5 from (7.25) we get
for VLEPP u=0.01, Y;,=0.13 and s=8, for TLC «=0.055, Y',=0.4
and s~2.5 (this result will be descussed in Sect. 7.6),

In the similar way from (7.27) one can find s for the arbitrary
case, and s will depend on the pair creation probability. The maxi-
mum value of p (when the luminosity is also maximum) is restric-
ted by the energy losses in the field of created pairs (see beginning
of this subsection). In this paper we will not consider in detail a
general case of ye-collisions (and yy as well), since for colliders of
TeV energy Y can not exceed essentially 1 (see eq. (7.10)).

7.5. Spin Rotation

When the electron is bent by the angle 0, its spin rotates rela-
tive to its trajectory by the angle [26]

G B ST (7.28)

Ho 2m

where po and p’ are normal and anomalous magnetic moments of
the electron. In our case electrons of the main beam are bent
during collision through the angle

il s 2r.N (1 —Fk)

i 2N B (7.29)
TXo ;
then
g — FreN(—k) eT30)
JiXp J

The longitudinal polarization decreases by 5% at 6’<C1/3. From
here we get the required separation

xo=> areN(1 —£&) . (7.31)

This should be compared with the expression (7.26), obtained
irom the beamstrahlung energy losses. In the case of small T and
§ the condition (7.31) is more stringent. For VLEPP and TLC at
E=1 TeV, however, the condition (7.26) is decisive.
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7.5.2. Displacement of the Electron Beam

During collision the electron bunch displaces in the field of the
opposing deflected beam through the distance

N (1 — £
A o:reN (1 —&) | (7.32)

TXo

To keep the luminosity unchanged it is necessary to have
Ax <o, In our case

Ax._ a’olY5(l—k)
s Sl e (7.33)

Analysis of various cases shows, that this ratio is larger for col-
liders with lower energy and longer bunches. So for VLEPP at
k=05 Ax/o,~0.3-Yo/sEy (TeV). We see, that, if we decrease the
energy at Yo~1 and s~5-=10, then at Eq<<0.3 TeV we will have
Ax/o,=> 1. For Eo~1 TeV this displacement is little. Let us note, if
we would not deflect the beam after conversion at all or do it in
the vertical plane, then the displacement should be compared with a
considerably smaller vertical beam size. The separation provides
also small deflection angles ol soit particles in collision with the
opposing beam (Sect. 8.3).

7.5.3. Angular Spread of Particles in ye-Collisions

At Yo>1 photons create inside the electron beam ete™-pairs
with a fairly small minimum energy (7.7) E~0.2Ey/Yy. The produ-
ced electrons are repulsed from the opposing electron bunch and
deflect through some angle. Assuming, that the field of a flat beam
is 2B=mneN/o.0.=const up to distances ~20,, and is zero at lar-
ger distances, we find the deflection angle for a particle with the
energy E

BM“NE_ at B<<4o0./0:,

G_‘f--

| A Ne \ /2

H~( -E) at 0> 40./0.. (7.34)
O -

The deflection angles in the horizontal and vertical directions
are of the same order; as soon as at distances of about o, from the
axis the field is almost symmetrical.
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It is seen, that for large Yy and short bunches the deflection
angles are large, i. e. there will be problems with beam removal.

7.6. Estimation of L.

We will restrict ourselves to the case in which coherent pair crea-
tion is negligible, i. e. Yo~1. As was already explained, this case
describe rather well the situation for TeV energy colliders. For
general cases essential side effects were pointed out, and are needed
in additional studies. For Yo=1 the ye-luminosily is restricted by
the value (see eq. (7.22))

2¢ N 12 _
Lo EIR (B 59
4,"[-"",-%'}’ EHH 5

In the preceeding section we have considered factors determining
the required deflection of the electron beam after conversion. At
Eo=1 TeV all is determined by beamstrahlung energy losses. The
separations we obtained are s=8 for VLEPP and 2.5 for TLC. In
the latter case some overlaping of e"e -beams remains. Therefore,
let us increase the separation up to s~5. Assuming in both cases
s=—=5 at #=10.5, B,=30 kGs, we'‘get

0.7.10% "N am ; BT
I = N gz’ * (cm Eiiitt @i 5T 7.36)
Y E[: {Tf'v;l IDH] { } Ii- [ J {

From here, the maximum luminosity of ye-collisions is for
VLEPP: Lizaeubiel 032 ol TR
T 3 510 Chl e (7.37)

We see, that L. is smaller than Ly, (7.17) by about a factor 30.
For' TeV energies it is desirable to have L,. at least one order
higher. -

8. REMOVAL OF PHOTONS AND ELECTRONS FROM
" THE CONVERSION AND INTERACTION REGION

8.1. General Remarks

- Due to problems in obtaining high luminosity in ?E-cullisi{ms;
and for brevity, we will consider further only yy-collisions.
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Removal of particles from the interaction region is a difficult »

task. Something similar takes place in ete™-collisions at large Y.
At last few years a scheme of e'e -collisions is discussed
where beams collide at some crossing angle o, with respect to the
direction of the beam motion, so that aiter the collision, the disrupted
beams travel outside of the lenses. Usually the luminosity drops, if

;> 0./0.. This problem can be solved [40] by turning each bunch !
relative to the average trajectory by the angle «./2 with help of RF |

field, Fig. 9. This type of collisions is called «crab-crossing». It

looks like a head-on collision, but |
all particles have a component of |
velocity transverse to the collider. |
Here there is no luminosity loss.
Such a method of collisions is, per- |
haps, unique at I'>1, when a lot of |
soft particles are created (due to |
beamstrahlung and pair creation), having large disruption angles. |
A similar approach can be applied to the yy-collisions. We will con- !

Fig. 9. «Crab-crossings.

sider this scheme as basic.

In principle, yy-collisions can be arranged with zero crossing |

angle, since, owing to advanced separation of beams, all the partic-
les travel after the collision within a narrow horizontal plane and
they can be removed through a slit in the lenses. In this case one
has to use kicker magnets. It is, of course, a difficult task, since the

particles after conversion have a wide energy spectrum. The first
(basic) scheme looks much more elegant.

8.2. Removal of Photons

[f the beams collide at a large enough crossing angle
(Fig. 9, 10,a), photons travel outside without any problems. There
‘is only one question: how to arrange the crossing angle? This angle
~ can be arranged as an angle between two halves of the collider; or
both halves lay en one axis and only the nearby collision region
beams are bent by the angle of about ten milliradians (we discuss
now the change of direction of motion, but not the turning of the
beam relative to the average line). In the first case the crossing

angle is fixed permanently, which is not convenient. In the second |
approach there is also one delect. It is desirable to have a collision |
of longitudinaly polarized beams. At the bending angle ¢ the spin

I
]
¥
1
i
¥

of the electron turns by the angle (comp. (7.28))
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¢ = LAy H[IJ.
1L o

(8.1)

So at 9=wa,/2=5 mrad ¢'=3.6-Ey (TeV), i. e. the spin angle
depends essentially on the beam energy. In principle, one can make
compensation before injection to the collider.

Ya

Fig. 10. Schemes of photon ejection.

At zero crossing angle o, one has to arrange a pass for photons
between the i.p. and a beam absorber. This can be done in two
ways. Ly ;

1. The beam line is bent near the i.p., so that the collision axis
has the angle 80 relative to the collider axis (Fig. 10,6).

9. The interaction point is shifted some distance (oi about
95 cm). relative to the collider axis, keeping =0 (Fig. 10,c). In the
first case there is again a problem with spin rotation. Let us consi-
der the second scheme. The minimum distance L needed for mis-
alignment of i.p. by A~25 cm (for protection oi the accelerator in
the absorbtion region) is determined by the additional energy
spread due to synchrotron radiation. This is important for the_fu_*lal
focussing. Using the well known formulae for synchrotron radiation
one can estimate the energy spread as follows:

' Og ".\f'r.-:;;E e

Eo Eq

260 E§"*(TeV) 3/
AT kD )

, - (8.2)

where @, is critical energy of synchrotron radiation, ¢ is the
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bending angle, k£ is part of length with bending magnetis. For
VLEPP the energy spread of 0.3% is planned. Assuming an additio-
nal 6/E=0.2%, and taking £=0.5, A=25 cm and ¢=4A/L, we
get L=1256 m and ¢=0.008. The bending scheme must, of course,
keep the emittance constant (as in SLC arcs).

This estimate can be used also for a nonzero crossing angle

(basic scheme). It is seen, that to obtain the cressing angle

a./2=>5 mrad the distance of about 100 m is necessary.

The next question concerns the angles of soft photons. In
Compton scattering a characteristic photon angle is 6~1/y. How- |
ever, soft photons have much larger angles. To find the required
aperture let us calculate the total energy of photons travelling at ‘:

the angles 6= 0.
The energy of photons, having angles 8>1/y is found from
eq. (5.1): @ =~FEox/y*0%. Taking into account that at y=w/E¢<k 1

] ﬂ‘ﬁr il 4[1'”

¥
g, dy X0

we get the energy of photons with y<<y ., or 0> 0.

Hmin :
B _ (4 docgy s 2o i L (8.3)
E PRRY Ui X0 0703

max

]

To provide AE/Eq<<10™® at x~5 it is necessary to have
0,..~200/y i. e. B,,~10""* at Eo=1 TeV. This is the angular
spread due to Compton effect only. The angular divergency of the
electron beam should be added. In either case, the lense aperture
will be larger, so that there are no serious problems with photon
removal (especially for w.=£0, when photons travel outside the
lenses). Note, that at 0> 700/y~3.5-10~* the photons energies
become less than 10 MeV, so that neutrons are not produced.

8.3. Removal of "Electrons after Conversion

There are several sources of charged particles in yy-collisions:

a) the initial electrons, which have not scattered in the eonver- |

sion region;

b) the electrons which have lost part of their energy at Compton t

scattering;
¢) electron-positron pairs, created under threshold [24, 25] (or
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above that at x> 4.8) in the collision of the laser and high energy |
photons; {

d) electron-positron pairs, created by photons at the ip. in the |
field of the opposing deflected beam (and also in the field of sepa- |
rated eTe™ -pairs). ;

There are also other sourses, but they can be ignored in compa- |
rison with those enumerated. Let us consider the characteristics of
these particles.

a). Number of such particles N(1—£k), their energy E,, initial
location —conversion region.

b). After conversion the electrons have wide spectrum. The
maximum energy is Eg, minimum [7]

E min=Eo/(nx+1), (8.4)

where n is the number of Compton scatterings of one and the same
electron (assuming, that in each collision the electron losses the
maximum possible energy). The probability of an n-fold collision

==

re

Pni— ] _ (8.5)

nl
where n— probability of collision. Owing to the fact that after a few
collisions the Compton cross section reaches the Thomson one
o =800/3, while in the beginning at x=>5 0.,=0.750¢, one can put
r~3.5r¢ (a coef. of conversion k=1—exp(—ro), re=A/Ao).

Let us estimate the minimum energy of particles to be consi-
dered, or such n, that E,,p<<10"°E, (at lower level there are other
backgrounds). Simple calculations give: n=13, 17,24 for
ro=05, 1, 2 (=04, 0.63, 0.86) and, correspondingly, E ..=1.5%,
1.2%, 0.8 % of Eo. In fact, soft electrons lose in average two times
less energy than at maximum transfer, therefore the result must be
increased by a factor 2. For further calculation we assume
Emin/E'}=2%' ' :

¢). The number of ete -pairs created in the conversion region
can account for a notable amount even below threshold x=4.8
[24, 25]. At the beginning these particles have the energies of Eo/2.
However, as a result of multiple collisions, their energy will drop,
as in the preceeding case, down to 2% E,. The initial position of
these particles is the conversion region.

d). These pairs are created at the i.p. Their amount is little at
Y;< 1 and can be compared with the number of photons at large
Y,. Minimum energy of these particles is ~0.2Eq/ Y.
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All these particles are deflected in the fields of the bending
magnets and opposing beam. As a result, particles have some
energy spread mostly in the horizontal plane. ;

et us calculate the angles of particles going out from the con-
version region, Fig. 7. At first a particle with the energy E passes
the bending magnet, where it aquires the angle

= f-*prflE a {85]

At the i.p. it has the displacement
x=—8Bb’ [2BUR\ (8.7)

Lei us find now the deflection angle in a collision with opposing
beam. The main influence comes from the particles with energy Eo,
since they are closer to the axis. If the impact parameter changes
not too much during the collision (upper limit), deflection angles

are

oyt Ml k) (8.8)
E(xo+x)

where xo is the displacement of particles with the energy Eo
(ea- (8.7)). | ikl

It is of interest, that angles a; for various energies differ less,
than by a factor 2. It is because the particles with sr_naller energy
come to the i.p. with larger displacement. The resultm_g Eie:flectmn
angle in the field of the two magnets with the same direction and

the field of the opposing beam is

Chin) — n "|_ 2{1”1 i(}r e
Cint = Oli '_.2{1;1-: fﬂr (o i3
(at x<-4.8 some amount of e™ is produced due to nonlinear effects

in conversion region).
Substituting to @, and a, values of x and b from the formulae

(10 ="(A13) at ' py =07 i.ce.! T1~1 we get

e é' 4N|::l—k} B[« Fe i . : {8,9]
E 0 Bg A
002 1 (8.10)
Seron T
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' So, at k=05, B.=30 kGs, the deflection angles for particles with

energies E= (Eo—+0.02E,) account for:
VLEPP: a,=(003+-15)-10"3% = o= (25=5):107",
RLG: am=(0.025=14)-107° oap=(1=2)-10"% (8.11)

We see that these deflection angles are not large enough to
enable particles to travel out of the lense aperture in the case of
head-on collision (see Sect. 9). But, if beams collide at crossing
angle a,~(5—10)-107°> 2a,+as then all the particles will pass
out of the lenses. :

As was already discussed hefore, we will not consider here in
detail the case of intensive pair \production. Note only that at Y>> 1
many soft particles are created.in the [lield of the opposing beam
and they follow a way in the samre-strong field (unlike particles
going Irom the conversion region). Therefore, they have large
deflection angles, that make the removal problem more difficult.

ceable pair creation probability. However, in this case the produced
particles are hard enough (E> 0.25E;) and their deflection angles
do not come out of the range (8.11). '

Bending magnets must also be considered. The distance between
conversion region and i.p. at Yy=1 (7.13) for TLC and VLEPP are
1.5 and 3.5 cm respectively (at B,=30 kGs). The gap of the mag-
net has to be large enough to let pass the laser beam. We assume
also, that laser shines at wy=0. If we take angular aperture

both magnets). Substituting from (5.9) a,=3:107% (for x=4.8)
and at 6=3.5 cm, we find d~1 cm. It was supposed everywhere
above, that bending field begins just from the i.p, so that no free
space was reserved for outgoing products of reactions (which we
are going to explore). This can be easily taken in to account. How-
ever, in principle, one can build a superconducting magnet with a
thickness of walls less than 0.1 radiation length and with
B.>30 kGs. Such the magnets can be allowed to surround i.p. from
all sides. ' | .

Resume. For colliders of TeV energy removal of particles from
conversion and interaction regions can be done in simplest way.if to
collide beams at crossing angle a.~10 mrad. The «crab crossing»
scheme makes it possible. | '
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Formulae (8.9) — (8.11) were obtained for Y,=1, when is, noti-

Aa= +25a,, then d> 10ba, (it is accounted, that light pass by



9. FINAL FOCUSING

9.1. Emittance and Beam Sizes

The transverse size of photon beam is determined by Compton
scattering (~b/y), and the size of the electron bunch a. A natural
requirement in the size of the electron bunch is a~b/y. Let us con-
sider real possibilities.

In space between lenses the beam size in the i (i=x, y)-direc-
tion varies in the following way (see Sect. 2.3)

i=ai— |1 Z—i 9.1
gr=a +ﬁ?’ (9.1)

The r.m.s beam size at interaction point
a=eaily. (92)

where en is the normalized emittance, B:— beta-function

(min (p:) ~o0:).

From here follows the requirements on the beam emittance
| En:”‘*‘bg/‘?ﬁf . : (9.3)

As was already discussed, for TeV colliders one can put Yj~1.
Then according to (7.13), -

2 A & i
lf) 4N{l2 k] FEB::. {9‘4]
Y a5 B,

Substituting (9.4) into (9.3), we get

N(1 —k) rivB, (9.5)
'_'IEUZ ﬁj’B.’r : :

E-r.lf:

At £k=0.5, B,.=30 kGs and B;=o0., we get

VLEPP: " £,i~9-10"%cm-rad,
TLC: en~35-10"*cm-rad. (9.6)

In these estimations an essential effect was not taken in to
account: chromatic aberration of lenses" (that is, the focal distance
of a lens depends on the particle energy). There are two sorts of

chromaticity. The first one is connected with the energy spread of
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the beam at the entrance of the focussing system. This can be cor-
rected (in a certain limif). In the sécond case an additional energy
spread arises at the final stage of focussing in the field of the lens
itself (effect K. Oide). Here nothing can be done. Let us consider
the requirements on emittance due to the latter eifect.

e E"_'Fﬁ' (1 f; E) - (9.7)

where F is the focal distance. The energy spread arising in lenses,
(see eq. (8.2))

O 2.5-10'E§/* (TeV) a’/?

i I(cm) (¥:0)
where /—length of lens. The bending angle in the lens
i~ 9.9
B | (9.9)
- Assuming F~2[ from (9.7) — (9.9), we get
ﬂzzﬁﬁﬁ : d.-"l?.-ﬂ 5..-"? n/2 10—23‘ (g IU)
: _ .
r The maximum is reached at
: Bi=veY7.6.7-10~7, cm. (9.11)
Then ;
12 (8P~ 0% em. (9.12)
'|t!
Assuming ai=b/y, we get
. Ti5
o= 15+ 10" i) . em-rad, (9.13)
JIF, ]
3/5 : ] »on
B —85 (i) . Eo(TeV), cm . (9.14)
- ]

These formulae are valid, when B;> o.,. Otherwise one has to
take Bi~ o, and use the eq. (9.5). From here, taking into account
(9.4), we get for TLC at k=0.5
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B~ 0.025E, (TeV), cm and  ew~10~* cm-rad. (9.15)

For VLEPP at Ey=1 TeV the estimates (9.6) are valid, i. e.
Bi~0.075 cm and ex~10"*cm-.rad. We see, that the requirements
are close enough. ? : |

In the damping ring is naturally obtained e.,<e.,. Preliminary
analysis shows [27], that it is rather real to obtain the emittance of
e.x~10""cm-.rad. To what extent this normalized emittance will be
saved during acceleration in collider —it is difficult question and
there is no clear answer yet.

Let us consider now chromatic errors, due to beam energy
spread before lenses. We are-going to correct it, but not completely.
The ratio of beam size due to chromaticity to that without energy
spread is (comp. (9.7))

@en  F oe - (9.16)
; B

For F=200 cm, . Pi—0o:=—0.075cm, . ¢/E=0.3% @ we  pet
(ai) cn/ai=8. A chromaticity of lenses can be corrected by dispersion
of the beam and use of sextupole lenses. The most simple way is to
make a correction only in the x direction and do nothing in y, be-
cause Of eqy< &nr. The minimum beam size on y in this case takes
place at

By~ F 2E ; (9.17)

E

a.y:ﬂfgfwfj_”hj . ) (9.18)

F_.?_ﬁ H.{_"_ 9.19
X ED vﬁr:x. { ; }

For example given above we have R=1 at e,,~0.06¢,.. For further
estimation we adopt for - A

HE\E a_f=\E ay=0b/y. _ (9.20)

The characteristic values:

and equals

Ratio of beam sizes

UR:aufﬂx=
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Table 2
a, cm Xg, cm b, em
VLEPP L8108 6.10°° 5]
TLE b S sl D 2vl0Ee 1.5

It is easy to make sure, that in the conversion region the elec-
tron beam size is much smaller than that ol the laser, as was as-
sumed in Sect. 5.2 at the calculation ,of the laser flash energy.

9.2. The Requirements on Focussing Lenses

In distinction from ete -collisions, where flat beams are used,
in yy-collisions the ultimate focussing on the horizontal direction is
necessary also. Let us estimate the required parameters of lenses:
gradient G, length [, field on poles B,., aperture R, Numerical
examples are given for VLEPP.

Gradient
The bending angle in a lens

a~I/R, (9.21)

where R is a radius of curvature :
R=Ey/eGFuo. (9.22)

Hence
Bt 3.3-10%Ey(TeV)  kGs

-G = : ?
elF [{cm) F (em) CIml

(9.23)

Focal length can not be done too large, for it will be difficult to
correct the chromatic aberration (9.16). At o/E0=0.3% a reaso-
nable limit is F~200 cm.  Assuming [(=0.5.F=100 cm for
Eo=1 TeV we get G=160 kGs/cm.
Aperture

R.m.s. beam size in lens

prr———

Ox~EN\ £ai/yBs, Pr~o. or (9.14); (9.24)

oy~Fen/VBs,  Bu~F E. (9.25)
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At F=200 cm, é€n.,=10"" cm-rad, &,,=0.06g, (se-e (9.19)),

o/ Es=0.3%, Eo=1 TeV one gels
gx~5-1072 cm
a,~5-10*% cm

i. e. the electron beam is flat in lenses.
The required aperture

Ri~10 6,~10 bﬁ F~5.10"2, cm (for VLEPP) . (9.96)
. VP
Field on poles
The maximum field in lenses
Bmax G’Qf""_ EhEnt : [92?)
el i
For VLEPP (see parameters above) B,.~10 kGs, i. e. iron lenses

can be used.
All these estimates are, of course, very approximate.

10. LUMINOSITY, MONOCHROMATICITY

For round beams formulae for spectral luminosities of yy- and
ve-collisions were derived in Ref. [7, 10]. Here we will analyze once

again a dependance of a total luminosity and monochromaticity on

. various parameters, and find out their values for the considered

schemes. The monochromaticity n,, we define as a ratio of the

range of invariant mass AW,,, that contains half of the luminosity

to W, nar The monochromaticity depends on the parameter
2

p2=(-f{;). o Doty

where, as before, & is the distance between conversion region and
1:p.,  avis ther LS. radlus of electron beam at i.p. Note, that in
Ref. [?’ 10] was used p* larger by a factor x+ 1. In the new defini-
tion p® does not depend on x, that is more convenient for clarifying
the dependence of the lumll'l{JSIty and monochmmatmlty on laser
wave length.

The luminosity is presented in a ratio to
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N2f
Enﬂ,

Lea==

(10.2)

For round beams the distribution of luminosity on invariant
mass of yy-system W,, has a form [7, 10]

Hm
dlv _ 9,421, { Flx.y) ,f(x L ;D 2kl -\/

o 22y
) L - De ]ifji (10.3)

o[-+

<

where z=W,,/2Ey, p=0b/va,[(x, y) is defined in (5.2), Io(x) is the
Bessel function for an imaginary argument. The total luminosity

Zmax

Lyy= S
]

Al |
— dz, where 2z, = Sl
dz x4 1

In Fig. 11 the plots of spectral luminosities are shown for unpd—
larized and polarized beams (2P:A= —1 both beams). Polarization

af 02 a3 oy 05 06 Q7 . 08 Qs H
Z“Wrr/EEu

Fig. 11. Spectral luminosity of yy-collision.
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improves monohromaticity. With growth of o> collisions become
more and more monochromatic, since photons with higher energies
collide on smaller spot size and, therefore, contribute more to the
luminosity (at p?=0 all the energies are mixed). The dependence of
monochromaticity on p? is shown in Fig. 12,b. Polarization improves
monochromaticity approximately twice as much, while increasing x
from 4.8 to 20—by a factor 2.5. The dependence of the total lumi-
nosity on p? is depicted in Fig. 12,a. At 2P;A= —1 the luminosity is
higher than for unpolarized beams by a factor 1.5+2 at p?’> 1, and
as soon as monochromaticity is also better, then dL/dz is higher in
3-4 times. Increasing of x from 4.8 {o 20 leads to some drop of the
luminosity, but due to monochromaticity dL/dz is still higher at
x =20 twice as much. However, recalling, that at x> 4.8 the maxi-
mum conversion coefficient is 0.25, and L,,ock?*/(1 —k) (7.16), then
by this item it is also profitable to work at x<(4.8.

Let us find out the yy-luminosity at VLEPP for the scheme con-
sidered in the previous section, namely: Eo=1 TeV, £k=0.5,
b~4 cm, @=2-10"%cm, (i.e p?=1), N=2-10", j=10°. For

A

x—48 and 2Pa.= —1 we find out from Fig. 12,a, that:

Ly,=0.22-k*L.., where L. is defined by (10.2). From here
L,,=9-102® cm?s~'. For unpolarized beams the luminosity is smal-
ler by a factor 1.5. Similarly, for TLC (a=1.5-10""cm, 6=1.5"cm
(0?=1), N=1.4-10", [=3.600, we get L,,=28.10* cm—?s~"' and
19-108% em— 2%~ for 2PA= —1 and 0. Monochromaticity can be
found from Fig. 12,6. For p°=1 we have n,,~8% and 159 for
2P.h= —1 and O respectively.

Let us consider how the luminosity varies when the energy is
decreased from 1 to 0.25 TeV. If all is optimized, then according to
(7.16) the luminosity does not change. For VLEPP the optimization
at 0.25 GeV means a decrease of the distance b between the conver-
sion region and the i.p. and the normalized emittance both by a fac-
tor 4 (eq. (9.5)). With unchanged emittance the luminosity will
drop less than by a factor 4. For TLC the normalized emittance
does not depend on the energy (eq. (9.4), (9.13)).

One can, in principle, scan W, almost without loss of lumino-
sity using tunable laser, such as a FEL. For obtaining
W.,=0.5 TeV at Eo=1 TeV, wave length of 60 um is needed and
the energy of the flash is only 0.3 J at £=0.5 (as soon as o.=0y).
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Fig. I3 Sa— dependence ol the total ?y-ﬁnﬂinﬂsﬂy on p°,
' ' chromaticity on p’.
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1i. CHARACTERISTIC CROSS SECTIONS OF PROCESSES

Below some eiamples of reaction in ye- and yy-collisions at high

energy are given.

ve-collisions

reaction
ey =(1 —20) 6", ‘ : (11.1)

where A—spirality of electrons (1/2). I. e. by varying A one can
switch on or off this process. At S,e=40Eq>My

UJJ;!=4'F_]G—21{i ::mﬂ. “12]

W-boson travel mostly along the photon direction. This reaction is
sensitive to the anomalous magnetic momentum of the W-boson.

2. ye—~>Ze. «Single» Zo-boson production [28]. Just above thre-
shold the cross section has a maximum of 90-1073% cm? then falls

down by the low goc —InS . At S3>M3,

s — a6
Vs ol e e (11.3)

Sya(TeVh

and Zo-bosons travel at small angles to the electron direction. The
process is sensitive to anomalous Z-boson interactions.

Both these reactions can be used for a search for nonstandard
W- and Zo-bosons.

vy-collisions :

|. The total cross section yy—-hadrons does not fall with energy
and is approximately ~3-107* cm®. Reaction products travel predo-
minantly forward, as in hadron-hadron collisions. Many such events

per collision will take place. : -
2. vw>WTW[28]. At S> My, the cross section tends to

o —const=286-10"% cm?. The reaction allows one to investigate ver-
tices yWW, yyWW. The cross section is sensitive to the anomalous
magnetic moment of the W-boson.

3. yy=-HTH— (pair of scalars, charged Higgs, for example). At |

S>M;
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|. ye—>Wv. Single W-boson production [28]. Cross section of the .; k

2na’ e 2

e BT g e i — , .CIT" . 11.4
R o o

WL s e

Note, that o,,_.4+y-=060,+, ..+, (only electromagnetic produc-
tion)

4. yy—>L*L~ (pair of leptons). At S>M?
dne’ i S S 5. 1037 5

~3n— 0 4,y -~ ——————, LBl
S 4M: T T

ﬁﬂ‘rv. + + S B et

We see, that for standard electrodynamic processes 3, 4
Oyy/ Opte-~3 6.
9. yy—>Ho (neutral Higgs). Full width of Ho [29] at M, >My

3GMS,

Pm! ST

—=0.5 M3, (TeV), TeV (11.6)
lﬁrr;\E HI: )

and account for ~0.1M, at M,;=0.5 TeV. Two photon width is
equal [30]

2 9 ?
Fhes e ( ‘I ) GMu_ —0.45 M2 (TeV), MeV . (11.7)
25 8ry/2

At resonance maximum

hsnli prslgEeE ey
Ouoi e = = —— , cm®, 11.8
A T UMD ME(TeV) : Qig)

that is 3-107* e¢m® at M,=0.5 TeV. This formula works, when
nw<<I'/M, i. e. at M,=> 0.5 TeV. For smaller M, the effective cross
section will be
SN e e
R dEL R R

~3.10~% cm?. (11.9)

In thirty percent of the cases, Ho decays into Z¢Zo. This mode has
the best condition for a search of Hy, as it dominates in yy—ZoZo.

~ The number of events per 10”s (1/3 of a year) at Ly,=5-10%
and Ly==5-102cm™ %7 at Eq=1 TeV is given in Table 3. For a
reaction yy—>Ho (M=0.5 TeV/c?) L,,=2-10" is taken, due to

" lower energy (see remarks at the end of Sect. 10).

It can be added, that Higgs production occurs via a loop with a
W-boson. If it is a composite particle, then I'yy, may be larger by
many orders [31, 13]
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Table: 3
Process Number -of evenls
' /
ye— W 2.5-10°
ve—Zye 1.5-10°
W WTw- 2108
vw—HTH- 1.5-10°
=L tL- 5-10°
'W,?—*Hn 500
CONCLUSION

Principal problems of yy and ye colliding beams at linear colli-
~ders have been considered.

Special attention was devoted to beam collision effects, restric-
ting luminosity. For yy-collisions there is only one principle collision
effect — coherent pair creation by photons in the field of an opposing
bunch, deflected after passage of the conversion region. For planned
one TeV colliders the restriction arises only at Ly,> 10**em™?s™',
which exceeds the attainable L,+.-.

In ye-collisions, the decisive effects are coherent pair creation by
the photons in the field of main electron beam and beamatraﬂung
losses of electrons in the field of opposing beam deflected after con-
version. At the same colliders L. is restricted by these eifects to the
level <5-102cm—%~!. For detailed exploration of ye-physics in
the TeV region such a value of luminosity is not enough, but for Eo
of-a few hundreds GeV it is good enough, since with a decrease of
energy the cross sections and limit on luminosity grow (7.39),
(7.36).

Removal of particles from conversion and interaction regmns
can be done in the simplest way using the «crab» scheme with the
crossing angle of 10 mrad.

The nnrmahz.ed emittance of the eiectrnn beam has tn be

ne~10"%cm-.rad and Eny-::’_[} leay.

For obtaining conversion coefficient £=0.5 the laser with flash
energy of about 2 J and time duration of 10 ps is required. Opti-
mum wave length A=4.5-E (TeV), um. It is desirable to have a

tunable laser, FEL for example, in the range 150 pm.
: . 92

Taking into account all limitations of principal and technical
character, the L,, possible at designed colliders is of the order of
(0.5=1)-10* cm~2s~'. The processes which can be studied here are
not less interesting, than those proposed in e™e™ -collisions.

This opportunity undoubtedly has to be taken into account in the
design of future linear colliders.

I am very grateful to [.F. Ginzburg, G.L. Kotkin, V.G. Serbo for
joint work on principles of the method, to P. Chen for cooperation
on coherent pair production and also to V.E. Balakin, P.M. Ivanov,
I.LA. Koop, A.A. Mikhailichenko, V.V. Parkhomchuk, A.N. Skrinsky,
N.A. Solyak, A.A. Zholents for helpiul discussions.
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