


1 Introduction

It was realized in the beginning of the 80s that peculiar feature of the future generation
ete™ linear colliders, namely that bunches are used only once, reveals a possibility to
construct high luminosity photon linear collider (PLC). Tt was proposed to generate high
cnergy photon colliding beams by means of the Compton backscaticring of laser light on
electron beams of the linear collider [1]. When taser light intensity is rather large, then
significant fraction of electrons scatters the laser photons which enables one to obtain
high lumin.osity colliding gamma quantuim beams. '

There are a lot of technical problems to be solved prior the constructing of future linear
colliders. To construct the PLC on the base of the linear collider, one more problen should
be sblved; namely that of a laser with sufficient parameters: peak output power about 1
TW, pulse duration of an order of several picoseconds and repetition rate of an order of
several hundreds cycles per second. It is ]i]_(c*.]y that the laser should be tunable, so as an
optimal wavelength range depends on the collider energy and spans from the infrared up
to UV ranges [2]. 'The laser pulse should be synchronized precisely with respect to the
electron pulse with accuracy of an order of ane picosecond. Finally, to provide a more
reach program of physical experiments, the laser should provide a possibility to steer the
polarization of the laser light. Analysis of the state of art with conventional lasers shows
that there are unsolvable technical problems to achieve the required parameters. It is
evident now that the only candidate for the PLC laser is a free-electron laser (FEL).

When considering the FEL as a source of primary photons for the PLC, one should
pay attention at several evident advantages of the FEIL. against conventional quantum
laser. Indeed, the FEL can provide a high efficiency, it is tunable and capable to generate
powerful coherent radiation which always has minimal {i.e. diffraction) dispersion. A
driving accelerator for the FEL may be a modification of the main linear accelerator,
thus providing the required high repetition rate. At a suflicient driving electron beam
quality, the FEL peak output power is defined by the peak power of this driving‘beam.
At the electron beam energy £ ~ 1 GeV and the peak beam current 7 ~ | kA, this power
achieves a TW level. One should remember that the laser and electron beams should
be synchronized with a high accuracy at the conversion point {timing jitter should be of
an order of ane picosecond), This problem scems to he unsolvable for powerful quantum
lasers, but it may be solved by standard methods for the FEL so as it is totally based on
accelerator technique. There is another decisive factor in favor of the FEL choice. When
performing physical program at the photon colliding beam facility, it will be necessary to
steer the helicity of colliding beams. This problem seems to be unsolvable with quantum

lasers, while the FEL output radiation is totally polarized: circularly or linearly for the



case of helical or planar undulator, respectively. Use this feature of the FEL radiation
together with the possibility to use polarized electron beams, reveals wide possibilities to
steer the helicity and energy spectrum of colliding gamina quantums. '

We should notice, howéver, that there is one visible disadvantage of the FEL, namely
that it should be rather bulky device. As we will show below, the FEL for the PLC
requires separate linear accelerator with energy about 1 - 2 GeV and the total length of
the FEL system is of an order of several tens of meters. Nevertheless, comparing the FEL
systemn dimensions and cost with the overall dimensions and cost of the linear collider,
one can obtain that the FEL equipment will constitute only small fraction of total linear
collider equipment.

For the first time an idea o use the FEL in the PLC scheme was praposed in ref. [3].
At that time a conceptual project of 2 x 50 GeV PLC was under study. The project was
based on the paraincters of the first VLEPP project [4]. Tt was assumed to use the beam
of the main linear accelerator at the intermediate phase of acceleration (€ = 10 GeV, I =
5 kA) as the driving beam for the FEL amplifier (undulator period A, = 20 cm, undulator
field H, = 20 kG and vndulator length L = 40 mi} operating in a superradiance mode.
OQutput radiation with the wavelength A = 0.4 pn and peak power about 2.5 x 10'' W
was obtained at the undulator exit. Then the optical beam and the electron beam were
separated and the latter was accelerated up to the final encrgy 50 GeV. At the conversion
point the optical beam was focused on the electron beam. Conversion eﬂiciency n~T0%
has been obtained resulting in the luminosity L., ~ 4 x 10°! em~%s~1,

Analyzing the approach proposed in ref. [3], we may conclude that it was a basic one
in the main details. 1t was a right choice of the FEL amplifier configuration for use in
the PLC design. Presented in ref. [3] numerical estimations of the FEL amplifier output
paramcters are in good agreement with the present-day numerical simulations. Moreover,
the idea to use the beam of the main linear accelerator as the driving beam for the FEL
amplifier may be of use for constructing relatively low energy photon colliders (£,,,. < 200
GeV).

Since that time significant experience in the field of linear collider design was accumu-
lated by powerful tesearch groups from SLAC, KEK, Novosibirsk/Protvino, CERN and
DESY. Successful operation of the first lincar collider SLC at Stanford has shown that it
1s quite feasible to build at the beginning of the next century a linear collider of TeV range
[5]. Almost all leading accelerating centers develop national projects of such a collider:
NLC/TLC (SLAC, USA), JLC (KEK, Japan), VLEPP {Novosibirsk/Protvino, Russia),
CLIC (CERN) and DLC (DESY, Germany) [6]. On the other hand, it was realized by
the physical community that the PLC may serve as a unique tool to study matter in the

energy region 0.2—2 TeV, For instance, PLC may serve as a Higgs boson factory providing

-

a branch of the Higgs bosou production -y — H. Even in the case when Higgs boson will
be found at another type of accelerator, its propertics may be studied in details only at
the photon linear collider [7].

During last decade the FEL reputation have achieved an appropriate level, too. The
main principles of the FEL operation are widely known now, A possibility to increase
the FEL amplifier efficiency was demonstrated experimentally, an efficiency ~ 30 % was
achieved [8]. Successful experiments with the FEL amplifier operating in the infrared
wavelength range have been performed [9]. _

Thus, nowadays there is an urgent necessity to consider once more the problem to
construct the FEL based PLC.

In the present paper we will not touch the general problems of the linear collider
design and will consider the problems of the optimal choice of the FEL configuration
and problems of optimal conversion of laser photons to high energy photons. Here we
should note only that there are some peculiarities of the PLC which should be taken into
account at a design stage of the linear collider. First, there is no need in positrons for the
PLC operation, so injection system may be simplified and optimized for the PLC mode of
operation. Second, there is no need to produce flat electron beams and round beams may
be more preferable. Third, a single bunch mode of operation (as accepted in the VLEPP
project) is more preferable to reduce requirements on the FEL systemn parameters.

The paper proceeds as follows. In section 2 we study the problem of the optimal
focusing of laser radiation on the electron beam and discuss the problem to calculate
the luminosity of colliding vy beams. In sections 3 and 4 we study the problem to
construct the FEL for the PLC. We suppose that the optimal FEI, configuration for the
PLC application is a two-stage FEL scheme consisting of a tunable FEL master oscillator
(peak power ~ 1 —10 MW) as the first stage and the FEL amplifier with tapered undulator
(peak output power ~ 1 TW) as the second stage [10, 11]. Though our paper does not
pretend to be universal with respect to the choice of the FEL parameters, nevertheless,
as we show below, there is no a wide possibility for optimization of these parameters,
almost all of them have to be chosen simple. To give the reader a more full notion
about the range of the FEL parameters required, we illustrate our consideration with
numerical examples for the PLC schemmes with the center-of-mass energy 0.5, 1 and 2
TeV, respectively. Requirements on the parameters of the FEL system (i.e. on energy,
current, emittance and energy spread of the driving electron beam, parameters of the
undulator etc.) are formulated. It is shown that construction of such a FEL system is
quite possible at the present level of accelerator technique R&D.

All the numerical results of the FEL amplifier simulations, presented below, are ob-
tained with the FS2R computer code package [12, L3].



2 Obtaining of colliding vy beams

The most optimal way to produce high energy v - quantums is the Compton backscat-
tering of the laser photons by the high energy clectrons [2]. The frequencies of the incident
and scattered photons, w and w,, are connected by the relation {in the small-angle ap-

proximation):
- & , (1)
1+ x + 762

where § is the scattering angle, ¥ = 4vhw/m.c?, m, and £ are the electron mass and
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energy, respectively, and v = £/m.¢? is relativistic factor.

Focusing of laser beam

To-abtain an effective conversion of the primary laser photons into the high energy
photons, the laser beam should be focused on the electron beam. It may be performed,
for instance, by means of a metal focusing mirror (see Fig.1). Electrons move along the
z axis and pass through the mirror focus §. To calculate the conversion coeflicient, it
is necessary to find the distribution of the optical field intensity in the foeal spot. We
assume the focus distance and aperture of the focusing mirror to be F and «, respectively.
All the calculations will be performed using paraxial approximation, i.e. it means that
the angle of incident laser beam o with respect to the mirror normal and f,,,, =~ afF are

much less than unity.
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Figure 1: Plioton collider scheme

First we consider the case of infinitely long laser pulse. To be concrete, we assume the
laser radiation to be circularly polarized. Electric ficld of the laser electromagnetic wave

is presented in the following complex form:

E, +iB, = E(z,y,2) exp[i@(z/c -]
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In axisymmetric case, the expression for the optical field distribution on the mirror surface

may be written in the form:

E(I’ Y, Z)L’:F = E‘D(r)=

where r = (2? 4+ y?)/2 (it is assumed that tle coordinate system origin is placed in
the geometrical focus of the mirror). Thus, using Huygens-Fresnel integral, one can find

distribution of the optical field in the focus vicinity [14]:

E=|E(z,r)] =

.:L;J Df Eq(p)do(vp) exp(~1up®)pdp), (2)

where v = wrfef and v = wz/2cF?. Let us perform physical analysis of this expression.

When the optical field intensity on the mirrar surface is uniform one:

Eo(r)=A=const at O<r< a, (3)

then intensity distribution in the focal plane 7(0,+) is given with the expression:

v N2
100,7) = [E(0, 1)[2/Are = IO[M] , (@)
At
where fo = A%wa®/2 is the optical field intensity in the geometrical -focal point and

ta = wafcl’. It is seen from expression (4) that the optical field intensity takes the first

zero value at v,r = 3.88, i.e at

r = 3.88¢F fwa. (5}

and more than 80% of the total optical power is passed inside the first diffraction maxi-
mum.

The distribution of the optical field intensity along z axis is given with expression:

1(z,0) = L2 sm(ua®/2)/ua’]’. (6)

The optical field intensity takes its first zero value at the distance

z = tdreF* fwae® (M)

from the geometrical focus of the mirror. So, simple plysical estimations show that

characteristic dimensions of the region with strong optical field are od the order of:

r < delfwa, |z} < dwreF? fwa’, (8)



When calculating the conversion efficiency, we assume transverse electron beam size

at the conversion point op to be small with respect to the laser beam spot size :

or € (deFfway)?. 9

where ag is the characteristic size of laser beam on the focusing mirror. So, when calcu-
lating the probability of the Compton scattering, it is sufficient to take into account the
variation of the optical field amplitude along the z axis only, When the electron transverse
motion in the field of incident electromagnetic wave is nonrelativistic:
e
mict

the probability P of the electron scattering by the incident optical beam is given with the

|E*x? < 1, (10

expression [3]:

oo

P =1 — exp[— (20, /4x ) f |E(z, 0)%d2], an
where . aas . e 0
‘ + 4x + x
o =2z} [—In(l + x) — Wl +x)+ 5+ 77— 12
wrel Il +x) )+ * S (12)

is the total Compton cross section on unpolarized electrons and re = et/m.c’. Remem-
bering that the field of the optical beam is decreased quickly with the removal from the
focus (it vanishes almost completely at |2| > 4wcF2fwal), we calculate the integral in
expression (11) the limits —00 < z < co. Substituting expression (2) into expression {(11)

and using integral representation of the § function:

v 7
6(y)=§r-/exp(zky)dk,

we obtain:

f |E(2,0)|%dz = 2rw]p|éo(p)|2dp = dx W/, (13)
—00 a

where W is the total power of the optical beam. Thus, expression {11) for the probability

of Compton scattering takes the form [3]:

P=1—exp(-§), §&=2Wo./hc (14)

Let us point at the important feature of this result. Under the condition {9). the expression
for the probability of the Compton scattering (14) does not depend on the details of the

b

optical field distribution on the focusing mirror and is defined by the total power of the
laser beam. Applicability region of this result (sce relation (10)} imposes the following

restriction on the peak power of the laser radiation:
mich ]
et af (14 %)%

When deriving expression (14) we have assumed the laser pulse duration to be infinitely

W<

long. Nevertheless, this expression is valid for the case of approximately equal lengths I,
and I, of electron and laser beams. Taking into account expression (8) for axial dimension

of the region with strong optical field, we may conclude that it takes place when
L, > 4rcF?jwal, < . (15)

Spatial distribution of gamma quantums

All the above mentioned considerations are valid for an arbitrary value of parameter
X = 4vhw/m.c®. From practical point of view two situations are of interest: y < 1
and x > 1. The first one describes classical limit of the Compton scattering and has
been studied in detail elsewhere [15]. In this paper we will study the case of essentially
quantum region of the Compton scattering, ¥ 3 1, which is the most suitable to describe
the PLL of TeV energy range. So, in all the formulae we will assume that x > 1 and
7>

To calculate the luminosity of the colliding vy - beams, one should calculate spatial
and energy distributions of the secondary v - quantums p, (7, t). Differential cross-section

of photon on unpolarized electron is of the form (v » 1} [16]:
do, 2y} x? 21 + o)
PO (4 x AP+ 0 [+ x + 7202 1+ 422
When x > 1 and ?8% < x), this expression is reduced to:

do, 2rr?

7 (14770

When parameter x > 1, the electron energy after the first scattering is of the order of
£/x, so we can neglect the process of mwitiple scattering and the spatial distribution of
secondary gamma quantums may be written in the form:

do,, d.d0,

dW ﬁﬂevm x N

where the conversion efficiency ., (i.e. the total number of v - quantums produced by

the single electron) is equal to:



Pey = P =1 — exp{—§). {186)

Interaction region
The main characteristic of the colliding beams is the luminosity [ which is defined as
L= 2fNON® f PO, )07, 1)drdt, a7

where N1:2502) are the densities of the colliding beams (f pd#* = 1) and f is the collision
repetition rate. In the axisymmetric case, for the beams with the Gaussian distribution

of the beam density we have:

2 2 2
2a}(2) B E%Q]’ (18)

ay(z) = g {0}/ + z—;, (0} = ‘\/5,80/71-,

€ is the clectron beam emittance, o, is the width of the longitudinal distribution and Bo

PO, 2,8) = (22002 expl—

where

is the beta-function at the interaction point. Substituting expression (18) into expression
{17) we obtain:

s H
Lo = Mcxp(ﬂz)[l - \%fexp(—xz)dm], (19)

Beo,
where /f = fy/c..
To abtain colliding gamma-quantums, one should convert high energy electrons into

high energy gamma quantums (see previous section}. When the distance z, between

conversion point and interaction point is satisfied to the conditians:

oy Lz, 20 € ol (14 )2, (20)

aud the conditions of the optimal focusing (9] and (15) arc fulfilled, then 4 - quanturm

beam deusity becomes proportional to the electron beam density:

Nopy = ey Nepe(F,1),
and the luminosity of the colliding vy beams may be written in the form:
Loy == 7)':—)«Lze' : (21)

Integral luminosity is not an exhaustive characteristic of the photon collider. From the
practical point of view, the spectral luminosity, i.e. the fuminosity calculated per unity

frequency interval wy = | i of the colliding v - quantums, is of a significant interest:

B8

¥

o) dpt)

, (22)
dwﬁ,’) dwg)

u” (:)
L (1) p(2) fd“’"ﬂ / 7,
7"?";";"iz4fN_r NPy e drdt

where wp = Ywlw®, o = Wi fwmaz and W = wage = Ex /{1 +y). When the distance zg

between the conversion and interaction point is rather small:

{0) (0)
20 ¥ Te - 1% . ; (23)
H(w.,) \/‘] + x V wmer — wo

then the spectral density of secondary gamina quantums becomes proportional to the

electron density:

dpy o e do. Nepe(7,1), (24)
dw., o, dioy

where #(w,) is given with expression (1). Substituting expression (24) into expression

(22), one can obtain {3]:

dly, 2y In[l 4 2x(1 — »)]
“0dme T W T L 4 x(l — o)
where 1 = wo/wyay. It is seen from this expression that spectral luminesity has a sharp

maximum in the vicinity of (1 — ») ~ 1/x which is achieved at v ~ 1 — 1.3/x:

AL ey X :
~ 1.3 Lge R (26
w"(dwo)m Fbedary :

An application of the FEL as a laser for PLC reveals wide possibilities to steer the

- - (25)

polarization of the colliding photon beams. In the FEL amplifier, the polarization of the
amplified wave is defined by the undulator magnetic field configuration. For instance, in
the case of the helical undulator, the output FEL radiation is circularly polarized. As a
result, oue can easily steer the polarization of the colliding vy - beams.

Let us consider the practically itnportant case when the FEL optical beam is circularly
polatized and electron beam is unpolarized. In essentially quantum region, x > 1, the
differential Compton cross section averaged over final polarization states of electron is

given with the expression [3]:

do, rrik 2wy )]
dur, ~ X(E ~ i) [1 + Loni (1 X(€ — huw,)

At the given helicity of the optical beam £,,, the helicities of the backscattered -
quantums may take the values £1. As a result, the total luminosity may be presented
as a sum of partial luminosities corresponding to the different helicity combinations of

colliding v - quantums. In the essentially quantum region, ¥ 3 1, and at small distance

9



between the conversion and interaction point (see relation (23)), we abtain the following
expression for spectral luminosity [3):

dLyy 2 2x .
ke A (1) pl2 .
Wy leon ’?efyLeelngxf(V1£ 1‘5 ))1 . (27)

o L7 (20 _ :
where £01:2) = 5§p, }f,(r"z) are the products of the helicities of incident and seattered photons.

Function f(v,£1) £3)) is given with the following expressians:

1

1 k : 2k?
1,1 = YAy = amzli T : 142k
L _ 1 In{1 + 2k) 2k
fln,—1,-1) = (1+k)2[ T ——HH‘M_], (28)

where k& = y(1 — v], It is seen from the plats in Fig.2 that the photon collider may be

easily tuned ou the required partial luminosity maximum by steering of the FEL optical
beam polarization.
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Final remark

In conclusion of this section it should be noted that all the presented abeve formulae
refer to the case of the laser beam with ideal (i.e. diffraction limited) dispersion. In other
words, the phase volume of the laser beam was assumed to be of the order of radiation
wavelength A. In the case when the laser beam phase volume exceeds significantly this
value, the required laser power should be increased significantly to achieve a desired value
of the conversion efficiency. In connection with this we should emphasize that the phase
volume of radiation of powerful lasers usually exceeds by several tens of magnitude the
value of A. The main effect which determines the growth of the radiation dispersion is
fluctuations of the active medium refractive index due to thermal effects. Contrary to
this, the radiation of the FEL amplifier has always minimal phase volume because the

process of the field amplification develops in vacuum.

3 On a choice of the PLC parameters

In the present paper we study the case of the PLC of TeV energy range aiming the
goal to outline specific problems which will arise at the design stage of the PLC.

Main linear accelerator

There i3 no significant interdependence of the parameters of the key PLC systems: main
linear accelerator, optical system, conversion region and interaction region. It was shown
in the previous section that luminosity of vy beams is growing when the ee - luminosity
is growing. Nevertheless, when designing the PLC on the base of ete™ linear collider,
some peculiarities of the PLC should be taken into account. First, there is no need in
positrons for the PLC operation, so injection system may be simplified and optimized
for the PLC mode of operation. We suppose that the injection system based on a pho-
toinjector technique will be the most appropriate. The photoinjector technique has been
developed intensively during last years, mainly due to the needs of the FEL technique.
Significant achievements has been obtaired in this field, For instance, constructed at the
Brookhaven National Laboratory photoinjector electron gun provide the electron beam
with the normalized brightness B, =~ 8 x 10° A em™rad™? (B, = [/, where T is the
beam current) and pulse duration ~ 5 ps. Cathode lifetime of this gun was 700 hours
[17]. Significant experience in the development of the photoinjector technique has been
stored at SLAC and KEK, toc [6]. The results obtained reveal a possibility of application
of the photoinjector technique for the PLC constraction. Second, there is no need to

produce flat electron beams and round beams may be mare preferable. Third, a single

il



bunch mode of operation (as accepted in the VLEPP project [6]) is more preferable to

reduce requirements on the optical system parameters.

Table 1: Photon Linear Colliders of TeV Energy Range

2x0.25 TeV  2x0.5 TeV 2x1 TeV

Main linear accelerator

Electron energy &, TeV 0.25 0.5 1
Number of electrons in the bunch N, o 2x 10 2 % 1! 2 x 101!
Repetition rate f, Hz 150 150 150
Normalized emittance e,, cm-rad . T x 103 Tx 1073 7 x10-3
Electron bunch length o, cm 0.1 0.1 0.1
A - function at the interaction point Bo, cm 0.1 0.1 | 0.1
Lutninosity L., cm~2s~1 93 x10% 1.9x10% 3.7 x 109

Optical System

Laser power W, TW 03 - 0.3 0.3
Laser light wavelength A, pm 1 2 4
Laser beam spo-t size at the mirror ap, cm 2 2 2
Focus distance of the mirror F, cm 30 20 15

Conversion & Interaction Region

X parameter ' 4.75 4.75 4.75
Maximal energy of y-quantums, GeV 206 413 826
Conversion efficiency #,, 0.7 0.7 0.7
Distance z between CP and IP, em 3 5 8
Luminesity L., cm—2s™! 4.6 x 10 92 x10% 1.8x10%

To illustrate the further consideration, we present three conceptual variants of the
PLC with the center-of-mass energy 0.5, 1 and 2 TeV, respectively (see Table 1). The
electron-beams of the main linear accelerator are assumed to be round: (en)s = myza’ =~
(en}y 2 myyy’ and {Bo)s = (Bo)y = Bo-
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Optical system

The laser light wavelength is chosen to be close to the optimal value given by the

relation y =~ 4.8 which correspond to [2}:

Mpm) ~ 4.28(TeV). (29)

The key element of the PLC project is the optical system providing the required
parameters of the laser beam at the conversion point. For the numerical example we
have chosen the value of the laser radiation power to be W = 0.3 TW which results in
the conversion efficiency 7., =~ 0.7 and in the ratio L., /L. =~ 0.5, We should note that
luminosity of pamma beams is extremely sensitive to the value of the laser radiation peak
power. For instance, at W = 0.1 TW we obtain ., ~ 0.33 and L, /L. ~ 0.11. At
smaller values of W, the values of n,, and L,,/L. may be approximated with simple

formulae

Ney =~ 4 x W, Py Lee = 16 x W2,

where W 1s expressed in TW units. On the other hand, at larger values of W, conversion
efficiency quickly approaches to unity, for instance, at W = 0.6 TW we obtain n., ~ 0.9.
So, when optimal conditions of focusing may. be fulfilled, the value of W ~ 0.3 TW may
be considered as the required level of the lager radiation peak power.

Now we will show that the conditions of optimal focusing of the laser beam (9), (15)
and {20) may be easily fulfilled at reasonable parameters of focusing system. To simplify
these formulae, we assume the bunch length to be [, ~ 8, and distance z, between the
interaction and conversion peints to be much larger than I;. Under this approximations,

relation (20) imposes au upper limit on the value of zg:

fﬂﬂ‘ﬂ"
(14 x)

Using this relation together with relations (9} and {15} we find that the ratio F/aq must

zf, <

obey the following relation:

ey P B
Al +x) el T2
It s seen from Table 1 that all the conditions of the optimal focusing are achieved at

reasonable values of the focusing system parameters,
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Separation of electron beams

To avoid undesirable background due to collision of electron beams in the interaction
region, one should separate them. The required value of the transverse magnetic field
providing the separation of electron beams by 30,(0) = 3:/e.fofmy is given with the
expression;

0
H) ~ 1007 g ev)
2
In the case under consideration this results in the values of the magnetic field 11.6 kG, 9.9
kG and 8.7 kG for 2 x 0.25 TeV, 2 x 0.5 TeV and 2 x 1 TeVY collider projects, respectively
(see Table 1).

Free electron laser for the PLC

The problem of optimal choice of the laser for the PLC has been discussed in details
in ref. [15]. It was shown that the most optimal configuration of laser for the PLC is

two-stage free electron laser (see Fig.3).
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Figure 3: Two-stage FEL scheme for a photon collider

The first stage of laser is tunable FEL oscillator with moderate peak output power W ~
1 — 10 MW and the second stage is an FEL amplifier with tapered undulator providing
hecessary peak output power about of a TW level. Such a FEL configuration meets
all the requirements for the PLC lager. Indeed, it is based totally on the acceleration
technique providing natural matching of the optical system with the systems of the main

accelerator. For instance, the problem of synchronization of the laser and electron pulses
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is solved by means of standard methods used for accelerators. The radiation of the FEIL
amplifier is totally polarized and always has minimal, i.e. diffraction dispersion. At an
appropriate parameters of the FEL driving electron beamn, the required level of the FEL

amplifier output radiation power may be achieved.

FEL master oscillator

The FEL master oscillator should provide tunable radiation with output power above
the FEL amplifier noise. The effective value of the latter, as we will show below, is of
an order of several Watts. On the other hand, the FEL oscillators of infrared wavelength
range providing the output power W ~ 1 — 10 MW, are operating successfully nowadays
at many locations [18, 19, 20]. So, the problem of the FEL master oscillator seems to be

rather routine one.

4 FEL amplifier for the PLC

General remarks

A central problemn to construct the photon collider on the base of ete~ linear collider
will be the problem of the FEL amplifier with required parameters. Despite the fact
that the FEL reputation has achieved an appropriate level dﬁriug the last decade, devices
which meet the requirements for the PLC application have not been constructed yet. Let
us begin with the simple energetic estimations. To attain an output radiation power W,

one should use the driving beam with the following parameters:
T&je = Wiy, (30)

where [ is the peak beam current, £ is the electron energy and 5 is the FEL efficiency.
So, to attain the output radiation power W ~ 3 x 10" W at the FEL efficiency 5 ~ 6 %,
one should use, for instance, the electron bearn with the peak current [ ~ 2.5 kA and
the electron energy £ ~ 2 GeV. At the same time, the driving electron beam must be of
high quality, it should have low emittance and small energy spread.

Let us now perform a detailed analysis of an optimal FEL amplifier parameters choice.
In the case under consideration, the FEL amplifier operating in the 1 — 4 pm wavelength
range should be optimized providing an output peak radiation power ~ 3 x 10" W, Here
we find that there is no a wide region for an optimization of the driving beam energy
and current. Indeed, the electron beam energy of the order of two hundreds MeV js
desirable for a such FEL wavelength range. Nevertheless, such a choice results in the

peak current of an order of 10 kA. It seems a difficult task to construct an accelerator



with such parameters providing a high quality clectron beam. To attain a compromise,
we should fix our choice on the energy of an order of 2 (leV and the beam current of an
order of 2 kA,

Now we proceed with the choice of the FEL magnetic system parameters, namely
the undulator magnetic field H,, and undulator period A,. These parameters are not
independent and are connected with each other by the resonance condition:

A2 Aa/27 = Al + @424, (31)
where () = eH,, A, /2rmc? is the undulator parameter (here and below all the formulae are
written for the case of the helical undulator). We will show below that the increment of
radiation instability is defined with the electron energy &, beam peak current, I, radiation
wavelength X and electron rotation angle in the undulator #,, = /7. Here we obtain
that almost all the parameters, except the rotation angle 8,,, are already chosen. As for
the choice of the 8, value {or, to be more strict, of the undulator parameter {J value),
it should be chosen as large as possible. Thus, the only thing left to do is to maximize
the product H, A, keeping in mind that the resonance condition (31) must be fulfilled.
There are also other restrictions of technical matter on the values of H, and A,. For
instance, during the amplification process, the radiation spans in outer beam space due
to the diffraction. It means, that the undulator aperture should be made rather large to
avoid the radiation losses in the vacuum chamber walls. As a result, the required size
of the undulator aperture imposes technical restrictions on the values of Hy and X,. A
more detailed analysis shows that the values of H, ~ 10 — 15 kG and A, ~ 15 — 20 cm
are quite attainable.

Let us now to proceed with conerete numerical example. The parameters of the FEL
amplifiers corresponding to the conceptual projects of the PLC of TeV energy range (see
Table 1) are presented in Table 2.

In the case under consideration the FEL amplifier noise is defined mainly by random
fluctuations of the electron beam density and effective power of the noise signal at the

FEL amplifier entrance is given with the expression [3]:

W ~ elwy?9? e (32)
For the FEL amplifier parameters presented in Table 2, the effective power of shot noise
at the FEL amplifier entrance is equal to W,, ~ 2 W, so the chosen value of the master
oscillator power is much more than this value,

Energy spread and emittance of the dfiving electron beam

Analysis of the linear mode of the FEL amplifier operation enables one to impose

restrictions on values of energy spread and emittance of the driving electron beam. In
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lable 2: FEL amplifier parameters for the PLC

2x0.25 TeV  2x0.5 TeV  2x1 TeV

Electron beam

Electron energy &, GeV 2 2 2
- Beam current I, kA 2.5 2.5 2.5
Energy spread og/E, % 0.3 0.3 0.3
Normalized emittance ¢,, cm-rad 13x 1077 26x10°2 5x 102
Undulator ‘
Undulator period Ay, em (entr. fexit) 15 /12,9 2/ 112 20 /171
Undulator field H,, kG (entr./exit) 10.2/11.9 934 /109 132 / 15.44
Length of untapered section, m 1ty i5.6 14.0
Total undulator length, m 37.5 46.9 43.7
Radiation
Radiation wavelength A, jem 1 2 4
Input power W, MW 10 10 10
Output power W, TW 0.3 0.3 0.3
Efficiency n, % 6 6 6

Reduced parameters

Diﬂ'rac.l‘,ion parameter B 0.3 0.25 0.18
Energy spread parameter A2 0.1 0.1 0.1
Space charge parameter f\i 0.08 0.1 0.14
Gain parameter I, em™! 51x10™ 384 %1073 3.84 x 103
Saturation parameter f = A, I'/4r7 0.006 0.006 0.006

the linear high gain limit, the radiation of the FEL amplifier may be presented as a
set of modes. Each mode is characterized with the eigenvalue A and the eigenfunction

of the transverse radiation field distribution F(7). During the amplification process the

17



transverse field distribution of the mode remains intact while its amplitnde grows with
the length exponeutially with the increment equal to the real part of the eigenvalue. In

the case of axisymmetric electron beam with radins ro, the eigenvalue equation of the
TEMp, mode is of the form [12]:

,an-Q-l(Ju')I(n(g) = g‘]ﬂ(.lu')[(ﬂ-H (g)a (33)
where n is azimuthal index of the mode, g = —2BA, 4= -21’13/(1 —iﬁzb)—gz, A= AT

is the reduced eigenvalue,

B = F?‘S&J/C
is the diffraction parameter,
x v 252
Al = AT = 4c? f(whr20?)
is the space charge parameter, .

[ = {102 [(L a2yt

is the gain parameter, I is the beam current and T4 = m.c*fe. In the case of the Gaussian
energy spread, function [} is given by

D =i [eexpl-Ade — (A +iC)elet,
o
where

C = C/I = (2x /Ay, — w/24%c)/T

i1s the reduced detuning from the resonance of the particle with the nominal energy &,
Ap = ofu?/ (2 iERT?)
is the energy spread parameter and

o5 = [<(AE/EP> 498 < (02 42

is the width of the energy distribution. We assume the electron beam to be matched with
the magnetic system of the undulator which results in the following equilibrium radius ro
and angle spread (< (A@)%>)"/2 of the electron beam:

Fo = (ﬂwen/'r’r)l/?? {< (A0)2>)1/2 = '(En/’rﬂw'f)]n
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where 3, = ﬁ/\w/%rl?w is the beta-function of the electron beamn in the undulator.
Detailed analysis of the FEL amplifier operation has shown that the choice of the FEL
amplifier parameters, providing the amplification of the ground T E Mgy mode, is the most
appropriate with respect to attaining of maximal increments and reducing sensitivity to
the energy spread [12]. Moreover, the transverse field distribution of this mode is optimal
with respect to the problem of laser beam focusing on the electron beam atb the conversion

point. So, we consider below the FEL amplifier tuned to amplify the ground 7' £ My, mode.

0.0 . R S P . i
2 3
log(e/&0)

Figure 4: Dependency of the FEL amplifier increment on emittance (¢ = 10~ %cmx rad):
(1) - 2 % 0,25 TeV variant; {2) - 2 x 0.5 TeV variant; (3) - 2 x 1 TeV variant

Analysis of the eigenvalue equation (33) enables onc to trace the dependenece of the
increment on the values of emittance and energy spread of the electrons in the beam.
Fig.4 presents the dependencies of the reduced increment versus the beam emittance.
It is seen from these plots that there is a region of optimal values of emittance when
increment aclicves its maximal value. At larger emittance there is drastical drop of the
increment due to the large spread of the longitudinal velocities of the beam electrons. At
stall emittance values, a decrease of increment is connected with the growtl of the space
;:llarge fields, so as transverse size of the matched electron beam is decreased while the
beam emittance is decreased. The behaviour of increment in the intermediate region is
defined with diffraction effects due to the change of the transverse size of matched electron
beam. One can find from Table 2 that for the numerical examples we have chosen the

values of the emittance which are slightly larger than those optimal given by plots in
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Fig.4. The real reason of such a choice is based on the results of the overall optimization
of the undulator length. Indeed, when one uses the electron beam with the emittance
providing maximal-increment in the linear mode of operation, this make it possible to
reduce the length of this p'mt of the amplifier. Then, at the nonlinear stage of the FEL
amplifier operation, one should trap a significant fraction of electrons in the regime of
coherent deceleration to obtain a high efficiency. Numerical simulations have shown that
in this case the action of the space charge ficld forces to provide a more slow undulator
tapering, which results in a more larger undulator length. An experience obtained on
the base of numerical simulations has shown that one should choose such a value of the

emittance which results in the value of the space charge parameter Az <0.L

1.0

6E—-3 8E-3

A

oo0——m—r———
0EO 286—3 4E-3
g/ E

Figure 5: Depeundency of the FEL amplifier increment on energy spread: (1)-2x025
TeV variant; (2} - 2 x 0.5 TeV variant; (3) - 2 x 1 TeV variant

Another important factor influencing significantly on the FEL amplifier operation is
the energy spread of the electrons in the beam. The plot presented in Fig.5 presents
the dependence of the increment on the energy spread. It is seen that increment visibly
drops at A£/E 2 0.3%. Nuwmerical simulation of the nonlinear mode of the FEL amplifier
operation have shown that the final FEL efficiency drastically drops when the energy

spread exceeds this value,

2

Optimization of the undulator length and the FEL amplifier out-
put characteristics '

To attain minimum of the undulator length, one should provide an optimal focusing
of the master oscillator radiation on the electron beam at the undulator entrance. It is
natural to assume that the radiation from the master oscillator has a form of the Gaussian
laser beam:
2i(z — z(])raw/é — riuwlu? e

4z — 2)? + whwtje?
(34)

where wy is size of the CGaussian beam waist and zo 1s ils coordinate. A criterion of

g2
—1Fywiw/c

Fe+1iE, = expl—iwt +1(z — zp)iw/c +

T2z — 29) — dwdw/e

optimization consists in such a choice of wy and zo which provides maximal preexponential
factor for the ground symmetrical T E My, bean radiation mode. This problem has been
studied in details in ref. [12} using the solution of the initial-value problem. It was found
that the results of optimization do not depend significantly on the value of 2y and it may
be chosen equal to zero. The plot in Fig.6 presents the dependence of the optimal valye
of wg on the beamn diffraction parameter . So, during numerical simulations we have

assumed the input radiation to be optimally focused on electron beam.

8.0

pt

(Wo/ro)o

-2 -1 0 1
1g(B)

Figure 6: Dependency of the optimal value of the Gaussian beamn waist on the beam
diflraction parameter

During the process of the radiation amplification the electrons fose their energy which

leads to desynchronism of the electrons an the electromagnetic wave. In the case of the
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undulator with the fixed parameters these results in a situation when at some undulator
length the most fraction of electrons shifts to an accelerating phase of the ponderomotive
well and the electron beam begins to take off the energy from the electromagnetic wave.

The radiation power at the saturation is of an order of [13]:

Wit ~ BEol [e, ' (35)

where
8= AT fdx. (36}

Usually the gain length I, = /T is much more than the undulator period which results

in a low saturation efficiency
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Figure T: Output FEL amplifier power versus undulator length (1)-2x0.25 TeV vana.nt
(2) - 2% 0.5 TeV variant; (3) - 2 x 1 TeV variant

For the FEL amplifier parameters preseuted in Table 2 the saturation efficiency pyq ~
0.6 % which is about 10 times less than the required level 7 ~ 6 %. The method of
the FEL amplifier efficiency increase by the undulator parameters tapering is a widely
known one (8, 21, 22]. There is a lot of possibilities of undulator tapering and here we
have chosen for numerical example only one of them, namely the undulator tapering at
the constant undulator parameter . We have performed a set of calculations to obtain
optimal conditions of the tapering. As a result, a linear law of tapering has been chosen.
Fig.7 illustrates the dependencies on the undulator length of the FEL output power. It

is seen that the required level of the radiation power is achieved at the undulator lengths
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L ~ 40 m. A phase analysis shows that about 75 % of the electrons trap in the regime of

coherent deceleration.

1.0

E(r)/5(0)
o

0.0 0.5 1.0 1.5 2.0
r, cm

Figure 8: Radiation field distribution versus radius at the FEL amplifier exit: (1) - 2x0.25
TeV variant; (2) - 2 x 0.5 TeV variant; (3) - 2 x 1 TeV variant

The transverse distributions of the radiation field amplitude at the undulator exit
are shown in Fig.8. This plot enables one to impose restriction on the vacuum chamber
radius, it should be about 2 cm.

Fig.9 presents the dependencies of the FEL amplifier output power on the reduced
detuning €' = C/T = (28 /Aw — w/2y2c)/T. This plot enables one to find restrictions on
the values of systematical drifts: frequency of the master oscillator Aw/w = 243 - AC ;
energy deviation AE/E = #- AC ; undulator field AHHy = (1 + Q%) - AC/Q? (here
the reduced bandwidth of the amplifier AC is determined by the requirements on the
stability of the output power level). It is seen from the plot in Fig.9 that systematical
drifts ~ 1 % of the above mentioned parameters do not influence significantly on the FEL

amplifier output power.
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Figure 9: Output FEL amplifier power versus detuning; (1) - 2x0.25 TeV variant; (2) -

2 x 0.5 TeV variant; (3) - 2 x 1 TeV variant
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Figure 10: Output FEL amplifier power versus input power: (1) - 2 x 0.25 TeV variant;

(2} - 2% 0.5 TeV variant; {3) - 2 x 1 TeV variant
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Experience obtained at the existing FEL oscillators has shown that there takes place
a problem of amplitude stability of the output power I18]. So, when using the FEL
oscillator as the master oscillator for the FEL amplifier, one should analyze the problem
of the sensitivity of the FEL amplifier output power to the fluctuations of the input
signal power. Fig.10 presents such dependencies. It is seen from the plots that the FEL
amplifier output power is rather stable with respect to the fluctuations of the input signal
amplitude.

To take a right choice of the driving electron beam pulse duration, one should take into
account the slippage of the electron beam with respect to the amplified electromagnetic
wave. So as this slippage is equal to the radiation wavelength at each undulator period,
then the electron pulse length should be larger than the required laser pulse duration hy
the value AL/A,,.

It should be noted that the electrons, moving in the undulator, radiate incoherent
synchrotron radiation, too. This process results in additional losses of the electron energy
and increase of the energy spread of electrons in the beam due to the quantum fluctuations
of radiation. In the numerical examples presented this effect is negligibly small and should

not be taken into account.

5 Summary

Let us summarize some problems of technical realization of the FEL based photon
linear collider of TeV energy range.

There is no significant interdependence of the parameters of the key PLC systems:
main linear accelerator, optical system, conversion region and interaction region. Never-
theless, when designing the PLC on the base of e*e~ linear collider; some peculiarities of
the PLC should be taken into account. First, there is no need in positrons for the PLC
operation, so injection system may be simplified and optimized for the PLC mode of op-
eration. We suppose that the injection system based on a phofoinjector technique will be
the most appropriate. Second, there is no need to produce fat electron beams and round
beams may be more preferable, Third, a single bunch mode of operation (as accepted in
the VLEPP project [6]} is more preferable to reduce requirements on the optical system
parameters.

The key element of the PLC project is the optical system providing the required
parameters of the laser beam: radiation wavelength A ~ 1 — 4um, peak output power
W ~ 3 x'10" W at minimal (i.e. diffraction limited) dispersion, pulse length of the
order of several picoseconds, repetition rate about several hundred cycles per second. It
is desirable that the laser for the PLC applications should produce polarized radiation.
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The most optimal configuration of laser for the PLC is two-stage free electron laser
(see Fig.3). The first stage of laser is tunable FEL oscillator with moderate peak output
power and the second stage is an FEL amplifier with tapered undulator. Such an FEL
configuration meets all the requirements for the PLC laser. It is based totally on the
acceleration technique providing natural matching of the optical system with the systems
of the main accelerator. For instance, the problem of synchronization of the laser and
electron pulses is solved by means of standard methods used for accelerators. The radi-
ation of the FEL amplifier is totally polarized and always has minimal, i.e. diffraction
dispersion..

The problem of the FEL master oscillator seems to be rather routine one: the FEL
oscillators of infrared wavelength range providing the output power W ~ 1 — 10 MW, are
operating successfully nowadays at many locations [18, 19, 20].

A central probiem to construct optical system is the problem of the FEL amplifier.
The driving electron beam for the FEL amplifier should provide (E~1-2GeV, [~
1 -2 kA, en ~ 3 x 1072 cmxrad. Undulator of the FEL amplifier should have period
Aw ~ 10 — 20 cm and peak magnetic field £, ~ 10 — 15 kG,
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