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Abstract

This paper presents analysis of a possibility of constructing a high power ultraviolet free electron
laser at the TESLA Test Facility at DESY. Proposed facility consists of a tunable master oscillator
(Pav ~ 10 mW, Ppear ~ 10 kW, A ~ 200 — 350 nm) and FEL amplifier with tapered undulator.
The average and the peak radiation power at the exit of the FEL amplifier are about 7 kW and
220 GW, respectively. Installation of suchk a facility can extend significantly scientific potential
of the TESLA Test Facility. UV free electron laser can be used for conmstructing a polarized,
monochromatic gamma-source with ultimate yield up to 10'? gamma-quanta per second with
maximal energy about 100 MeV. Intensive gamma-source can also form the base for constructing
the test facility for the TESLA positron generation system. Another accelerator application of the
proposed facility is verification of the main technical solutions for the laser and the optical system
to be used in the gamma-gamma option of the TESLA collider. Also, high average power UV laser
has perspective for industrial applications,
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1 Introduction

A 1 GeV superconducting linear accelerator being under construction at the TESLA Test
Facility (TTF) at DESY will produce electron beam with high average and peak power,
low energy spread and emittance. The main practical application of this accelerator is to
use it for driving the soft X-ray free electron laser [1, 2]. The scope of practical applications
of the TESLA Test Facility can be extended significantly with installation of additional
{ree electron laser operating at a longer wavelength, around 200 — 350 nm, but with much
higher average power, up to 7 kW.

In this paper we perform design consideration of a high power UV free electron laser at
the Tesla Test Facility. It is supposed to install an additional FEL beamline in the same
tunnel in parallel with the soft X-ray FEL. UV FEL will use the same electron beam as
an X-ray FEL, thus providing minimal interference between these two options. It will be
constructed as a Master Oscillator Power Amplifier (MOPA) scheme. Radiation from a
quantum laser (Poy ~ 10 mW, Ppeak ~ 10 kW, A ~ 200 — 350 nm) will be amplified in the
FEL amplifier with a tapered undulator providing peak and average output power up to
220 GW and 7 kW, respectively.

The laser with such ultimate parameters (tunability, high peak and average power) is
unique device itself and definitely will attract scientists from different fields of research.
In this paper we study in detail a possibility of constructing a high intensity, polarized,
monochromatic gamma-source with ultimate yield of gamma-quanta up to 10!? per sec-
ond. This value exceeds by five orders of magnitude parameters of the best gamma-sources
used for nuclear physics experiments at present.

One of the main problems to be solved prior construction of the TESLA collider is that
of the positron source. At present it is assumed to produce positrons in a thin target by
means of conversion gamma-quanta. Energy spectrum and temporal characteristics of the
proposed gamma-source are similar to those to be used in the TESLA project. Estimations
presented in the paper show that the yield of positrons from a target irradiated by the
gamma-beam will be about 5 x 10'? s™!. This value is high enough to perform the testing
of all key systems of the positron production system. It is shown also that the proposed
facility reveals unique possibility for experimental verification of a polarized positron
source for linear collider.

In the case of the gamma-gamma collider at TESLA there is no reliable technical
solution for a conventional laser system with required parameters, and free electron laser
system is considered now as a candidate for the laser. Parameters of the high power UV
FEL at the TESLA Test Facility and of the optical system of the gamma-source are very

close to those used in the project of the gamma-gamma collider. Successful realization
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Table 1. Parameters of the TTF accelerator

Energy 1 GeV

Meode of operation quas-CW
Repetition rate 10 pps
Macrepulse duration 800 us

Number of bunches per macropulse 7200 / 14400
Micropulse repetition rate 9 MHz / 18 MHz
Charge per bunch 1nC

Average power in the electron beam 72 kW [ 144 kW
Peak current 2.5 kA

Bunch length (RMS) 50 pm
Normalized emittance (RMS) 2 mm mrad
Energy spread (RMS) 1 MeV

of this project will serve as an experimental verification of a technical feasibility of the
gamma-gamma option at TESLA.
Finally, the high power ultraviolet laser beam can be used for a variety of industrial

applications.

2 Design considerations for the UV FEL

Taking into account high quality and high average power of the electron beam from the
TTF accelerator it seems to be reasonable to consider a possibility to use this beam for
driving a high power FEL amplifier operating in ultraviolet wavelength range. In this
paper we consider two options for such a laser. The first one uses untapered undulator of
13 m length providing the peak and the average output radiation power of 20 GW and
860 W, respectively. The second option assumes to install additional tapered undulator
which will allow to increase the peak and the average power up to the values of 220 GW
and 7.2 kW, respectively. To reduce interference with the soft X-ray FEL, it is assumed
to use the electron beam with the same parameters as for X-ray option (energy, current,
time structure, etc.). It seems to be reasonable to place the UV FEL undulator in the

same tunnel in parallel with the soft X-ray undulator (see Fig. 1).

laser master laser
radation UV FEL Batomw
B, =7kW undulator seed radiation o 10m

————e

Fig. 1. Scheme of the UV FEL at the
TESLA Test Facility

E=1GeV

UV FEL facility will be designed as MOPA scheme. Radiation from master oscillator
(Nd glass laser or dye laser) of a low peak and average power will be amplified in the FEL

amplifier up to the above mentioned values.
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Parameters of the TTF accelerator are presented in Table 1. All the numerical examples

presented in the paper correspond to the micropulse repetition rate of the accelerator of
18 MHz.

2.1 Master laser

In this conceptual design we assume to use conventional quantum generator as master
laser. The requirements to the master laser are relatively moderate with respect to the
required value of the peak power which should exceed the shot noise power in the electron
beam (of about 30 watts in our case). More severe requirement is that the laser time
diagram of operation should follow the time diagram of the accelerator. There exist two
types of lasers which can be used for this purpose. The most simplest way is to use 4 th
or 5 th harmonic of the Nd glass laser (A = 262 nm and 209 nm). In this case it is
necessary to install an additional! Nd glass amplifier which will amplify radiation from a
master oscillator of the photoinjection system. At the exit of the amplifier the radiation
will be converted into 4 th or 5 th harmonic. Peak power of the radiation will be about
5 kW within ~ 10 ps pulse duration. The problem of synchronization of electron and
laser pulses will be solved automatically since they use common master oscillator and
timing system. Average output power of the master laser for UV FEL is by an order of
magnitude less than the output power of existent laser for the photoinjector. When there
will be necessary to tune the radiation wavelength, dye laser system pumped by Nd glass

laser can be used.
2.2 FEL amplifier

Starting point of the design are the project parameters of the electron beam from the
TTF accelerator (see Table 1) [1]. Undulator period has been chosen to be equal to 7 cm.
At the operating wavelength of the FEL amplifier around 200 nm the peak value of the
magnetic field is about 1 T for the planar undulator and about 0.7 T for the helical
one. Main physical effects influencing the operation of the FEL amplifier in this region
of parameters are the diffraction effects, the space charge effects and the slippage effect.
Optimization of the parameters of the FEL amplifier has been performed with nonlinear,
three-dimensional, time-dependent simulation code S&D-3T which takes into account all
these effects [3]. The longitudinal profile of the electron bunch assumed to be Gaussian
with o, = 50 gm. Calculations have been performed for the planar undulator. In the case
of the helical undulator the output characteristics will be approximately the same at a

shorter undulator length.

FEL amplifier with untapered undulator. We start our study with the case of the FEL
amplifier with untapered undulator. The process of amplification starts from the seed
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Table 2. Parameters of the UV FEL with untapered undulator

Undulator
Type Planar
Period 7 cm
Maximal field 099 T
Length 13m
Beam size in the undulator (RMS) 83 pum

Radiation
Wavelength 200 — 350 nm
Dispersion Diffraction limited
Spot size at the undulator exit (HWHM) 140 ym
Angular divergence (HWHM) 0.18 mrad
Pulse duration {FWHM) 250 fs
Repetition rate 10 pps
Macropulse duration 800 us
Number of pulses per macropulse 14400
Micropulse repetition rate 18 MHz
Peak cutput power 20 GW
Average power 860 W
Efficiency 0.6 %

signal of the master laser with peak power of 5 kW. Saturation power and saturation
length depend on the tuning of the FEL amplifier. In Fig. 2 we present the dependence
on the wavelength deviation from exact FEL resonance of the energy in the radiation
pulse for different lengths of the undulator. It can be simply rescaled to the case of the
energy deviation from resonance value as AE/E = AA/2). 1t is seen from this plot that
the energy in the radiation pulse can be increased by an increase of the undulator length
and an appropriate tuning of the FEL amplifier parameters (by means of tuning the seed
signal frequency, or the energy of the electron beam). We fix our choice with the length
of the undulator of 13 m. General parameters of the UV FEL with untapered undulator
operating at the saturation are presented in Table 2. Total energy in the radiation pulse at
the undulator exit is equal to 6 mJ, pulse duration is about 250 fs, and the peak and the
average power are about 20 GW and 860 W, respectively (see Fig. 3). Radial distribution
of the radiation intensity at the undulator exit and the directivity diagram of the output
radiation in far zone are shown in Figs. 4 and 5. Energy spread of the electrons at the
exit of the undulator is about 1 % (see Fig. 6).

Fluctuatjons of the electron beam and the master laser parameters (energy, charge in
the bunch, power of the master laser) will lead to the fluctuations of the output power of
the FEL amplifier. Sensitivity of the FEL amplifier operation to the fluctuations of the
energy of the electron beam can be obtained form the plots presented in Fig. 2 (by means
of recalculating the wavelength deviation into the energy deviation as AE/E = AA/2)A).
Sensitivity of the FEL amplifier operation to the fluctuations of the bunch charge and to
the fluctuations of the input laser power is illustrated with Figs. 7 and 8. Expected relative
fluctuations have the following values: of about 0.1 % for the electron energy, of about

10 % for the bunch charge, and of about 10 % for the input radiation power. Analysis of
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Fig. 2. Dependence on the wavelength de-
viation from exact FEL resonance of the
energy in the radiation pulse produced by
the FEL amplifier with untapered undu-
lator. Curves 1, 2 and 3 correspond to the
undulator length of 13 m, 14 m and 15 m,
respectively

Fig. 3. Time structure of the radiation
pulse produced by the FEL amplifier with
untapered undulator (curve 1) and of the
power loss in the electron bunch (curve
2). Dashed line is the longitudinal profile
of the electron bunch (maximal value of
the beam current is equal to 2.5 kA)

Fig. 4. Radial distribution of the radia-
tion intensity at the undulator exit for the
FEL amplifier with untapered undulator
operating at the saturation
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Fig. 5. Directivity diagram of the radia-
tion intensity in far zone for the FEL am-
plifier with untapered undulator operating
at the saturation

Fig. 6. Energy distribution of the elec-
trens at the exit. of the FEL amplifier with
untapered undulator operating at the sat-
uration

Fig. 7. Dependence of the energy in the
radiation pulse on the bunch charge for
the FEL amplifier with untapered undu-
lator
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the output characteristics of the FEL amplifier shows that it will operate reliably within

significant safety margin at expected fluctuations of the electron and input laser beam.

High power FEL amplifier with tapered undulator. Saturation of the radiation power in
the FEL amplifier occurs due to the energy losses by the particles which fall out of
the resonance with the electromagnetic wave. Nevertheless, effective amplification of the
radiation is possible in the nonlinear regime by means of using tapered undulator [5, 6, 7].
It has been demonstrated in the microwave FEL amplifier with extraction efficiency 34 %
[8]. In principle, high efficiency can be also achieved in the FEL amplifier operating in
the visible or UV wavelength range. There are no principal physical limitations — the
larger undulator length, the higher efficiency can be achieved at an appropriate undulator
tapering [4]. Calculations based on the steady-state theory shows that at the length of the
undulator of 30 m, the efficiency of the UV FEL amplifier at the TESLA Test Facility can
reach the value of 10 %. Nevertheless, at such a length of the undulator one should take
into account the slippage effect. For instance, at the undulator period equal to 7 ¢m and
the radiation wavelength equal to 200 nm, kinematic slippage of the radiation with respect
to the electron bunch is about 90 ym which is comparable with the length of the electron
bunch, 20, ~ 100 pm. So, steady-state approach can be used only for rough estimations,
and parameters of the FEL amplifier should be optimized using time-dependent approach.

Optimized parameters of the FEL amplifier are presented in Table 3. The length of
untapered section of the undulator is equal to 12 m. The field in the tapered section
is reduced by a linear law from 0.99 T down to the value of 0.87 T at the end of the
undulator of 28 m. Figure 9 presents evolution along the undulator length of the energy
in the radiation pulse. In Fig. 10 we present the time structure of the radiation pulse at
the exit of the undulator. We obtain that the peak radiation power of about 220 GW
15 close to that predicted by the steady-state calculations. The duration of the radiation



Table 3. Parameters of the UV FEL with tapered undulator (high power option)
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Undulator
Type Planar
Period 7 cm
Maximal field (entr./exit) 099T /087T
Total length 28 m
Length of untapered section 12 m
Beam size in the undulator (RMS) 83 pm
Radiation
Wavelength 200 - 350 nm
Dispersion Diffraction limited
Spot size at the undulator exit (HWHM) 170 pm
Angular divergence (HWHM) 0.13 mrad
Pulse duration (FWHM} 230 fs
Repetition rate 10 pps
Macropulse duration 800 us
Number of pulses per macropulse 14400
Micropulse repetition rate 18 MHz
Peak output power 220 GW
Average power 7.2 kW
Efficiency 5%
507
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pulse is about 230 fs. The energy in the radiation pulse is equal to 50 mJ and conversion
efficiency (ratio of the energy in the radiation pulse to the energy in the electron pulse)
is equal to 5 %. Average power of the radiation from the FEL amplifier with tapered
parameters is equal to 7.2 kW. Analysis of the distribution of the beam power losses
along the electron beam (see Fig. 10) shows that the radiation is produced mainly by the
front fraction of the electron pulse which is a consequence of the slippage effect mentioned
above. On the other hand, one can see that actual slippage of the radiation pulse (about
30 pm) is significantly less than the kinematic slippage (about 100 um). This difference
is connected with the interaction of the radiation with the electron beam leading to the
dynamic change of the phase of the radiation field. As a result, group velocity of the
radiation pulse (Ow/dk) becomes to be less than the velocity of light. We see that this
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effect reveals the possibility to achieve high extraction efficiency even in the case of a

short electron bunch with respect to the kinematic slippage distance.
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Phase analysis of the particles shows that the electrons of the front part of the beam
are well separated into two fractions, of about 70 % of the electrons are trapped in the
regime of coherent deceleration (see Fig. 11). The electrons of the back part of the beam
fall out the regime of coherent deceleration due to the slippage of the radiation. In Fig. 12
we present energy distribution in the electron beam at the exit of the undulator. It is seen

that the energy spectrum of the spent beam is rather wide, of about 12 %.

5 L
] S
T S P
w i "
Tl
<
10}
[ Fig. 11. Phase distribution of the parti-
- cles in the middle of the electron bunch.
-15 ' - Total efliciency of the FEL amplifier is
0 /2 T 3n/2 2x equalto5%
¥

In Fig. 13 we present radial distribution of the radiation intensity at the exit of the
undulator. It is seen that there are long tails spanning up to the distance of 3 mm apart

from the electron beam. This is connected with diffraction effects. In the tapering regime
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the amplitude of the radiation field at the undulator axis almost does not grow, and the
radiation field produced by the electron beam continuously expands apart from the source.
The larger the tapered section of the undulator, the larger is the diffraction expansion
of the radiation. This effect is also reflected on the behaviour of the directivity diagram
of the radiation in far diffraction zone (see Fig. 14). It is seen that the width of the
angle distribution is visibly smaller than that of the FEL amplifier operating at the
saturation (see Fig.5) which is connected with the increasing of the radiation spot size
inside the undulator. Also, there are distortions of the directivity diagram connected with

complicated shift of the radiation field phase along the transverse coordinate.
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The next problem to be studied is the problem of stability of the operation of the FEL
amplifier with respect to different jitters (time jitter, energy jitter and jitter of the charge

in the electron pulse). First we note that the operation of the FEL amplifier is insensitive

10
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Fig. 14. Directivity diagram of the radia-
tion intensity in far zone for the FEL am-
plifier with tapered undulator. Total effi-
ciency of the FEL amplifier is equal to 5 %

to the time jitter, since master laser is triggered by the master oscillator of the injection

system. The top of the master laser pulse of duration 10 ps can be easily tuned to the
arrival time of a short electron bunch having time jitter of about 1 ps.
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Fig. 15. Dependence on the wavelength
deviation from exact FEL resonance of the
energy in the radiation pulse of the FEL
amplifier with tapered undulator. Total ef-
ficiency of the FEL amplifier is equal to
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In Fig. 15 we present the dependence of the energy in the radiation pulse as a function

of the deviation of the wavelength of the master laser from exact FEL resonance. As it has

been mentioned above, this characteristic can be simply rescaled to the case of the energy
deviation as AE/E = AM/2). It is seen that at the designed stability of the energy of

the accelerator (~ 0.1 %) the fluctuations of the energy in the radiation pulse are about

one per cent. The requirement to the stability of the frequency of the master laser is

also extremely loose. Sensitivity of the FEL amplifier operation to the fluctuations of the
bunch charge and to the fluctuations of the input laser power is illustrated with Figs. 16

and 17.
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Fig. 16. Dependence of the energy in the
radiation pulse on the bunch charge for
the FEL amplifier tapered undulator. To-
tal efficiency of the FEL amplifier is equal
to5 %

Fig. 17. Dependence of the energy in
the radiation pulse on the input radiation
power for the FEL amplifier with tapered
undulator. Total efficiency of the FEL am-
plifier is equal to 5 %
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Analysis of the parameters of the UV FEL amplifier (both tapered and untapered
options) beyond the project parameters of the TESLA accelerator shows that it will
operate reliably even at the value of the emittance exceeding the project value by several
times. There is also significant safety margin (by a factor two) with respect to the value
of the instantaneous energy spread. So, we can conclude that the ultraviolet free electron
laser at the TESLA Test Facility will operate reliably with large safety margins with

respect to critical parameters of the accelerator.
2.3 Cost estimation

Total cost of the proposed facility consists of three contributions: the master laser, the
beam transport line and the undulator. We estimate the cost of the master laser (including
optical transport line from the master oscillator of the injection system) to be about
200 kDM. The cost of the beam transport line will be also about 200 kDM. There are
no special technical requirements to the undulator design, so the cost of the undulator
will not exceed the value of 100 kDM per meter. As a result, estimated cost of the FEL
amplifier with untapered undulator will be about 1700 kDM. Upgrade of the facility with
additional tapered undulator will cost about 1400 kDM.

3 High intensity gamma-source

Powerful UV FEL at the TESLA Test Facility can be used for construction of a high in-
tensity, polarized, monochromatic gamma-source at the TESLA Test Facility. The scheme
of the gamma-source is presented in Fig. 18. Gamma-quanta are produced in the process
of the Compton backscattering of the laser photons on incoming electrons. It has been
shown in the previous section that the process of the FEL interaction induces the energy
spread in the electron bunch (see Figs. 6 and 12). If the laser radiation will be scattered
on the bunches involved in the FEL process, this will result in decreasing of the energy
resolution of the gamma-source. To avoid this harmful effect, master laser should operate
at a half of the repetition rate of the electron bunches. So, the laser radiation amplified
by an electron bunch is focused on the next, unperturbed electron bunch.

Maximal energy of gamma-quanta is defined by the frequency of the primary photons
w and the energy of the electron &: (Fw. )max = Ex/(14+x). Here x = 4vhw /m.c?, m, is the
electron mass and v = £/m.c? is relativistic factor. Maximal energy of gamma quanta is
about 86 MeV at the wavelength of primary photon of 200 nm and the energy of electron
of 1 GeV. The intensity of the gamma-source at the TESLA Test Facility can reach the
value up to 10'? gamma-quanta per second which exceed by five orders of magnitude

the intensity of existent sources. In principle, the energy of the TTF accelerator can be

13
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Fig. 18. Scheme of the gamma-source at
the TESLA Test Facility

upgraded up to the value of 2 GeV. In this case maximal available energy of gamma-
quanta will be about 320 MeV. General parameters of the gamma-source at the TESLA
Test Facility are presented in Table 4.

The gamma-source at the TESLA Test Facility can be considered as an ideal one pro-
viding an extremely high flux of polarized, monochromatic gamma-quanta. The proposed
gamma facility is an extremely selective probe for investigations of not only conventional
nuclear physics, but of exotic nuclear states (similar to those which occur inside the core
of neutron stars or the quark-gluon plasma) and reaction mechanisms. Up to 200 MeV
we are dealing with the internucleon distance about 1 fm (which is of the order of the
size of nucleon). Nowadays the investigation of microscopic nuclear structure with resolu-
tion 2 200 MeV is an unexplored field [9]. The idea is to work in the kinematical region
where the processes on free nucleons are forbidden (the cumulative particle production
or the underthreshold particle production). This intermediate energy region is covered
by nonperturbative QCD effects. Investigations of this transition energy region, from the
perturbative to nonperturbative QCD, are the most attractive direction for relativistic
nuclear physics to understand the role of the nonnucleonic (pion, A, ete, and few-nucleon
configurations) and quark-gluon degrees of freedom.

Another interesting topic of these investigations is a possibility to extract additional
information about the hadron or the nuclear structure which is usually hidden in the
spin-averaged analysis [10]. Polarization observables has a promise of opening a new field
in the photoproduction of pion from nucleon and nuclear targets [11], in the processes of
photodisintegration of the lightest nuclei [12, 13] and others. Many problems in photonu-
cleon and photonulear physics are not resolved till now due to the lack of high quality
photon beams.

3.1 Monochromaticity of gamma-source

The frequencies of the incident and scattered photons, w and w,, are connected by the

relation (in the small-angle approximation):

14
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Table 4. Parameters of the gamma-source at the TESLA Test Facility

General parameters

Maximal energy of gamma-quanta 85 MeV
Yield of gamma-quanta 10'%s~!
Energy resolution i%
Angular divergence 0.5 mrad
Repetition rate 10 pps
Macropulse duration 800 us
Number of pulses per macropulse 7200
Micropulse repetition rate 9 MHz
Micropulse duration (FWHM) 300 fs
Parameters of the electron beam
Energy 1 GeV
Beam size at the conversion point (RMS) 14 pm
Angular divergence at the conversion point (RMS) 70 prad
Parameters of the laser
Wavelength 208 nm
Dispersion Diffraction limited
Repetition rate 10 pps
Macropulse duration 800 us
Number of pulses per macropulse 7200
Micropulse repetition rate 9 MHz
Micropulse duration 230 fs
Energy in the radiation pulse 50 mJ
Peak cutput power 220 GW
Average power 3.6 kW
Parameters of the focusing system
Focuse distance of the mirror 3m
Radiation spot size on the mirror 2.5 cm
Incident radiation flux on the mirror {average) 350 W/cm?
Reflectivity of the mirror 9 %
Radiation spot size at the conversion point 8 ym
Rayleigh length of the radiation beam 1 mm
Conversion efficiency 0.23 %
Ex
hw, = ————2& 1
YT T x4 202 (1)

where 8 is the scattering angle. It is seen from eq. (1) that there is strict correlation
between the energy of the backscattered photon and the scattering angle. This allows one
to use angle selection technique for selecting gamma-quanta with the required energy. In
the case of monoenergetic and laminar electron beam this technique allows, in principle,
to achieve any required energy resolution of gamma-quanta. In practice electron beam has
finite energy spread which imposes a limit on minimal energy resolution of the gamma-
source. RMS energy spread in the electron beam of the TTF accelerator is equal to 1 MeV,
so the lower limit on the energy resolution of the gamma-source is about 0.2 %. Influence
of the angle spread in the electron beam on the energy resolution of the gamma-source
can be eliminated by an appropriate choice of the beta-function at the conversion point.

The value of the rms angle spread in the electron beam is given by the expression:

0'6=\/€/_ﬂ1 (2)

where ¢ is the emittance of the electron beam and @ is beta-function at the conversion

point. Minimal energy resolution of the gamma-source is given by the expression:

15
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(Ahuoy) [hoy 2 (04)/2 . (3)

For the case of the electron beam of the TTF accelerator normalized rms emittance is
equal to 2 mm mrad and the energy resolution of gamma-quanta of 1 % is achieved at the
value of the beta function of 20 cm at the conversion point. To achieve ultimate energy
resolution, 0.2 %, of the gamma-source at the TESLA Test Facility (which is defined by
the energy spread of 1 MeV in the electron beam), the value of the beta function at the

conversion point should be about 1 m.
3.2 Polarization of gamma-quanta

In the present design free electron laser is used as a source of primary photons. FEL
radiation is always totally polarized: linearly or circularly for a planar or helical undulator,
respectively. In the case of circular polarization of the laser beam, spectral density of
backscattered gamma quanta is given with the relation:
+ _
e Grea-gr, (4
where ¢ = Fuo, /(Fw, )max and notations Nt and N~ correspond to the right and left

helicity of the y-quanta. So, there is correlation of the energy of the gamma quantum

and its polarization and the angular selection provides not only monochromatization, but

determines also the polarization of gamma quanta (see Fig. 19).
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// \ Fig. 19. Spectral density of backscattered

0.0 e y-quanta for the case of circularly polar-
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h(D/h(Dmax licity of the y-quanta

3.3 Yield of gamma-quanta

In the general case the yield of gamma-quanta is given by the expression:

dN,/dt = 2cfo.N, N, / pol(r, )pe(r, t)drdt | (5)
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where

1 8+ 4x 8 2+ x
e = 2rri[=In(1 - In(1 + =+t 6
o= 2nr2{ a1+ ) = T In(1 4 20+ 75+ ) )

is the total Compton cross section on unpolarized electrons, r. = €*/m.c?, f is the repeti-

tion rate of the collisions and N ¢)p(p,e) are the densities of the photon and the electron
beams ([ pdr = 1). In the case of the Gaussian distribution of the particles in the electron
beam (transverse and longitudinal) we have:

r? (z FVi)?
202(2) 202 '

ool .t) = (2Pt (2] e |- @

where

o)=L+ 5, o0 = Veh,

¢ is the rms electron beam emittance, o, is the rms bunch length and 3 is the beta function
at the interaction point.
We assume the laser beam to be close to the Gaussian one. The power flux density in
the Gaussian laser beam is given by the expression:
dP(r, z) 2Wk*w? 2k%wir?
dS T w4z + kPwh) O [' 427 1 k2w4l ’

(8)

where W is the laser beam power, w is the size of the Gaussian beam waist and A = 2x/k
is the radiation wavelength. Space density of the photons is described by the expression
similar to (7):

r? (zF ct)z] | )

_ 3/2 2 -1 _ _
polry5,) = [(0r) o] x| s - EE2

where

42
14 22

k2w’

and oy, is the rms laser pulse length.

Ope(2) =

o) 8

To obtain high yield of gamma-quanta one should provide maximal spatial density
of the primary photons and of the electron beam in the conversion region. In the case
under study the minimal value of the focusing beta function at the conversion point of
about 20 cm is defined by the required energy resolution of the gamma-source of 1 %.
Taking into account that the electron and the photon pulse lengths (of about 100 ym,
see Fig. 10) are small with respect to the value of the beta function, we can neglect
the longitudinal change of the transverse profile of the electron beam during collision.
Assuming the Rayleigh length of the laser beam, Zr = mw?/), to be large with respect

to the length of the laser pulse, we can also neglect the change of the transverse size of
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the photon beam during the collision. As a result, we obtain from eq. (5) that the yield
of gamma-source is

dN,
dt

. Ao,
 2mhw(ef + w?/4)

where A is the energy in the radiation pulse and ¢ is the conversion efficiency (number of

= fNS, & (10)

gamma-quanta produced by one electron).
3.4 Technical realization

The scheme of the gamma-source at the TESLA Test Facility is presented in Fig. 18.
General parameters of the gamma-source are presented in Table 4. Gamma-quanta are
produced in the process of the Compton backscattering of the laser photons on incoming
electrons. For the operation of the gamma-source there is no need in a tunable master laser
and we assume to use a master laser similar to that of the photoinjector (see Fig. 20).
The 4 th or 5 th harmonic of the Nd glass laser (A = 263 nm and 208 nm) can be
used. In this case it is sufficient to install an additional Nd glass amplifier which will
amplify the radiation from the master oscillator of the photoinjection system. At the exit
of the amplifier the radiation will be converted into 4 th or 5 th harmonic. Peak power
of the radiation will be about 5 kW within ~ 10 ps pulse duration. The problem of
synchronization of the electron and laser pulses will be solved automatically since they
use common master oscillator and timing system. Average output power of the master
laser for the UV FEL is by an order of magnitude less than the output power of existent
laser for the photoinjector. So, construction of the master laser for the FEL amplifier is

technically simple and cheap extension of the existent laser facility at the TTF.

A= 263 nm

= 10ps

Ep,=100nJ Nd:YLF pulse-irain
frop= O MH2 BBO LBO ampilifier oscillator
P,=7mW s

Fig. 20, Scheme of the master laser op-
erating at the 4th harmonic of Nd glass
laser

Master laser operates at a half of the repetition rate of the electron bunches and the
laser radiation amplified by an electron bunch is focused on the next, unperturbed electron
bunch (see Fig. 18). To obtain maximal yield of gamma-quanta, the spatial densities of the
photons and of the electrons in the conversion region should be done as high as possible.
As it was mentioned above, extra focusing of the electron bunch at the conversion point
can reduce energy resolution of the gamma-source due to the increase of the angle spread

of the electrons. To provide energy resolution of the gamma-source about of 1 %, beta

18



TESLA FEL 1998-03

function of the electron beam at the conversion point should be about 20 cm. The radiation
spot size at the conversion point has been set to w ~ 8 p#m (which corresponds to the
Rayleigh length of 1 mm). In this case there are no fluctuations of the gamma-source
intensity due the time jitter of the electron pulse of about 1 ps. At such a parameters of
the colliding photon and electron bunches conversion efficiency is about § ~ 0.23 %. At
the pulse repetition rate of the accelerator equal to 18 MHz the yield of gamma-quanta
is about of 101%s~!, '

Ultimate energy resolution of the gamma-source presented in Fig. 18 is limited by
the energy spread in the electron beam induced by the SASE FEL process. Even in the
case when there is no seed signal at the entrance of the FEL amplifier, the process of the
amplification of the radiation is triggered by the shot noise in the electron beam. Effective
value of this noise signal is about 30 W. As in the case of seeded FEL, the radiation power
grows exponentially with the undulator length. Simulation of this process shows that the
induced energy spread due to the SASE FEL process is about 5 MeV at the exit of the
undulator [3] which imposes a limit on ultimate energy resolution of the gamma-source
of 1 %.

There exists another option for organization of the conversion region prior the entrance
of the electron beam into the undulator. It is more complicated with respect to the optical
system, but possesses several advantages. First, it provides the possibility to double the
yield of gamma-quanta, because each electron bunch can be used for producing gamma-
quanta. Due to a small value of the conversion efficiency this will not destroy the electron
beam and it can be used for the amplification of the radiation in the undulator. Second,
an ultimate energy resolution of the gamma-source of about 0.2 % can be achieved. This
limit is defined by the energy spread in the electron beam of 1 MeV. The value of the
beta function at the conversion point should be increased up to 1 m. The yield of the

gamma-source with ultimate energy resolution of 0.2 % will be about of 2 x 10151,

4 Test facility for the positron source

All the projects of the next generation linear colliders assume to produce positrons by
gamma-quanta in a thin target [14, 15, 16]. Gamma-quanta are produced by the spent
electron beam in a long wiggler or undulator. For instance, in the TESLA project the
250 GeV electron beam passes a wiggler of 35 m length producing powerful gamma-
beam [14]. The mean energy of gamma-quanta is about 25 MeV. Positrons produced
in a thin target have large energy and angle spread. After the target they should be
captured and accelerated. Such a complicated system requires experimental verification

prior construction of the full-scale facility. Such a test facility can be constructed on the
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base of a high intensity gamma-source described in the previous section. Energy spectrum
of the gamma-source is similar to that to be used in a full scale facility. Intensity of
‘the gamma-source described above has been limited by the requirement of the energy
resolution. For the positron source test facility the value of the beta function at the
conversion point can be reduced down to the value of about I c¢m (the angle divergence
in the beam is about 1/+ in this case). As a result, the yield of gamma-quanta reaches
the value of 10'%s~!. Remembering that the conversion efficiency of gamma-quanta into
electron-positron pair is about of 0.5 at the thickness of the target about one radiation
length, we estimate the yield of the positrons to be about 5x10'2s~*, Such a positron yield
is sufficient for operation of the test facility. Taking into account that TTF accelerator
has the same time diagram of operation as the TESLA accelerator, this facility will allow
to verify experimentally all the systems of the positron source (optimization of the target,
capture efficiency, etc). The only difference is in a lower heat load of the target, but this
problem can be investigated independently, for instance, with powerful electron beam.
The test facility for the positron source could reveal unique opportunity for experi-
mental investigation of the polarized positron source proposed in ref. [17]. The idea of
proposal [17] is to produce longitudinally polarized positrons in a thin heavy material
target. Circularly polarized primary photons will be generated by a spent electron beam
in the undulator. Verification of the technical ideas of the polarized positron source can be
done directly with the gamma-source described above. In this case FEL amplifier should
be equipped with a helical undulator. Spectral and polarization properties of the gamma-
source will be identical to those used in the project of the polarized positron source. As
it has been mentioned above, the yield of positrons will be sufficient for testing all the

accelerator systems.

5 Test facility for the gamma-gamma collider

An option of a gamma-gamma collider is included in several projects of the future gener-
ation linear colliders [14, 15]. The scheme for organization of gamma-gamma collisions is
presented in Fig. 21. Two electron bunches are focused into the interaction point. Prior the
collision each electron bunch is irradiated by a powerful laser pulse. High energy gamma-
quanta are produced in the process of Compton backscattering and, following the electron
trajectories, collide at the interaction region. To provide high conversion efficiency, the
peak power of a laser must be rather high. For instance, to achieve 70 % conversion effi-
ciency, the peak laser power should be of about 300 GW. The time structure of the laser
pulses should be identical to the time structure of the electron bunches. It means, that the

laser should have a capability of precise synchronization with the electron bunches (with
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the jitter of about 1 ps) and should provide a high repetition rate. The last parameter is
extremely severe for the TESLA collider requiring a TW level peak power laser with the
repetition rate of about 1 MHz. To provide a more wide range of physical experiments,
there should be a possibility to steer the polarization of the colliding gamma quanta which

assumes a possibility to steer the polarization of laser light.

laser beam

- ——/"fél\

electron beam electran beam

= ==
N N

laser beam

Fig. 21. Scheme of gamma-
gamma collider

In the case of the gamma-gamma collider at TESLA there is no reliable technical
solution for a conventional laser system with required parameters [18], and free electron
laser system is considered now as a candidate for the laser [14]. Parameters of the high
power UV FEL at the TESLA Test Facility and of the optical system of the gamma-source
are very close to those used in the project of the gamma-gamma collider. Indeed, peak
and average laser power of 220 GW and 7 kW, respectively, are close to those required
for the gamma-collider. Time diagram of the laser pulses is similar to the time diagram
of the TESLA collider. The problems connected with alignment of the mirrors, possible
radiation damage of the mirrors, time jitters and the problems of focusing the laser beam
In a tiny spot are similar to those to be met at a full-scale facility. So, successful realization
of this project will serve as an experimental verification of a technical feasibility of the

gamma-gamma option at TESLA.

6 Potential for industrial applications

In conclusion to this paper we should like to attract an attention to possible industrial
applications of powerful free electron laser at the TESLA Test Facility. During last few
years the problem of industrial applications of a kW level power FELs intensively dis-
cussed in the FEL community. Recently this discussions have been realized in a project of
industrial FEL which is supported by a consortium of industrial firms including DuPont,
3M, Xerox, AT&T and IBM [19]. It is interesting to notice that this project is also based
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on a superconducting accelerator. The chosen FEL configuration is an oscillator. Since
this device has low efficiency, the designers of the project have chosen the way of elec-
tron recuperation in order to increase the net efficiency of the laser. Another significant
problem to be solved during realization of this project is that of the optical resonator

connected with a high level of the intracavity power.

(a) 265-350nm 530-700nm 527 nm

60nJ 600 nJ Gpul
Eps 6ps 60ps
pulse-train
ta FEL Dye laser Nd:YLF amplifier  oscillator
amplifier
KDP LBO

F10mW P =100mW P x1W

av

(b)
212-260nm 265- 350 nm 527 nm
! I bve 1a pulse-train

toFEL | ye faser NA:YLF amplitier  oscillator Fig. 22. Schemes of the mas-
amplifier | 1 I I ter laser providing perma-
nent tuning in the Wavelength

KDP KDP LBO ranges of 265 — 350 nm (plot

(a)) and of 212 - 260 nm

In this paper we point at the possibility of using an alternative approach for construct-
ing a high power UV FEL. It consists in using a Master Oscillator — Power Amplifier
(MOPA) scheme. The problem of a tunable master oscillator can be solved with available
dye laser systems pumped by Nd glass with subsequent using nonlinear optical elements
(see Fig. 22). This technique covers wavelength range from 212 nm to 350 nm. Required
level of output average and peak power of about 10 mW and 10 kW, respectively, can
been routinely provided with available laser technique.

A high efficiency FEL amplifier with tapered undulator allows one to overcome signifi-
cantly the level of the peak and the average output power attainable in an FEL oscillator.
This is due to the fact that there are no problems with the mirrors in the high gain
FEL amplifier — the process of amplification is performed during a single pass of the
radiation through the undulator. Also, there is no limitation on the way of decreasing
the operating wavelength or expanding it beyond the harmonics of the dye laser band.
Low powerful FEL oscillator can be used in this case as a master laser. Comparison with
CEBAF project (see Fig. 23 and ref. [19]) indicates that potential of the UV FEL at the
TESLA Test Facility for possible industrial applications should be studied in detail, too.
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Average output
power (kW)

Fig. 23. Operating ranges of the CE-
BAF UV FEL and of the UV FEL at the
TESLA Test Facility

Wavelength {(nm)
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