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1 Introduction

One of the possible ways to solve the problem of controlled thermonuclear synthesis
is application of inertial confinement fusion (ICF), when thermonuclear fuel is exploded
under shocking action of laser radiation. ‘The key problem of such an approach is that
of a laser. Several severe requirements arc imposed on the laser system parameters. To
provide sufficient compression and heating of the target, total energy of laser flash should
not be less than 1 MJ. This energy should be fed to the target within a pulse with definite
temporal characteristics and duration about of 0.1 -1 nanoseconds. To provide effective
focusing of radiation at the target, the laser system should possess a high brightness.
Thermonuclear target should be radiated symmetrically with respect to its center via
several tens of directions. Laser light wavelength should be less than 0.6 pm. At a longer
wavelength, absorption of energy in the target becomes ineffective due to reflections from
the surface plasma layer. Finally, to construct commercial reactor, the laser efficiency
should be greater than 5 per cent and repetition rate should be several cycles per second.

Nowadays the approach to construct ICF reactor has passed its way of scientific veri-
fication in many locations [1]. Unique laser systems based on solid-state Nd lasers have
been developed. Experiments have confirmed validity of the approach, densities in excess
of 600 times the solid state phase have been reached [2]. Although Nd lasers have served
a good role during fundamental experiments on inertial confinement fusion, the problem
of optimal choice of the energy driver for 1CF commercial reactor is still open. As for
solid-state Nd lasers, they possess several significant disadvantages. The main of them are
those of cooling the solid-state active medium, of a low efliciency (which is of the order of
fraction of per cent) and of a low level of reliability. These impose a limit on the frequency
of laser flashes. For instance, the laser NOVA at Livermore performs only several shots
per a day. Perspectives of this approach for constructing the ICF energy driver may be
connected with the use of the laser diode pumped solid state lasers {3]. Another approach
to construct the ICF energy driver assumes to nse high power ion beams. A lot of work
should be done to prove a validity of such an approach.

During last decade significant achievements have been obtained in the field of free
electron laser (FEL) physics and technique. FEL devices possess many attractive features.
FEL radiation is coherent and it always has ideal, i.e. diffraction dispersion. Tunability
of FEL radiation provides a possibility to vary wavelength in a wide range. FELs are
capable to provide a high efficiency of transformation of the electron beam power into
the radiation power. It has been demonstrated experimentally, the efficiency of an FEL
amplifier has reached the value of 34 % [1]. Remembering that accelerators, providing

driving beams for the FELs can provide effective transformation of electric power into



the electron beam power, one can expect to reach a high level of the total FEL efficiency.
Finally, repetition rate of electron accélerators is rather high, up to several hundreds
cycles per second. All these features of the FEL indicate that it should be studied as a
candidate on a role of the laser for the ICF commercial reactor.

For the first time a possibility to use the FEL as an energy driver for commercial ICF
reactor was considered in ref. [5]. The authors of this paper obtained that direct use of
the FEL as a driver requires a power of more than 10" W. So, the total e-bearn power
should reach astronomical values in that case. As a result, they have proposed to use the
FEL for pumping a solid-state laser which has been developed as the fusion driver.

Contrary to the conclusion of the paper 3], our investigation has led us to an optimistic
conclusion that construction of the FEL system meeting the requirements to the ICF
energy driver is quite possible at the present day level of accelerator technique R&D. It
becomes possible due to application of a novel FEL amplifier scheme proposed in our
paper. In this scheme the required level of the output power is provided by the use of
summing the optical power technique. This technique operates as follows. Multi-stage
FEL amplifier is composed of a large number N of undulators separated with magnetic
snakes. The FEL driving electron beam is generated by a linear RF accelerator which
produces a train of AN electron bunches. This train is fed into entrance of the first stage
FEL amplifier together with the single optical pulse of the master oscillator which 1s
synchronized with the last electron bunch of the train. In the first stage of the FEL
amplifier the optical pulse is amplified taking the energy off the last electron bunch.
After passing the first undulator, the optical and electron bunches are separated in the
magnetic snake: the train of electron bunches moves along the curved trajectory between
the undulators, while the optical beam travels along the straight line. Parameters of the
snakes are chosen in such a way that the difference of paths of electron and optical bunch
is equal to the distance between the clectron bunches, so, at the entrance to the next
FEL amplifier stage. the optical bunch is synchronized with the next, unperturbed bunch
of the train, etc. Parameters of the undulator of each stage are optimized on effective
extraction of the energy off the electrons, taking into account the growth of the optical
power. As a result, this scheme provides a benefit in a peak radiation power of the order
of N, the number of the FEL amplifier stages, and the peak radiation power can be done
much more than the peak power of electron beam.

It should be noticed that the FEL amplifier has rather large length, and radjation
field gain is relatively small in the most number of the FEL amplifier stages, so the seli-
focusing of radiation (or effect of “optical guiding” [6]) can not provide effective focusing
of radiation. The next problem to be solved is the problem of effective focusing system

with low losses and stable to the action of the powerful laser radiation.



In the presented paper we propose to use a periodic diaphragm line for focusing the
radiation. It has a form of a sequence of totally absorbing screens with holes. When
Fresnel number is large, eigenmodes of diaphragm line have rather small diffraction losses.
For instance, in a visible wavelength range, at the radius of the hole 1 ¢m and the distance
between the screens 1 m, diffraction losses of the ground eigenmode are about of 0.01 %
per one diaphragm. So, the use of the diaphragm focusing line is the second basic idea of
the paper. '

Using these. basic ideas, we have developed conceptual project of the ICF driver on
the base of multichannel multi-stage FEL amplifier. The FEL driving electron beam is
produced by 3 GeV linear accelerator operating at frequency 500 MHz with pulse duration
25.6 us and repetition rate 40 Hz. Micropulse duration is equal to 100 ps and peak current
is equal 2 kA. Total number of electron bunches in a macropulse is equal to 6400 with the
energy store equal to 3.84 MJ. FEL amplifier consists of 64 parallel channels. A system
of kicker magnets separates electron bunches via 64 FEL amplifier channels. Each FEL
amplifier channel is a multi-stage amplifier with 90 stages. At the exit of the.amplifier,
total energy of laser flash is equal to 1 MJ with a brightness 4 x 10** W cm™? st7!. Total
efficiency of the proposed energy driver is about of 11 %.

Linear dimensions of the FEL based ICF driver are about of 5 km and are comparable
with those of the ion beams based ICF driver (see, for instance, ref. [7]), while the
problems of technical realization can be solved at the present level of accelerator technique
R&D.

The paper proceeds as follows. In sections 2 and 3 we describe briefly basic ideas of the
proposal, namely the summation scheme of the optical power and use of diaphragm line
for focusing and transporting optical radiation. Section 4 presents a conceptual project
of the FEL based ICF energy driver. Section 5 is devoted to the pfoblems of optimal
choice of the multi-stage FEL amplifier. In Section 6 we discuss problems of technical

realization of the proposed energy driver.

2 Summation of optical power

In traditional scheme of the FEL amplifier, output radiation power W, does not exceed

the electron beam power W,
VVopz = NFrEL X We = nrer % [psak X 5/67

where gy is the FEL amplifier efficiency (nrgr < 1), Ipear and & are the peak current
and the energy of electron beam, respectively. The peak power of the energy driver for

inertial confinement fusion should be of the order of several thousands of terawatts which



results in enormous values of the clectron beam parameters. On the other hand, the
present level of accelerator technique R&D allows one to construct accelerators with the
energy about of several GeV and peak current about of several kA with sufficiently low
energy spread and emittance. So, it seems to be unreal to overcome a TW level of the
FEL output power using standard approach.

To overcome this problem, we propose to use multi-stage FEL amplifier which amplifies
a single optical bunch by means of sequential usage of several electron bunches. FEL
amplifier is composed of a large number N, of undulators separated with magnetic snakes

(see Fig.1).
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Figure 1: The scheme of optical power summation

The FEL driving clectron beam is generated by a linear RF accelerator which produces
a train of N, clectron bunches. This train is fed into entrance of the first stage of the
FEL amplifier together with the single optical pulse of the master oscillator which is
synchronized with the last clectron bunch of the train. In the first stage of the FEL
amplifier the optical pulse is amplified taking the energy off the last electron bunch.
After passing the first undulator, the optical and electron bunches are separated in the
magnetic snake: the train of electron bunches moves along the curved trajectory between
the undulators, while the optical beam travels along the straight line. Parameters of the
snakes are chosen in such a way that the difference of paths of electron and optical bunch
is equal to the distance between the electron bunches, so. at the entrance to the next
FEL amplifier stage, the optical bunch is synchronized with the next, unperturbed bunch
of the train, etc. Parameters of the undulator of each stage are optimized on cffective
energy extraction off the electrons, taking into account the growth of the optical power.
As a result, this scheme provides a benefit in the peak radiation power of the order of N,
the number of the FEL amplifier stages, and the peak radiation power can be done much

more than the peak power of electron beam.
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The optical power suimmation scheme, described above, does not exhaust all the pos-
sible configurations of summation schemes. They may be realized also by providing the
delay of optical bunch with respect to electron bunches by means of optical delay lines
(in this case the optical bunch is synchronized with the first electron bunch of the train
at the first FEL amplifier stage). .

This scheme may be used also with the driving beam from the linear induction accel-
erator (LIA}. As a rule, the LIA electron beam has a rather long duration T, about of
several tens or hundreds of nanoseconds. To amplify a short optical beam with duration
T.pt < T, one may construct multi-stage FEL amplifier with the number of stages equal
to N, = Ty/Tope. At the entrance into the first stage, the optical beam should be synchro-
nized with the tail of electron beam and delay lines should provide a shift between the
optical and electron bunches by the value of the optical pulse duration Top.

This scheme operates successfully when the master laser signal significantly exceeds
the value of the noise signal in the first FEL amplifier stage. For the parameters of the
numerical example presented in this paper, the power of the FEL amplifier noise is of the
order of < Wi >~ 40 W {see section 5.1}, while the master laser power is about of 1
MW.

In the multi-stage FEL amplifier there may appear a transportation problem of used
electron bunches in the magnetic system of subsequent FEL amplifier stages, because there
is significant energy spread in these bunches. To avoid this problem, a high dispersion
may be realized in the magnetic snakes which provides scparation of the electrons in space
by their energy. Then the electrons, which energy differ significantly from the nominal

one, may be absorbed by beam dumps.

3° Diaphragm focusing line

As a rule, lens systems are used for transporting and focusing of optical radiation.
While this techuique is appropriate at a relatively smali radiation power, it is completely
unfit for focusing and transporting of powerful laser heams with the average and peak
radiation power about of one megawatt and several hundreds terawatts, respectively.
Nevertheless, this problem may be solved by using diaphragm focusing line which has a
form of periodically spaced screens with holes. For an axisymmetric line with the period

L, eigenfunctions ®,,(r, ) have the form:
®,0 = Um;(r)exp(—imep), m=0,1,2,... (1)

When radius of the holes R is rather large, R >> A, in the first order of a small parameter
M = (8xNp)~*/*, where Np = R%/(AL) is Fresnel number, functions tm; have the form

(8]:



Upj = Jm(kmjr), (2)

where kn; = (1 — Do)/R, Do = (1 +1)BoM, Bo = 0.824, t,m; is j-th root of the Bessel
function of the m-th order (i.e. Ju(ftm;) = 0). For TEM,,; eigenmode, a fraction of the

radiation power losses per passage of one diaphragm is given with the relation:
AI/I/ra,d/vvrad = 8,“/?,,]M3}30 (3)

When Fresnel number Ny is large, eigenmodes of diaphragm line have rather small diffrac-
tion losses. For instance, in a visible wavelength range, at the radius of the hole B ~ 1 cm
and the distance between the screens | ~ 1 m, diffraction losses of the ground TEMgo
eigenmode are about of 0.01 % per one diaphragm.

Diaphragm line is rather stable with respect to misalignment of the screens. When the
screens are adjusted in the both transverse and longitudinal directions with the accuracy
about of 102 cm (which is usual in the accelerator technique), misalignments do not

result in the extra diffraction losses (see Appendix A for more details).

4 Conceptual project of the FEL based ICF energy
driver

In the present paper we do not touch the problems of the general ICF reactor design. We
assume the ICF reactor to be designed on the base of standard scheme when thermonuclear
fuel is exploded in a reactor chamber under shocking action of laser radiation and heats
the walls of the reactor chamber. Then the heat is transformed into electrical power by
standard technique (see, for instance, ref. [9] and references therein). Experimental and
theoretical researches have shown that construction of such a reactor becomes feasible
when the laser system possesses the following parameters: energy of laser flash 2 1 MJ
within steering pulse duration, repetition rate > 10 cycles per second and laser efficiency
~ 510 % |9]. In this paper we analyze only a possibility to construct such a laser systerm
using FEL techniquc.

Genera} parameters of the FEL based ICF energy driver are presented in Table 1. itz
key elements are high-current RF linear accelerator, separation system and multi-channel,
multi-stage FEL amplifier.

Driving electron beam for the FEL amplifier is generated by linear Rf accelerator.
It operates at 40 Hz frequency and generates trains of 6400 eleciron bunches with total
stored energy 3850 kJ. Then this train of electron bunches is separated by separation
system into 64 trains of bunches which are fed intc entrances of 64 parallel multi-stage

FEL amplifier channels. Each FEL amplifier channel is a multi-stage FEL amplifier with
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Table 1: ICF driver parameters

Wavelength A, pm ' 0.5
Laser pulse length, ns 0.1-2
Laser beam brightness, W/cm? 4 x 10%
Total number of channels 64

Total number of stage in channel 90

Energy / pulse, MJ 1
Repetition rate, Hz 40
Efficiency, % 11

90 stages. At the exit of the amplifier, total energy of laser flash is equal to 1 MJ with a
brightness 4 x 1022 W cm™? st™". '

4.1 High-current RF accelerator

Driving electron beam for the FEL amplifier is generated by linear RF accelerator (see
Table 2). Accelerating structure consists of separated cavities and each cavity is fed by

separate klystron (see Fig.2).

Figure 2: Accelerating structure

RF accelerating wavelength is chosen to be rather large, A,; = 60 cm, which 1s connected

with a high beam loading. Accelerating gradient is equal to 2 MV/m and total length



Table 2: Accelerator parameters

Electron energy &, GeV 3

Beam peak current I, kA 2
Micropulse duration, ps 100
Bunch spacing, ns

Macropulse duration, us 25.6
Energy spread og/E, % 0.1
Normalized emittance €, cm-rad 3 x 10~2
RF frequency, MHz 500
Accelerating Gradient, MV /i 2

Length of accelerator, m 1500
Shunt impedance, MQ}/m 8

Stored RF energy, J/m 3.7
@-factor of unloaded structure 2.5 x 104
Q-factor of loaded structure 1.2 x 102
Wall power losses, kW /m 450
Repetition rate, Hz 40

Micropulses
600 Joules

jlee— 4 ns —— 2 kA
100ps
VLT Macropulse = 6400 micropulses
s I 150 cM
25.6 82 o 3640 kJ
30 A
| =
--- 150 MM average
S50 mA
25.6 WS
25 ms

Figure 3: Electron beam pulse format

of accelerator is equal to 1500 m. Accelerator operates at repetition rate 40 Hz. During

one macropulse (7 = 25.6 us), the accelerator produces a train of 6400 electron bunches



(Ipeak = 2 kA, 7 = 100 ps, £ = 3 GeV) with total stored energy 3850 kJ (see Fig.3).
Averaged over macropulse current is equal to 50 A.

Total RF power losses in one cavity are equal to 33 MW (including 150 kW of heat
losses).

Total efficiency of the accelerator nacc (i.e. efficiency of electrical power conversion

into the electron beam power) is given by
nace = n(rf — e) x n(klystron) x n(modulator), (4)

where n(tf — ) - is the efficiency of RF power conversion into the electron beam power,

(klystron) is the klystron efficiency and 7(modulator) is the efficiency of klystron mod-
ulator. So as the peak accelerated current is rather high and RF pulse duration is much
more than filling time of the loaded structure, the efficiency of the RF power conversion
n(rf — e) into the electron beam power is rather large, n(rf — e} = 0.99. It is rather
realistic to assume the efficiericy of the modulator to be equal to n(modulator) = 0.8.
Assuming the klystron efficiency to be n(klystron) = 0.5, we obtain the total efficiency of

the accelerator to be equal to nacc = 0.4 .

4.2 Separation system

The train of 6400 electron bunches from the driving accelerator, spaced by 4 ns, is
separated into 64 trains of 90 bunches to be fed into entrances of 64 parallel multi-stage
FEL amplifier channels. Separation of electron bunches is performed by kicker magnets
using sequential scheme (see Fig.4). In this scheme, after k-th stage, there are 2F parallel
channels with 2% trains of bunches in each. At (k + 1)-th stage, each of 2% channels is
separated into two channels, i.e. each train is divided by a half and each half-train is
directed into separate channel. Thus, such a scheme consists of 6 stages (26 = 64) and
63 kicker magnets (2° — 1 = 63). Simultaneous arrival of all trains to the FEL amplifier
entrances is provided by using different lengths of channels.

Pulse duration of the kicker magnets depends on their place in the separation system
and are equal to 12.8 ps, 6.4 ps, 3.2 us, 1.6 ps, 0.8 ps and 0.4 ps for the 1st, 2nd, 3rd, 4th,
5th and 6th stages, respectively. So as each kicker magnet deflects only a half of a train, it
is necessary to minimize only a rise or fall time of the kicker magnets. At the value of rise
(fall) time about of 50 ns, about of 18 bunches are lost per separation stage which results
in the efficiency of separation system to be nsgp = 0.9. As a result, separation system

provides transporting the trains of 90 bunches to each of 64 FEL amplifier channels.
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Separation and Synchronization of Bunches
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Figure 4: Separation and synchronization of bunches
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4.3 Multi-channel FEL amplifier

FEL amplifier consists of 64 separate channels and each of them is multi-stage FEL
amplifier providing amplification of a single optical pulse. Each multi-stage FEL amplifier
is composed of 90 undulators separated with magnetic snakes. The train of 90 electron
bunches is fed into entrance of the first stage of the FEL amplifier togethier with the single
optical pulse of the master oscillator which is synchronized with the last electron bunch
of the train. Then the optical beam is amplified using optical power summation scheme
{sce section 2). Parameters of the undulator of each stage are optimized on effective
extraction of the energy off the electrons, taking into account the growth of the optical
power from one stage to another. Assuming average efficiency of each amplifier stage
to be nrer = 0.3, we obtain that the energy of each optical pulse at the amplifier exit
is much more than the energy of single electron bunch and is equal to 16 kJ. 64 FEL
amplifier channels provide total energy of optical flash to be equal to 1 MJ.

The first stage of the FEL amplifier is destined to amplify relatively weak signal from
the master laser (W.,, ~ IMW) by a factor of the order of 10°. Tt is designed by a standard
way, i.e. its undulator has a long untapered section and a section with tapered parameters
(see section 5.1). Output radiation power at the exit of the first stage is of the order of the
electron beam power. Subsequent stages of the FEL amplifier amplify a powerful optical
beam and provide small amplification per one stage. They operate in a tapered regime
from the very beginning and are designed using a scheme of multicomponent undulator
(i.e., prebuncher — dispersion section — tapered undulator). To provide effective focusing
¢f the radiation in these FEL amplifier stages, the diaphragm focusing line is used (see
section 5.2 and Appendix B for more details).

Total length of the 90 stages of the FEL magnetic system is equal to 5500 m (including
900 m of the lengths of magnetic snakes).

Quality of optical beam

Parameters of radiation of the proposed FEL system meet all the requirements to the
ICF energy driver.

First, there is no significant preheat of the target. The radiation power, fed to the
target prior arrival of the main pulse, is defined mainly by the superradiation of the
electron bunches in the first stage of the FEL amplifier. Undulator of this stage has a
long untapered section which provides exponential amplification of a signai by 10* times.
1t will be shown in section 5.1 that the amplitude of effective shot noise at the FEL
entrance is about of 40 W. All the electron bunches of the train, with except of the last,
generate optical radiation with the power about of 4 x 10° W. This effect does not takes
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place in the subsequent stages of the FEL amplifier, because undulators of these stages
are manufactured with a deep tapering. So, during time period about of 1 us until the
arrival of the main pulse with the energy 1 MJ, the target will receive the energy about
of 107! J. As a result, contrast of the FEL based ICF energy driver is larger than 107.

Second, a form of the optical pulse influences significantly on the process of the target
implosion. The proposed scheme provides wide possibilities to steer the optical pulse form
and duration. It may be done, for instance, by introducing separate delays of electron
trains in different FEL amplifier channels.

Third, to provide effective focusing of radiation on the target, the laser should provide
a high brightness B:

By = Wopa/(Sma?),

where W,,, is the peak laser power, § and o« are the square and the angle divergence
of the radiation at the laser exit, respectively. An ultimate brightuess of powerful solid-
state laser systems does not exceed the value of 10!® W/(cm?sr). We have emphasized
above the radiation of the FEL amplifier always has minimal, i.e. diffraction dispersion.
Using data from Table 1, we obtain that the FEL based ICF energy driver possesses the
brightness B; = 4 x 102 W/{cm?-sr).

4.4 Efficiency of the ICF reactor
The efficiency of the proposed ICF energy driver is given by

NTOoT = NACC X NSEP X YFEL- (5)

Assuming the efficiency of the accelerator 7acc, of the separation system nsep and of the
FEL amplifier 7L to be n4cc = 0.4, 1sgp = 0.9 and nrgr = 0.3, respectively, we obtain
that the total efficiency of the ICF energy driver is equal to gror = 0.11.

Let us estimate output characteristic of the ICF reactor assuming that it is designed
by a standard way, i.e. the power of thermonuclear explosion is absorbed by the walls of
the reactor chamber, converted into the heat power and then converted into the electrical
power.

To estimate output power of the ICF reactor, one should choose the value of the pellet
gain Q. In accordance with results of numerical simulations this parameter may reach the
values 200 - 1000 (see, for instance, refs. (3], [10]). Assuming that the ICF energy driver
initiates thermonuclear explosion with the energy excess by a factor of 1000, repetition
rate to be equal to 40 cycles per second, the efficiency of thermonuclear power conversion
into the electrical power to be equal to 0.4, the ICF reactor heat and electrical power are
equal to 40 GW and 16 GW, respectively. The ICF energy driver itself consumes about
of 400 MW of electrical power.
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5 FEL amplifier

The FEL amplifier for the ICF reactor consists of 64 parallel channels and each channel
is a multi-stage FEL amplifier with 90 stages of amplification. Each FEL amplifier channel
provides amplification of a single optical bunch using the scheme of the optical power
summation (see section 2}. Output power of the multi-stage FEL amplifier significantly
exceeds the power of a single electron bunch (in the presented numerical example ~ by
a factor of 30). Such an FEL amplifier meets all the requirements to be the ICF energy
driver. Using the electron driving beam with the energy £ = 3 GeV, peak current lpear =
2 kA, number of bunches in a train N = 6440, it provides 1 MJ energy in optical flash
with the radiation wavelength 0.5 pm.

In this section we analyze in details the operation of the multi-stage FEL amplifier.
The first stage of the FEL amplifier is destined to amplify relatively weak signal from
the master laser (W, ~ IMW) by a factor of the order of 105. It is designed by a
standard way, i.e. its undulator has a long untapered section and a section with tapered
parameters. Output radiation power at the exit of the first stage is of the order of the
electron beam power. Subsequent stages of the FEL amplifier amplify a powerful optical
beam and provide small amplification per one stage. They operate in a tapered regime
from the very beginning and are designed using a scheme of multicomponent undulator
(i.e., prebuncher - dispersion section — tapered undulator). It should be noticed that the
effect of “optical guiding” [6] does not provide eflective focusing of the radiation in these
stages. To avoid the radiation power losses, the diaphragm focusing line is used in these

stage of the FEL amplifier (see Appendix A for more details).

5.1 First stage of the FEL amplifier

In this section we present the results of calculation of the first stage of the FEL amplifier
(see Table 3). It is destined to amplify relatively weak power signal from the master laser
(W.ze ~ IMW). The first stage of the FEL amplifier is designed by a standard way, i.e. its
undulator has a long untapered section and a section with tapered parameters. Output
radiation power at the exit of the first stage is of the order of the electron beam power.
Analysis of the first stage allows one to obtain requirements on the driving electron beam
parameters.

Peculiar feature of the first stage is that there is no need in external focusing of
radiation, the radiation is concentrated near the electron beam due to the, so called,
effect of “optical guiding”. So, to calculate characteristics of the FEL amplifier, we use
FS2R code (see refs. [11], [12]) developed for calculation of the FEL amplifier with an

axisymmetric electron beam.
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Table 3: First stage of the FEL amplifier

Undulator
Undulator period Ay, cm 15
Undulator field H,, kG (entr./exit) 10.8 / 9.6
Length of untapered section, m 17.7
Total undulator length, m 64.2
Radiation
Radiation wavelength A, um 0.5
Input power W, MW 1
Output power W, GW 480
Efficiency 1, % 8
Reduced parameters
Diffraction parameter B 0.31
Energy spread parameter AZ 0.025
Space charge parameter AZ 0.06
Gain parameter T, cm™ 3.7 x 1073
Saturation parameter B = A I'/47 0.0045

Linear mode of the FEL amplifier operation

FEL amplifier can amplify radiation with the wavelength X satisfying the FEL resonance

condition:
A Aw/29? :/\w(1+Q2)/272, (6)

where H,, and X, are undulator magnetic field and period, respectively, @ = eHyAw /27r1nc2
is the undulator parameter (here and below all the formulae are written for the case of
the helical undulator). ’

In the linear mode of operation, the radiation of the FEL amplifier may be represented
as a set of modes. Each mode is characterized with the eigenvalue A and the eigenfunction
of the transverse distribution of the field F (7). During the process of amplification,
the transverse field distribution remains intact, while its amplitude is growing with the

undulator length exponentially, i.e
| E(z,7) |= const x ezp(Re(A)z) | F(7) | -

In the case of axisymmetric electron beam with radius ro, the eigenvalue equation for
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T E My, mode is of the form [11]:

w1 (9) = 9 Jn (1) Knaa(g), (7)
where n is azimuthal index of the mode, g = —2iBA, p = —2iD/(1 —iAzb)—g2, A=AJT
is the reduced eigenvalue,

B =Triw/c
is the diffraction parameter,
AZ = Az/l‘2 = 4c2/(w2r30?ﬂ)

is the space charge parameter, 8,, = () /v is the rotation angle of electron in the undulator,

[ = (100}, /(Layive®)]'/?
is the gain parameter, [ is the beam current and /4 = mec®/e. In the case of the Gaussian
energy spread, function D is given by

D= i/gexp[u,&.}gz — (A +iC)E)de,

0
where
C=CfT = (25 /Ay —w/292c)/T
is the reduced detuning from the resonance of the particle with the nominal energy &,

A} = ohw? /(2c41E5T?)
is the energy spread parameter and

75 = [<(AE[E)> o1 < (A0)>7 (412

is the effective 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 equi-

librium radius ro and angle spread (< (A8)2>)1/2 of the electron beam:
Tog = (gwfn/“ﬂ)l/{ (< (A9)2>)1/2 = (ﬁn/ﬂﬂwA/)l/2

where 3, = Aw/ﬂwﬂu, is the beta-function of the electron beam 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 £ Mgy mode, is the most

appropriate with respect to attaining of maximal increments and reducing sensitivity to

the energy spread [11]. Moreover, the transverse field distribution of this mode is optimal
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Figure 5: Dependency of the FEL amplifier increment on emittance (€0 = 107 8cmxrad)

for subsequent matching of the radiation with the diaphragm line. So, we consider below
the FEL amplifier tuned to amplify the ground T E Mg mode.

Analysis of the linear mode of the FEL amplifier operation enables one to impose
restrictions on the values of energy spread and emittance of the driving electron beam.
Fig.5 presents the dependence of the reduced increment versus the beam emittance.

It is seen from this plot that there is a region of optimal values of emittance when in-
crement achieves 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
small emittance values, a decrease of increment is connected with the growth of the space
charge 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 the plot in
Fig.5. 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 part 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 field forces to provide a more slow undulator
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tapering, which results in a morc 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 A\i < 0.1

Another important factor influencing significantly on the FEL amplifier operation is
the energy spread of the electrons in the beam. The plot in Fig.6 presents the dependence

of the increment on the energy spread.
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Figure 6: Dependency of the FEL amplifier increment on energy spread

It is seen that increment visibly drops at AE/E 2 0.2%. Numerical simulation of the
nonlinear mode of the FEL amplifier operation have shown that the final FEL efliciency

drastically drops when the energy spread exceeds this value.
Using this analysis, we have chosen the emittance and the energy spread of the driviag

electron beam to be equal to ¢ = 1.6 x 107° cmrrad {e; = 3 X 10~2 cm-rad) and o/& =

0.1 %, respectively.

FEL amplifier noise

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

FEL amplifier entrance is given with the expression 13]:

Wo, ~ elwr6% fc (8)
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For the FEL amplifier parameters presented in Table 3, the effective power of shot noise
at the FEL amplifier entrance is equal to W, =~ 40 W, so the chosen value of the master

oscillator power W,,, = 1 MW is much more than this value.

Optimization of the undulator length and the FEL amplifier output
characteristics

During the process of the radiation amplification the electrons lose their energy which
leads to desynchronism of the electrons an the electromagnetic wave. In the case of the
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 [12):
Wiat = 81 /e, (9)

where
B =A,T/4r. (10)

Usually the gain length {, = 1/T is much more than the undulator period which results
in a low saturation efficiency

For the FEL amplifier parameters presented in Table 3, the saturation efficiency is
Msat ~ 0.5 %. The method of the FEL amplifier efficiency increase by the undulator
parameters tapering is a widely known one [4)], [14], [15]. There is a lot of possibilities
of undulator tapering and here we have chosen for numerical example only ore of them,
namely the undulator field decrease at fixed undulator period A,,. 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. Undulator tapering begins at the undulator length equal
to 17.7 m and the required level of the radiation power is achieved at the undulator
length L ~ 64 m. At the undulator exit, the change in the undulator magnetic field is
AHy/Hy, =10 %. A phase analysis shows that about 75 % of the electrons trap in the
regime of coherent deceleration.

Fig.7 presents the dependency of the FEL amplifier output power on the reduced
detuning ¢ = C/T = (27 /Xy — w/2v2%c)/T. This plot enables one to find restrictions on
the values of systematical drifts: frequency of the master oscillator Aw/w = 28 - AC ;
energy deviation AE/E = 8- AC ; undulator field AH,/H, = B(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.7 that systematical
drifts ~ 1 % of the above mentioned parameters do not influence significantly on the FEL

amplifier output power.
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Figure 7: Output FEL amplifier power versus detuning

It should be noticed here that the notion of energy spread needs some explanation.
We have obtained above that the FEL amplifier operates successfully when the energy
spread in the beam is rather small, /& ~ 0.1 %. Physical sense of this energy spread is
that it js instantaneous, i.e. particles of the beam with the mean energy & occupy finite
region in the phase space. On the other hand, the driving electron beam, produced by the
RF accelerator, has finite phase extent with respect to the accelerating RF wavelength. It
results in a drift of the mean energy of the particles along the beam. Using Table 2, one can
obtain that the half-width of this distribution is equal to 6€/& =~ (1/4)(nly/ A 1)? 22 0.5 %.
To be strict, this energy drift does not increase the phase space occupyed by the beam and
in the case under consideration it does not influence significantly on the FEL amplifier
operation due to local interaction of the radiation with the electrons in the beam. Indeed,
characteristic scale of the interaction region is defined by the slippage length of the optical
beam with respect to electron beam, which is about of a fraction of millimeter. So, at
each point the radiation interacts with the electrons having approximately instantaneous
energy spread equal to §€/& ~ 0.1 %. The drift of the mean energy along the beam
equal to 0.5 %, in accordance with the plot presented in Fig.7, does not influence on the
FEL output power, because all parts of the electron beam interact resonantly with the

optical beam.

20



5.2 High efficiency FEL stages

We have considered above the operation of the first stage of the multi-stage FEL am-
plifier. This stage provides amplification of relatively small signal of the master oscillator
(Win & 1 MW) up to the power comparable with the power of the electron beam. While
this scheme is optimal for amplification of a small signal, it is completely nonoptimal when
the input optical power is comparable with the electron beam power. So, we propose to
use in the subsequent stages the FEL amplifier with the multicomponent undulator which
consists of a prebuncher, dispersion section and tapered undulator. Such an FEL ampli--
fier configuration allows one to provide effective capture of electrons into the regime of
coherent deceleration and attain a high efficiency.

In the presented paper we propose to use a periodic diaphragm line for focusing the
radiation. It has a form of a sequence of screens with holes. When Fresnel number is
large, eigenmodes of such a line have rather small diffraction losses. For instance, in a
visible wavelength range, at the radius of the hole about of 1 cm and the distance between
the screens about of 1 m, diffraction losses of the ground eigenmode are about of 0.01 %
per one diaphragm.

Operation of the multistage FEL amplifier proceeds as follows. In the initial stages
a transitional processes take place: the optical power amplification and formation of the
optical field eigenmode. After passing a large number of stages, the amplification coeffi-
cient ¢ becomes to be small and the transverse field distribution is settled corresponding
to the ground TEMg, mode of the diaphragm focusing line. Estimations have shown that
this process is lasted approximately 10 amplifier stages. As a result, calculation of the
stages from 10 to 90 can be performed using one-dimensional theory in approximation of

the given optical field amplitude.

A choice of the multi-stage amplifier parameters

General approach to the analysis of the high-efficiency FEL amplifier stages is presented
in Appendix B. Here we present the results of numerical simulations.

Using the requirements on the output characteristics of the ICF energy driver, we have
fixed in the previous sections such parameters as the energy and current of the electron
beam, number of the FEL amplifier stages and their efficiency. These parameters are as
follows: & =3 GeV, I = 2 kA, N, = 90, npgr = 0.3. Values of the emittance and the
energy spread of the driving electron beam are defined by the requirements of efficient
operation of the first stage and are equal to ¢ ~ 1.6 x 10® cm-rad and o /&, ~ 1073.

Assuming the undulator period to be A, = 20 cm nd radiation wavelength to be
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A = 0.5 pm, we obtain:
Q.(0) ~ 13, 6, ~2.2x1073, 2~ 4.9 % 107°%
The gain parameter is given with the formula (B.5):
r=23x10"42/R?, ' (11)
Here and below I, is in meters and the diaphragm radius R is in cm. Factor g is given
with the formula (B.7):
g~ 1.6 x 107%/1,, (12)

Assuming the energy spread in the beam to be gaussian with o/& = 1073, the energy

spread parameter A from expression (B.14) is given. with:
Ap = 0/Eg ~ 6.3 x 1071, (13)

At a large number of the stage (i.e. at n > ng = 10), the transition processes are
finished and the field amplification may be calculated in the framework of one-dimensional
model using a small-gain approximation (see Appendix B). In the presence of focusing
diaphragm line two competing processes take place: one of the field amplification given
with the gain factor 7 and another — of the field damping given with the damping factor
K. Total FEL efficiency nrgy is connecte;] with the electron efficiency n by the relation:

NFEL = (1 — 1&,/6’)17.

Here damping factor K can be calculated using formulae of Appendix A and the gain factor
G - by formulae of Appendix B. Estimations have shown that the number of transitional
stages is approximately equal to ng ~ 10 and their average efficiency is approximately
equal to a half of the efficiency of the high-efficiency stage. So, we may write the following
formulae for the output power of the multi-stage FEL amplifier with the number of stages

equal to n (n > ng):
W, >~ 10.5n0 + (n — no — WnretWs = n'nreLWs, (14)

where W, is the power of electron beam, n' =n—05xn,— L So as the number of
transitional stages is equal to ng = 10, then n’ = n — 6. Field amplification factor in the

n-th stage is given with the formula:
G ~ W/ 20" nreL Wy = /20" nrEL- (15)

Taking into account that the field distribution of the ground mode TEMqo of the di-
aphragm line is | E |x Jo(porr/ R) (see Appendix A), we may calculate reduced amplitude

of radiation field after n-th stage:

G =0.24 X [n'nppp] 12/ R. (16)
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Damping factor K may be calculated using formula (A.5). Assuming the period of di-

aphragm line to be L = 0.5 m, we obtain:
K ~3.7%x107%,/R% (17)

The next step of our study is the optimal choice of the values of the undulator lengths [,
and diaphragm radiuses R as functions of the stage number n. We assume that diaphragm
radiuses R is changed adiabatically along the diaphragm line. We confine optimization
process by two conditions. First, we assume the efficiencies to be equal for all stages.
Second, the rate of radiation damping to amplification K /G is assumed to be constant.
The latter condition means that the heat load on the diaphragm line is almost uniform

in all the stages. As a result, we obtain:

. n'l,(n) _
K/G i) const. (18)

Using formulae (B.9), (11) and (16) we obtain once more relation between the values of

l, and R :

. (n/)l/zlw(n/) 3 ;
7 o gl TR const. (19)

Using relations (18) and (19), we obtain:
Ly x ()4 Ro (n)V4 (20)

Then, using formulae (11) - (13} and {16}, we obtain the following parametric dependen-

cies:

g o (n)Y4, 7o ()7, Ap o (n/)14, o (n')" V4, & o (n)7V4,
(21)
It is useful to notice that the depth of the undulator field tapering

| AI'Iw | /Hw(o) - &g

does not depend on the number of the stage. Analysis of the obtained parametric relations
together with relation (B.16) shows, that the similarity of the stages is not universal due
to the dependence of the value of A7/(4)!/? on the number of stage:

Ar/(@)Y? « ()18,

Nevertheless, this dependence is rather weak and does not influence significantly on the
FEL efficiency.
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The corresponding parametric dependencies for the prebuncher and drift space are
defined with the relations:

(6P), = al, < &%, (6P)ylg = const.,

which results in

I, o (n')8, Iy o (n")Y8, (22)
Phase shift 61 in the drift space is equal for all stages, so it is sufficient to find it for one
of the stages. For definiteness, we consider the last, 90-th stage. We perform optimization

aiming a goal to attain minimal length of the stage at fixed FEI efficiency nrgr = 0.3.

Numerical simulations have shown that the choice of
ly = 40 m, R=1cm.

is close to the optimal values. According to relations (11) — (13) and (16), such a choice

corresponds to the following reduced parameters (see Appendix B):
g=4x10"%, =147, Ar=25 a4=2x10%

Parameter of the tapering depth is chosen to be & = 1.5 x 10® which results in the decrease

of the magnetic field along the main undulator:
| AH, | /H,(0) = &g = 0.6.
Parameters of prebuncher and drift space are as follows:
[,=63x107%, I,=011, ép=1

When calculating the length of prebuncher, one may obtain that its-length may be not
multiple or less than undulator period. In this case parameters of prebuncher (period and
magnetic field) should be chosen to provide calculated beam bunching for a corresponding
stage. The number of prebuncher periods is usually about of 3 - 4 and their total length
is much less than the length of the main undulator. As for the length of the drift space
ly = idlw(l + Q 4 0?), in some cases it may be rather large. In this case the drift space
should be replaced with equivalent dispersion section which length is much less than the
length of the main undulator.

The extraction efficiency of the 90-th stage is equal to n ~ 0.4. Figs. 8a, 8b and 8¢
illustrate phase distribution of the particles at the entrance, in the middle and at the exit
of the main undulator, respectively. Using formulae (15) and (17), we obtain the values
of the field amplification and field losses in the 90-th stage:

G~75x%x1073, K =1.5x%x1073, K/G ~0.2,
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Figure 8: Phase distribution of the particles in the 90-th FEL amplifer stage: (a) -
entrance, (b) - middle and (c) - exit of the main undulator
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which results in npgL ~ 0.87. Taking into account that the average efficiency of the first
no = 10 stages is equal to a hall of the efficiency of the high-gain stage, we find that the

total efficiency of the multi-stage FEL amplifier is equal to
< NFEL > 0.3.

Using the values of parameters of the final, 90-th stage, and relations (20) - (22), one can
calculate the parameters of the preceding stages, fromn = 11 to n = 89. For the lengths

of the main undulator we have the following formula:
Ly[m] = 120(71')‘1/4.

In conclusion of this section let us calculate the total length of the multi-stage FEL

amplifier. The sum of undulator lengths (from n = 11 to n = 90) is given with the
formula:
84
Lot = 120 37 (/)% = 4000m. (23)
n'=>5

For the lengths of the main undulators of the first 10 stages, estimations give the value
about of 500 m, so the total length of the main undulators is about of 4500 m. Magnetic
snakes increase the total length by the value of 900 m (10 m x 90). Contribution of the
lengths of the prebunchers and dispersion sections into the total length is rather small.
Estimations show its value is of the order of 100 m. As a result, the total length of the

multi-stage FEL amplifier is about of 5500 m.

5.3 Influence of synchrotron radiation on the FEL amplifier
operation

When electrons move in the magnetic system of the FEL amplifier (undulators and
magnetic snakes), they radiate incoherent synchrotron radiation, too. "This results in the
decrease of the mean energy and increase of the energy spread in the electron beam due
to the quantum fluctuations of synchrotron radiation.

Energy losses of electron due to synchrotron radiation are given with the expression:

d&fdz = 22yt HY(2)/3,

where H, is the magnetic field strength and 7, = ¢*/mct. In the presented example

total energy losses in the undulators and magnetic snakes (at the maguetic field strength
about of 40 k(is) are about of 55 MeV at the last stage of the FEL amplifier. This energy
losses do not interfere the FEL amplifier operation, because they may be compensated
by appropriate tuning of the magnetic field of undulators, thus providing the resonance

condition.
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A more harmful influence of synchrotron radiation may be caused by the growth of
the energy spread in the electron beam due to the quantum fluctuations of synchrotron

radiation. The rate of the energy diffusion is given with the expression:
< d(6€)*/dz >= 55ehvy'r?H? [24v/3mec.
Resu‘lting energy spread is given with the expression:
(AE)p = [(AE)sphwsh]'?

where (A€)sp are total energy losses of electron due to synchrotron radiation and hwsp =
3eliv?H ) /2mc is characteristic energy of synchrotron radiation y-quantums. In the pre-
sented example the increase in the energy spread is about of (A€)x ~ 1 MeV at the last
stage of the FEL amplifier. Numerical simulations have shown that such an energy spread

does not decrease significantly the FEL amplifier efficiency.

6 Technical feasibility

Let us discuss a possibility of technical realization of the proposed FEL based 1CF

energy driver.

6.1 Driving electron accelerator

One of the key elements of the proposed system is the high-current electron accelerator.
It operates at RF frequency about of 500 MHz and produces trains of 6400 electron
bunches (£ = 3 Gev, e = 2 kA, pulse duration 7 = 100 ps, normalized emittance
e, ~ 3 x 10~? cmrad, energy spread (AE/E) =~ 1073) with the repetition rate about of
several tens cycles per second. Construction of such an accelerator is quite possible at the
present level of accelerator technique R&D. Concept of the accelerator of such a type bas
been proposed in ref. [16].

As for the RF power system, it may be based at klystrons which are manufactured
serially by industry. For instance, klystron L 3775 manufactured bu Litton, operates
at 430 MHz frequency and provides peak and average RF power 30 MW and 30 kW,
respectively.

Injector for the accelerator may be constructed on the base of photoinjector technique.
The photoinjector technique has been developed intensively during last years, mainly due
to the needs of the FEL technique. Significant achievements has been obtained in this
field. For instance, constructed at the Brookhaven National Laboratory photoinjector gun
provides the electron beam with the normalized brightness By ~ 7 x 108 A cm™?rad?
(B, = I/, where I is the beam current). Cathode lifetime of this gun was 700 hours
[17].
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6.2 Separation system

There are six stage in the separation system providing separation of the electron bunch
train by sequential scheme. Pulse duration of the kicker magnets are equal to 12.8 pus,
6.4 ps, 3.2 ps, 1.6 ps, 0.8 ps and 0.4 us for the 1st, 2nd, 3rd, 4th, 5th and 6th stages,
respectively. To provide a high efficiency of separation system, e.g. Nsgp = 0.9, kicker
magnets should provide rise (fall) time about of 50 ns. Such kicker magnets may be
manufactured at the present level of acceleration technique R&D, kicker magnets of the

SLC damping ring provide parameters close to those required [18].

6.3 Undulator

Undulators of the FEL amplifier should have period A,, 2 15 — 20 cm and magnetic
field H, =~ 7 — 10 kGs. Tt should have rather large aperture to place diaphramn focusing
line inside. Taking into account these requirements, it seems to be natural to construct
a superconducting undulator. It should be noted that the first FEL ldsing was obtained
with the superconducting undulator [19, 20]. That undulator had the period A, = 3.2 cm
and total length 5 m. Amplitude of the magnetic field H, = 10 kG was aftained at
the current density in superconducting windings j5 = 700 A/mm?. Bifilar windings were
mounted on the tube with diameter 1 em. To scale these parameters to the case under

consideration, we use the following expression for the magnetic field at the undulator axis
[21]:
Lo

Hy=—p [¢*Ko(C) + (K (O] (24)

where { = .Ac‘wa, fw = 27 [ Aw, Ly 18 the current in the winding, R, is the winding radius
and Kj and K, are the modified Bessel functions (here it is assumed that the transverse
dimensions of the winding A and § are much less than the winding radius R,). The
extrapolation of the results of ref. [20] to the case under study may be performed by the
increase of the winding current I, and all geometrical dimensions, namely Ry, Aw, & and
§ by 6 + 7 times. So as the winding current is equal to [, = j:6AA, one can see that the
requirement on the value of the critical current is diminished significantly and there is
a reserve to increase the winding current. Thus, the undulator of the first free-electron
laser may be considered as a scaled model of the undulator for the FEL based ICF energy

driver.

6.4 Cryogenic system

Cryogenic system should provide cooling of magnetic system of the FEL amplifier. It

may be designed to be rather effective, using, for instance, a package placement of the
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FEL amplifier elements. In this case the cryogenic system will consist of 1432 cryostats
of two types. One type of cryostats provides cooling of a package of 8 undulators and
another - of 8 magnetic snakes. It seems to be perspective to use a multi-refrigerators
system integrated into the cryostat which provides effective cooling without the use of
external coolant. It consists of a 4° K closed-cycle He gas refrigerator and a 20/80° K
two-stage closed-cycle He gas refrigerator adopted to cool 40° K and 80° K heat shields
and other components of the cryostat [22].

In the case under consideration, the summed static heat Joad to 80° K shield, 40° K
shield and to the liquid He vessel will be about of 300 W, 100 W and 10 W per one cryostat,
respectively. Assuming the electrical power consumption per 1 W coolant capacity to be
20 W, 100 W and 700 W for 80° K, 40° K and 4° K refrigerators, respectively, total
electrical power consumption will be about of 25 kW per one cryostat. As a result, the
cryogenic system of the FEL magnetic system will consume about of 35 MW of electrical

power which constitute relatively small fraction of the total power consumption (400 MW).

7 Discussion

When preparing the conceptual project of the FEL based ICF reactor, we have based
at the present level of accelerator technique R&D. When considering future perspectives
of the proposed approach. it should be noticed that the parameters of the commercial
FEL based ICF reactor (sec Table 1) are not ultimate. The main reserve to increase its
power and efficiency is to increase the power and eflicienicy of the driving accelerator. In
the presented study we have based on the klystron efficiency »(klystron) = 0.5, a level
which is well mastered by industry for pulsed klystrons of decimeter wavelength range.
It seems to be rather realistic that the efficiency of pulsed klystrons may be increased
up to the value about of n(klystron) ~ 0.7 - 0.8 in the nearest future. Such a value
of the klystron efficiency has been achieved at CW klystrons developed for RF systems
of circular colliders. For instance, TH 2089 klystron, operating at 350 MHz frequency,
provides output RF power 1 MW at 70 % efficiency. The use of klystrons with such an
efficiency will allow une to increase the 1CF energy driver efficiency from 11 % up to 16 %.
Another reserve to increase the ICF reactor power is the increase of repetition rate. In
the proposed project, repetition rate is limited by the average power of klystrons. The
use of klystrons with the average output RF power 100 kW will enable to increase the
repetition rate up to 120 cycles per second and to increase electrical power of the reactor
from 16 GW up to 50 GW.

The thorough analysis presented in this paper have shown that the FEL technique

enables one to construct the energy driver which fits the requirements to be the energy
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driver for inertial confinement fusion. We have shown above that such a system may
be realized at the present level of accelerator technique R&D. Nevertheless, it should be
emphasized that despite many pieces of the proposed equipment have been developed for
other applications, there are no operating FEL amplifiers with the parameters close to
those required. So, the basic idea of the proposal, namely a possibility to construct multi-
stage FEL amplifier, requires experimental verification. To perform such a verification,
there is no need to build a full-scale facility. It may be done, for instance, by constructing
a model of the FEL amplifier with the number of amplification stages about of 10. Such
a test facility requires electron accelerator providing acceleration of 10 electron bunches
(bunch spacing about of 4 ns, £ ~ 3 Gev, peak current [ =~ 2 kA, emittance €, =
3 x 10-3 cm-rad, energy spread og/& ~ 107%). Micropulse duration of this accelerator
may be done rather short, about of 10 ps, in this case slippage effect is almost negligible.
The energy stored in 10 bunches will be about of 600 J, so such a test accelerator may
operate in L-band RF wavelength range in a regime of stored RF energy. At accelerating
gradient about of 30 MV/m, its length will be about of 100 m. An accelerator facility
with parameters close to those required is developed, for instance, in the framework of
superconducting linear collider project TESLA [23].

Experiments, carried out at a such relatively low-cost facility will reveal a possibility to
construct in the nearest future a full-scale FEL based energy driver for inertial confinement

fusion.

Appendix A. Diaphragm focusing line

As a rule, lens systems are used for transporting and focusing of optical radiation.
While this technique is appropriate at a relatively small radiation power, it is completely
unfit for focusing and transporting of powerful laser beams with the average and peak
radiation power about of one megawatt and several hundreds terawatts, respectively.
Nevertheless, this problem may be solved by using diaphragm focusing line which has a

form of periodically spaced screens with round holes.

Basic consideration

Diaphragm focusing line operates as follows. Consider electromagnetic wave passing
along the sequence of diaphragm. When electromagnetic wave diffracts at the first di-
aphragm, it produces diffraction pattern in the plane of the next diaphragm. When the
second diaphragm is placed in the main maximum of the diffraction pattern, diffraction
losses are minimal. Further, sideband maxima of the diffraction pattern produced by the

second diaphragm are less than that of the first pattern, etc. When the wave passes a large
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number of diaphragms, the field eigenmode is formed which has low diffraction losses. For
the first time eigenmodes of the diaphragm line have been calculated numerically by Fox
and Li [24] and later have been obtained analytically by Veinstein [8].

To get a deeper insight into the role of diffraction effects for forming the eigenmode
in the diaphragm line, we, following by ref. {25], study the problem of the diffraction of
the plane wave at periodical sequence of completely absorbing semi-infinite screens (see

Fig.9).
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Figure 9: Diffraction of plane wave at semi-infinite screens. Here: 1 - screens, 2 - incident
wave.

Period of the structure is equal to L and direction of the wave propagation forms a small

angle o with the plane perpendicular to the edges of the screens. We assume that
o « M(rL),

where A is the wavelength.

The field of the wave, diffracted at the edge of totally absorbing screen, can be pre-
sented as a suin of two waves: the wave which does not exist in the region of geometrical
shadow and is unperturbed outside it, and cylindrical wave which is produced by a image
source located at the edge of the screen [26]. In the considered geometry, the field ui(z)
of the wave, diffracted at the first screen is given with the expressions:

[ wo— (w/mFE),  x<0
uilr) = { (uof /) F (€], >0 A

where ug is the amplitude of incident plane wave,

F(&) = /exp(irz)dT
¢
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is Fresnel integral and ¢ = (7/AL)"/2z. Substituting approximate expression for Fresnel

integral
P&) = iexslie?) 2 +iTn])
into formula (A.1) for u,(z) we obtain the field distribution in the region of geometrical
shadow:
uy(z) ~ A(z)exp(ike?/2L),
where k = 2r/) and A(z) is slowly changing function.

When unperturbed wave is diffracted at the second edge, it produces another cylin-
drical wave with the image source located at the edge of the second screen. Besides this
wave, there exists also unperturbed plane wave which produces another cylindrical wave
at the third screen, etc. As a result, the field of diffracted wave is presented in the re-
gion r < 0 by a superposition of cylindrical waves produced by image sources located at
the edges of all the screens and with amplitudes decreasing with the deflection of their
propagation off the direction of propagation of the initial wave.

Due to the interference of a large number of cylindrical waves, there exists a series

of discrete directions where amplitudes of these waves are summed. It is illustrated with

Fig.10.

Figure 10: Diffraction of plane wave at semi-infinite screens. Here: 1 — screens; 2 —
incident wave; 3 — diffracted wave.

The difference of paths A; B1C; and A3 B,C, is equal to the difference of paths D1 B and

B, D,, which means that the waves produced by edges of the adjacent screens are summed
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when

EL(6* — a?})2 ~ 27n,

where n is integer number. At the intermediate directions, the field amplitude takes zero
value due to interference effects. At a® « A/(rL) the amplitude of the “reflected” wave
with n = 0 and 8o = « significantly exceeds the amplitudes of another waves.

So, when the incident angle of the wave is rather small, {a? < A/(7 L)), the radiation
does not absorb and is dispersed due to diffraction effects and the most fraction of the
power is in the “reflected” wave. ]

Using analytical techniques, Veinstein has obtained coefficient of diffraction reflection

Ry of the plane wave from the sequence of semi-infinite periodical screens [8]:
Ro = —exp[ =5l —1)s], (A.2)

where s = a(kL)'/? and 55 = 0.824. When factor s is decreased, the absolute value of
Ry is approached to the unity. The phase multiplier in the right-hand part of eq. (A.2)
corresponds to the phase shift not equal to 7. As a result, the process of reflection takes
place as if a mirror should be placed slightly farther then the plane of the screen edges.
Let us derive one important consequence of eq. (A.2). Resulting field of incident and

reflected wave may be presented in the form:
E(z,2,t) = u(r)exp(thkz: —wt) = [Aexp(ik;z) + Bexp(—ikyx)]exp(ikz — wwt),

where k,/k, ~ a, k2 + k? = 47x%/)? and w = 27wc/A. At the plane of the screen edges the

ratio of reflected and incident waves B/A is equal to Ro, which results in
uw(z) = Alexp(tkyz) + Roexp(—ik.z)].

One can obtain that the value of logarithmic derivation of u(z) at the plane of the screen

edges is equal to:
dIn(uw)/dz)z=0 = (1/u)dufdz|em0 = ik, (1 — Ro)/(1 + Ro).
Assuming factor s to be small and replacing exp [ —8o(1 — 1)s] by 1 — B¢(1 —t)s, we obtain

(1= Ro)/(1 + Ro) = [Aol1 - TRV I

and
din(u)/dzlso = = (1 +y/ALIET)] (A.3)

Peculiar feature of the latter formula is that the term k, is completely excluded from

it, which allow one to use it as a universal boundary condition. Let us consider, for
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instance, a periodical diaphragm line formed by a sequence of slits in absorbing screens.
Transverse dimension of the slits is equal to 2a and coordinates of the screen edges are
equal to z = fa. Eigenfunctions u;(z) of such a diaphragm line are the solutions of the
homogeneous equation:

d*u;/dz? + k?u, =0

and satisfy boundary conditions

[ujﬂ:(l +i)ﬂm//\L/(87r)duJ/dx] =0

In the first approximation of a small parameter M = (87 Np)~V/2, where Np = a*/(AL)

is Fresnel number, functions u; are given with

— cos[mj(1 — Az /(2a)], j=1,3,...
uy(z) = { sinfrj(1 — A)z/(2a)}, =04, (A.4)

where A = (1 +i)3oM. Validity region of these results is that parameter j must satisfy
inequality
7P M < 1.
Substituting k; = 7j{1 — A)/(2a) into relation
k24 k2 =Wt = An? N
we obtain expression for k.:

koL~ wlfc - 722 M? /2 + w2 MP(1 + 1) Bo.

For the j-th eigenmode, a fraction of the radiation power losses per passage of one di-

aphragm is given with the relation:
oAm(k,L) = 20252 BoM®.

Axisymmetric diaphragm line

On the base of previous study we can calculate paramecters of the axisymmetric di-
aphragm line. We assume the radius of the hole to be rather large, R > . Eigenfunctions

®,,(r, ) of the axisymmetric diaphragm line have the form:
D, = um;(r) exp(—imep), m=0,1,2,...
Functions uy,; are the solutions of the homogeneous equation:

7‘2(12111,,,1/(11‘2 + rdiy,,/dr + (kfnj — 1 Uum; =0
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and satisfy boundary conditions:

[umj + (1 + ) Boy/ AL/ (87)dttm; /dr] =0

In the first order of a small parameter M = (87 Np)~V/?, where Np = R?/(AL) is Fresnel

number, functions u,,; have the form {8}, [25], [27]:

Umj = I (Kmj7);

where kmj = fim;(1 — Do)/ R, Do = (1 49)BoM, pi; is j-th root of the Bessel function of

the m-th order (i.e. Jm(ftm;) = 0). Substituting expressions for km; into relation
2 12 242
k24 ki, =w'e
we obtain expression for k, :
k.L ~wL/c—2u2;M* + 4p2 M3 (1 +13)fo.

For the TEM,,; eigenmode, a fraction of the radiation power losses per passage of one

diaphragm is given with the relation:

2Im(k, L) = 8uZ,; M*Bo. (A.5)

Imperfections of diaphragm line

Let us study the influence of imperfections in the diaphragm line on its properties {see,
e.g. ref. [25]).

When one of the screens is shifted off the axis, it may cause distortion of the amplitude
and phase of the scattered wave. To estimate the change in the amplitude, one should
remember that the amplitude of the cylindrical wave, produced by the edge of the screen,
is proportional to the Fresnel integral F'(§) in the region of the next screen and is decreased
by a factor of 2.5 at | z [> (AL/7)Y? = A;. So, the region of z > Ay is the region of
shadow. If the screen is shifted off the axis by the value § > A,, either this screen or the
next screen falls into the region of the shadow and does not produce diffracted wave.

To estimate phase errors, we consider the drawing presented in Fig.10. One can see
that the shift of the screen by the value éz in the transverse direction causes the phase

shift of the wave, propagated by the angle 6
kbz(sina + sind) =~ kéz(a + 0).
For the reflected wave, the change in the phase equal to 7 is achieved at bz = Ay = A/ (4a).

At small angle approximation a? < A/(wL), it results in the inequality Az > A; which
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means that the value of admissible shift of the screen is defined mainly by aperture
restrictions but not by phase distortions. So, requirements on the accuracy of transverse
adjustment of the screens is given with éz < Ay = (AL/x)Y2.

As for the accuracy of the longitudinal adjustment of the screens, it is defined mainly
by the effect of the higher order modes production. A relative power of this effect is given
with the ratio of the error in the period 6L to the period L. When the screens are adjusted
with the accuracy about of §L ~ 1072 cm (which is usual in the accelerator technique),
parameter §L/L will be of the order of 10~* and irregularity of the diaphragm focusing
line does not result in the extra diffraction losses.

In conclusion of this section it should be noticed that there is no need to use completely
absorbing screens in the diaphragm line. Moreover, it would be preferable to use reflecting
screens. At accepted limitations, reflecting screens are almost identical to absorbing
screens with respect to diffraction effects, while the problems of the heat load on the

edges of diaphragms are not so severe.

Appendix B. Calculation of a high-efficiency
FEL amplifier stage

In the present section we describe briefly the method of calculating the FEL amplifier
stage with a high efficiency. When the field is amplified in the multi-stage FEL amplifier,
the process of the field cigenmode formation, corresponding to the ground TEMgp mode
of the axisymmetric diaphragm line takes place (see section 5 and Appendix A). At a
large number of the stage, the field amplitude eigenmode is settled and the field gain G
per one stage becomes to be small. These reveals a possibility to calculate the process
of the field amplification using one-dimensional model in approximation of the small field
gain.

So as the optical field power is rather large in this case, it becomes to be optimal to use
the FEL amplifier with multicomponent undulator consisting of a prebuncher, dispersion
section and main undulator with tapered parameters. [t operates as Tollows. At first, the
clectron beam is modulated by the energy in the prebuncher. Then it is bunched in the
drift space (or dispersion section). Finally, the bunched beam is fed to the entrance of
the main undulator with-the tapered parameters where a significant fraction of electrons
traps into the regime of coherent deceleration.

For simplicity, we begin the analysis of the field amplification in the multicomponent
undulator with the case of a small FEL efficiency. This allow one to write down the
FEL equation in a more simple form, neglecting the change of the electron energy £ and

undulator field H,, in the amplitude terms and taking into account the change of H,, in
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the detuning:

C =k —wll + QAN/2%,  Qu = eHu(z)/mcteu

Simulation of nonlinear mode of the FEL operation is performed by macroparticle method.
When the number of macroparticles per radiation wavelength (or phase interval 0 < P <

2r) is equal to M, the equations of motion of the k-th particle are as follows:

dPyy/dz = a(z)cos(P) + o), (B.1)
dry [ d3 Puy + C. (B.2)

It

Here the following notations have been introduced: z = z/l,, ¢ = Cly, 1, is the length of
the main undulator, P = wlyPley? &y, P =E—E, 0t = wltufeyi €, uexp(ith) = —eb, E,
0 = Qu(0)/710, 70 = Eofrnc? and 132 = 757 + 02,

We assume the transverse size of the electron beam to be much less than aperture
of diaphragm line, so we neglect the radiation field change in the transverse direction.
Using Maxwell equation, we obtain the following reduced equations on the amplitude @

and phase v of effective potential:

s or M ‘
difd: = —=3" cos(yu) + o), (B.3)
M =
. 2r M )
dyo/d: = m g Sln(d)(k) + %), (B.4)
where
7 =705 jowls, (1l 70la) ! (B.5)

is the gain parameter and {4 ~ 17 kA. To take into account the field distribution in
the diaphragm line, an effective electron current density should be substituted into the

equations:

jo = I[7 R po )] " = 3.7/ (n R?).
Here we have taken into account that transverse field distribution of the ground TEMogo
mode of the axisymmetric diaphragm line is given with the expression (see Appendix A):

| E | Jo(porr/R).

The solution of equations (B.2) - (B.4) allows one to obtain the field amplification G =
A4/ per one undulator pass. The electron efficiency of the FEL is given with the
expression:

n=ce | EAE | [(7jo&o),
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or
i=n/g = Gi?/2, (B.6)
where G = G//7 and
g = v efwly, g < 1. (B.7)

Under accepted approximations, namely of a small gain and that there is a bunched beam
at the main undulator entrance, it follows from eq. (B.2) that the main undulator should
be tapered by a linear law:

C(3) = C(0) + as. (B.8)

When the undulator tapering is performed by the undulator field decrease at a fixed
undulator period, the linear law of the tapering (B.8) takes place at a linear change of

the undulator field along the undulator axis:
[H,(z) — Hu(0)]/ Hu(0) = —az,

where a is equal to
& = awl,Q3(0)/9(1 + QL (0)).

To obtain simple physical estimations for the FEL efficiency, let us consider a model situ-
ation when the electron beam is totally bunched and is located in an optimal decelerating
phase at the entrance of the main undulator (i.e. M = 1, Yy(0) @ 7, 1he =0 in equations
(B.2) - (B.4)). In this case the optimal value of the tapering parameter & is equal to
& ~ 4 and the change of the energy, in accordance with eq. (B.2), is given with the
expression P ~ —43 ~ —&3. The change of the field amplitude, in accordance with eq.
(B.4), is equal to At ~ 27 and the field gain is equal to G = Ad)G ~ 27 /7. Substituting

the latter expression into formula {B.6), we obtain expression for the FEL efficiency:

n=nlg >

A thorough optimization of the FEL amplifier with the multiconmponent undulator, per-
formed with a large number of macroparticies, confirmns these parametric dependencies

fox i, & xwand G x 471, but results in smaller coeflicients, nately:

50650, a~09i, G 13 (B.9)

In the real situation, the particles occupy a finite region in the phase space and perform
synchrotron oscillations near the equilibrium phase ¢, = arccos[—&/(#)] ~ 2.7. The inean
valtue of the cnergy of the trapped particles is eqnal to < AEJE =g < P >~ —gas.
Let us now consider a situation when the clectron efliciency, calculated with formula
(B.9),
7 22 0.65g 1,
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is of the order of unity, which corresponds to the case of the high efficiency, i.e. a signif-
icant change of the electron energy occurs during the amplification process. In this case

equations (B.2) - (B.4) should be modified to

d]a(k) _ 1 —gd%(l +b)/bA . 3\
A 1+ 9Py, e coslin + o) ' B
d¢(k) _ éo P(k)(l + gP(k /2\ + 4z [] —ga 2(1 + b)/(Qb)] (B.l])
d: (1+9Pw)? ’
dit 27 . cos{t(x) + o)
— = ——[l—gaz(1+b)/b SGALAL R L B.12)
dz M )/ ]kz:; 1+ 9Py (
dipo 27 - sin(t(x) + o)
= = — (1 — gaz(1 +b)/b —_—— B.13
dz | v /]kzl 1+ gPu (B13)

where b = @2 (0). These equation are reduced in the sarne way as equations (B.2) - (B.4).
The only difference is that all reduced parameters are calculated at the initial parameters
of the electron beam and undulator. Parameters & and a are connected with each other
by the relation: & = abl,/g(1 + b). '

Reduced length of the prebuncher is equal to l = I,/l,. The change of the phases of

electrons in the drift space of length [; is given with the expression:
Ay = {Co + P(k)] la + 69,

where I; = l4[1 + Q%(0)]71I; and 6y = —xly/(13)A) = —l4/2g is the phase shift due to
the optical beam slippage with respect to the electron beam to be not multiple to the
radiation wavelength.

When the energy spread of electrons in the beam is gaussian at the undulator entrance,
\ 21-1/2 2 (5.2
F(P) = [210%] " exp [~(£ - £)*/(207)] ,
then reduced distribution of macroparticles is given with the expression:
F(P) = [2#[&%]_1/2 exp [—152/2[\%] , (B.14)

where A = a/&og is the energy spread parameter.

So, equations (B.11) - (B.13) allow one to simulate the FEL amplifier with a high
efficiency. It should be noticed that in the high-efficiency case it is rather difficult to
obtain universal formulae for the efficiency similar to formulae (B.9) obtained for a low-
efficiency case. In the general case, numerical simulation should be performed as soon
as parameters of the FEL amplifier have been changed. Nevertheless, we can make some

useful remarks.
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First, at the linear law of tapering, the obtained efficiency will be lower than that
given with formulae (B.9). It is connected with the fact that when efficiency approaches

to unity, the size of separatrix is decreased:

(6P)max = SI(1 - ga2)i 7, (B.15)
where factor S is of the order of unity. So, we may conclude that the value of the efficiency
depends on the value of g& (or on the value of gi, because doox 1)

Another effect decrcasing the FEL efficiency is the influence of the energy spread in
the electron beam. To diminish this effect, we should provide the energy modulation in
the prebuncher (kbf)),, = 11/}, to he greater than the energy spread in the beam Az. On
the other hand. the energy modulation in the prebuncher should be less than the size of
separatrix, \v] < 8442 So. we mav conclude that the energy spread will not decrease
the FEL eﬁimency when

1'\7'{’, 11 < 1.
Taking into account the above mentioned remarks, expression for the FEL efficiency may

be written in the following form:
iy o2 0.65gu [ {gt, AT'ff:/z), (B.16)

where function f is close o unity at small values of arguments and is decreased with their
growth. In the general case, when the values of gt and A7@i=1/2 are rather large, it is
necessary to perform optimization of all parameters of the FEL amplifier including the
choice of the equilibrium decelerating phase, of the reduced length of the prebuncher l,,,

of the reduced length of the drift space I, and of the phase shift in the drift space 8.
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Canpus E JI. v ap. E9-94-237
Jlasep Ha CBOGOAHBIX 2AEKTPOHAX U1 MHEPLIMAIBHOTO TEPMOSIEPHOTO CHHTE3A

IIpennoxkeHa HOBas KOHUEMMS J1a3epa Ul NPOMbILUIIEHHOIO TEPMOSIEPHOTO PEAKTOpa Ha
OCHOBE MHEpLManbHoro repmosigeproro cunresa (MTC). Cxema ocHOBaHa HA IPUMEHEHUH Jla3epa
Ha cobopHbix anexTponax (JICD) B KauecTBe UCTOUHMKA IHEPTHU JUTH CXKATHUS TEPMOSIAECPHOM
MMIIEHH, YTO CTAHOBMTCS BO3MOXKHBIM 6s1aropaps MPUMEHEHHIO NPUHLMIMANLHO HOBOR CXEMbI
JICO-ycunutend, npeIoKeHHON B AaHHOM pabore. B paccMOTPEHHOM NPOEKTE Ja3epHas CUCTEMa
na Basze JICD paboraet Ha anuue Boaust 0,5 mxm. TonHas sHeprus 1a3epHOro U3JIy4YEHUs paBHA
1 MJI>x. 3Ta 3Heprusl JOCTABJISIETCH HA MMIIEHb B UMITYJIBCE C JUIMTENBHOCTHIO, s)erynupyE:Moi B
npenenax 0,1 —2 c. SIPKOCTb a3ePHOI CHCTEMBI cocTabasieT 4x10%2 Br oM 2 cp - JIC3 paboraer
¢ uacTOTOM MOBTOpERMS MMNYALCOR 40 I, nonHas 3MdPexTUBHOCTL MPeodpasoBaHUs INEKTPO-
JHEPrUK B 3REPrUE0 ONTHUECKOTO u3ayuesus cocrasaseT 11 %, . TlokasaHo, wTo pa3Mepbl M CTOMMOCTD
MCTOUHMKA 3Heprur Ha 6aze JICD conocraBuMbl C PA3MEPAMH M CTOMMOCTBK) COOTBETCTBYIOILETD
MCTOYHMKA Ha OCHOBE I1y YKOB TSKEIbIX HOHOB, B TO BPEMS KaK [1PO0JIEMbI TEXHHYECKOFM PEasiM3aumm
MOTYT ObITb PA3PEIEHBI HA COBPEMEHHOM YPOBHE Pa3BUTHS YCKOPHTEAbHOM TEXHUKH.

Pab6ora seinosnena s Jlabopatopuy cBepxBbICOKUX oHepriit OSSN,

[Tpenpunt O6beIMHEHHOTO HHCTUTYTA SAEPHBIX uccaeaoBanuit. Jybua, 1994

Saldin E.L. etal. E9-94-237
Free Electron Laser as Energy Driver for Inertial Confinement Fusion

AnFEL based energy driver for Inertial Confinement Fusion (ICF) is proposed. The key element
of the scheme is free electron laser system. Novel technical solutions reveal a possibility to construct
the FEL system operating at radiation wavelength A = 0.5 um and providing flash energy E = 1 MJ
and brightness 4x1 022 W cm 2 sr™! within steering pulse duration 0.1—2 ns. Total energy efficiency
of the proposed ICF energy driver is about of 11%, and repetition rate is 40 Hz. Dimensions of such
an ICF driver are comparable with those of heavy-ion ICF driver, while the problem of technical
realization seems to be more realistic. It is shown that the FEL based ICF energy driver may be
constructed at the present level of accelerator technique R&D.

The investigation has been performed at the Particle Physics L.aboratory, JINR.
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