


t Introduction -

Laser driven inertial confinement fusion (1C19) has perspective to demonstrate ignition
of the therimonuclear reaction in the nearest future 1], Nevertheless, the problem of con.
structing the laser system meeting the requirements to be the energy driver for conmercial
ICF reactor is still open. None of the existent Taser systems could be used for this pur
pose, 50 one should find alternative possibilities to solve the problem of a laser system for
commercial ICF reactor,
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In ref. (2] it was shown that FEL technigue conld he used foe constracting energy driver for
inertial confinement fusion. It becomes possible due to the use of the seheme of multistage,
multi-channel FEL amplifier with diaphragm focusing line, "This approach combines all
the best features of the existent laser and heavy ion approaches, Namely, the ase of the

necelerator techuique reveals a possibility to solvd the problems of the efficiency and the
repetition rate, On the other hand, the use of optical radiation for the target implosion has
been confirmed by the experiments with conventional lasers, As it was showne in paper
(2], the present level of accelerator technique R&ED allows one to constrnet FEL hased
ICE energy driver with the required pariameters. So, this proposal conld form a base for
opening a novel direction of researches in the field of laser systems for inertial conlinement
fusion, ' '

The scheme of the [CF energy driver, presented in paper 2], was based on a high enrrent,
RF linac. In this paper we develop the approach of vel. [2.3] and show that FFEL based
ICF energy driver could be constructed also on the base of the linear induetion acevlerator
(LIA) technique. Nowadays LIA techinigoe is developed intensively in the framework of
the researches in heavy ton fusion and promises to generate high energy, high cugrent and
low emittance electron beams [4].

2 General concept

The main idea of the proposal is to use multistage FEL wnplifier providing a possibility
Lo extract energy from a long electron bunch into a short optical pulse {see Fig.1) [2). ‘This
scheme operates as follows, Linear induction aceeleristor produces idlong electron hunch of
duration 7),. At the entrance into the lirst undulator the optical pulse of duration Ty, is
combined with the tail of the electron buneh. Iu the tirst stage of the FEL amplifier optical
pulse is amplified taking the energy off the fraction of the electron beam of the length
cTope- After passing the first undulator, the optical and electron bunches are separated by
the magnetic snake: the electron bunch moves along the enrvidd trajectory between the
undulators, while the optical heam travels along the'steaight line. Parameters of the snake
are chosen in such a way that the difference of the paths of the electron and optical buneh
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Fig. 2. General scheme of FEL based ICF energy driver.

is equal to ¢Top, the length of the optical pulse. So, at the entrance to the next FEL
- amplifier stage, the optical bunch is synchronized with the next, unperturbed fraction
of the electron bunch, etc. The number of the stages of this multistage FEL amplifier is
equal Lo T/ Tope and the output power of the FEL amplifier exit is much greater than the
peak power of the elecfron beam.

3 Design of the driver

Ceneral scheme and parameters of the FEL based ICF energy driver are presented in
Fig.2 and Table 1. Ceneral parameters of the linear induction accelerator are presented -
in Table 2. It produces four electron bunches of 200 ns pulse duration with 2 kA peak
" current and energy of 3 GeV. Each electron beam moves along individual beam transport -
line inside the accelerator. Total kinetic energy of the electrons at the a.ccelerator exit is
equal to 4.8. MJ. Then clectron beams are fed into four parallel FEL amplifier channels.
Each FEL amplifier chaunel has appearance of 50-stages'FEL amplifier operating at the
- radiation wavelength of 0.5 pm and ampllﬁes optical pulse of 4 ns pulse duration. Four’
: .'channels of the FEL a.mphﬁer produce optlcal radla.tlon of 1 5 MJi in ea.ch pulse The '



Table 1 ,
ICF driver parameters

Wavelength A, pm 0.6
Laser p\xlse" length, ns 4
Lager beam brightness, W/cm? 1072
Total number of chanuels T4

Total number of stdge in channel 50

- Energy / pulse, MJ 1.6

Repetition rat'e, Hz 40

Efficiency, % * : 12 o
Table 2

Parameters of induction linear accelerator

Electron energy o, (ueV 3
' C\lrrent/bea.m I, kA . ‘ .2
Number of beams o - 4
Pulse duration, ns T 200
Local energy spread og/E, % ‘ 0.;

Systematic drift -
of the electron energy along the beam, %/ns 0.1

Nonmnalized emittance ¢,,, cm-rad 7 x 1073
Accélerating Gradient, MV/m 2
Lengtfr of accelerator; m 1500
“Repetition rate, Hz ‘ 40 }

 Conversion efficiency

{net power ~ electron beam power), % - 40

brightness of the laser radiation is equal to 1022W /cmZsr. Then four optical beams are
expanded and each of them is separated into 16 parallel optical beams, a.nd ﬁna.lly all 64
optical beams are focused on t,he pellet providing uniform 1rrad1atxou



4 Multi-channel FEL amplifier

FEL amplifier consists of 4 separate channels and cach of them is mmlti-stage FEL am-
plifier providing amplification of a single optical pulse, Each mmlti-stage FEL amplifier is
composed of 50 undulators separated with magnetic snakes; ‘I'he electron bunch of 200 ns
pulse duration ix fed into entrance of the first stage of the FEL amplifier together with
the single optical pulse of master oseillator (pulse duration 4 ns) which is synchronized
with the tail of the electron beam, Then the optical beam is amplified using optical power
sunnuation scheme (see Pig,1). Parameters of the undulator of cach stage are optimized
on effective extraction of the energy off the electrons, Ld‘\l'llg into account the growth of
the optical power from one stage to another, Assuming average efficiency of cach ampli-

~fier stage to he g, = 0.3, we obtain that the total energy of optical flash is equal to
~ 1.5 MJ. ‘

Pecnliar featnre of this FEL is that 0.5an wavelength radiation is amplificd by 3 GeV
clectron beam which reguires the use of the undulators with the period A 2 15 =20 ¢m
and magnotic field /1, ~ 7 - 10 kGs.

The first stage of the FEL amplifier is destined to amplify signal from the master laser
(Wexe 2 1 MW) by a factor of the order of 10%. 1t is designed in a standard way, i, ¢ its

. B . . ’ A
undulator has a Jong untapered seetion” and a section with tapered parameters (see ‘Table
1). Output uulmlmn power at the exit of the first stage is of the order of the electron
beam power,

When passing the first stage of the FEL amplifier, only a tail of the eleetron beam of | ns
duration interacts with the radiation from the master laser, and the rest part of the beam
should remain unchanged. 1L means, that the valiue of the master laser power should be
much more than the value of the shot noise in the FEL amplifier, Estimations performed
in rvel. [3] have shown that at the value of the input laser power of 1 MW this. effeet is
negligible.

Subsequent FEL amplifier stage amplify a powerful optical beam and provide small am-
plification 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 due to a large length of the FEL
amplifier and due to a small field gain in the most number of the FEL amplifier stages,
the "optical guiding” elfect does not provide foeusing of radiation. Effeetive operation of
multistage FIEL amplifier is impossible without the nse of external focusing of radiation.
We solve Lhis pmhl( m by using diaphragm focusing line which has a fmm of periodically
spacaed screens with holes [2,4,5). k

Multistage FEL amplifier operates as follows, In the initial stage a transitional processes



Table 3 ',
First stage of the FEL awmplifier
N .

‘ ato ! .
Undulator period Ay, cm -
Undulator field /., kCs (entr./exit)
Length of \mtapercd section, m
Total undulator length, m
adiatj
‘R};diation wavelength Ay
Input power Win, MW :
Output power W, GW

Efficiency IFELy %0

15

10.8 / 9.6
17.7

64.2

0.5
1
480 .o

‘Table 4
50th stage of the FEL ’lmpllﬁcr

Main undulator

“Undulator period Ay, cm
Undulater field ll..,,’k(:'s (entr./exit)
Length of the main undulator, m

Radiation

Radiation wavelength A, jun

*

Efficiency yrew, %
Diaphragm line
Period L, m

Radius of the holes. [, cm

20
7/4.38

47

0.5

. take place: the optical power amplification and formation of the optical field eigenmode.

After passing some number of stages, the amplification cocfficient &' becomes to be small
and the transverse field distribution is settled corresponding to the ground TEMgo mode of
the diaphragm line. Investigations performed in refs. [2,3] have shown that this process is -
Jasted approximately 1 = 10 amplifier stages. Average total o[ﬁcmncy of these tra.nsmonal:'

stages is quml to 0.15 .

A

Optimization of t.h(- param(-t('rs of th(- Iugh c[ﬁ(‘lvn('y stages ha.s beeu performed using- the‘

following d.ssnmptlons




- period of diaphragm line is constant in all the stages and is equal to L = 0.5 m;

- total efficiency of cach stage is equal to ypg, = 0.32; ‘ e
- ratio of the radiation power losses to the radiation power gain is equdl to 0.2.for all
stages; ' '

" - the'value of the radiation power losses is controlled by the adiabatic change of the radids
R of the diaphragm holes, ‘

According to the results of ref, [3], parameters of the high-efficiency stages can be expressed
~in terms of the parameters of the last, 50 th stage (see Table 4) as follows (n = 11,...50):

19 [im] = 120(n — 0.510 — 1)1/, :
R™[em] =0.33(n — 0.5m — 1)'/4, ‘ - (1) {

where 1" and R are, respectively, the length of the undulator and the radius of the
diaphragms of the n th stage of the FEL amplifier.

The tapering of the main undulators is performed by a linear law and the depth of the
tapering is identical for all the stage and is equal to | AH, | /H, = 0.6. Average total
efficiency of the multistage FEL amplifier is.equal to < npgL > 0.3 .

- Taking into account expression (1) and that the length of the main undulators of the first
10 stages is of about 500 m (3], the total length of the main undulators of all stages is
about 2700 m. Magnetic snakes increase the total length by the value of 500 m (10 m x
50). Contribution of the length of the prebunchers and dispersion sections into the total
length is rather small. As a result, the total length of the multi-stage FEL amplifier is of
about 3200 m.

5 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 bunch in the first stage of the FEL amplifier. Undulator of this stage has

a long untapered section which provides exponential amplification of a signal by 40 dB.
In the case under consideration the FEL amplifier noise is defined mainly by random
fluctuations of the electron beam density and effective power of the noise signal at the
FEL amplifier entrance is equal to Wy, ~ 40 W [3]. Electron bunch generates optical
radiation in the first undulator with the power of about 4 x 10° W. This éffect does not ~
‘takes place in the subsequent stages of the FEL amplifier, because undulators of these
‘stages are manufactured with a deep tapering. So during time period of about 200 ns until -
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the arrival of the main pulse with the encrgy 1.5 M) the target will receive the energy of o
about 0.1 J. As a remlt contrast of the FEL based 1CF energy (lnvm |~. about 107

Second, to provnde effective focusing of radiation on the target, the laser should provide
a high brightness

B = Wopgl(Swaz),

where Wop, is the peak laser power, S and « are the square and angle divergence of the |
radiation at the laser exit, respectively. The FEL based 1CF energy driver possesses the
brightness By = 10**W /(cm?sr) which excedds significantly exceeds an ultimate brightness
10'°W/(cm®sr)of powerful. Nd laser systems. This is connected with the fact that the
- radiation of the FEL amplifier always has minimal, i.e. diffraction dispersion.

6 Efﬁcienéy of the ICF reactor

The efficiency of the proposed ICF energy driver is given by groT = face X)reL. Assuming

the efficiency of the accelerator and of the FEL amplifier to be gace = 0.4 and grpL =
0.3, respectively, we obtain that the total efficiency of the ICF energy driver is equal to
fitot = 12% . 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 parameters
may reach the value 200 - 1000 (see, for instance, refs. [6,7]). Assuming that the ICF
energy driver initiates thermonuclear explosion with the energy excess by a factor of 200,
repetition rate to be equal to 40 cycles per qccnnd 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 12 GW and 5 GW, respectively. The ICF encrgy driver itself consuines
of d.bout 500 MW of electrical power,

7 Discussion

Let us perform cost estimations of the proposed ICF energy driver. As for the cost of
the induction linear accelerator, it could be estimated on.the base of- the cost of tllc_
lincar induction accelerator developed for heavy ion fusion which should accelerate up to
2.5:GeV energy four Krt ion beams with total current of 20 kA and pulse duration of -
100 ns [4]. These parameters are close to the parameters of our numerical example and
.the costs of the both devices should be quite close. We estimate the cost of four-channel
superconducting undulator for the FEL to bc about. 130 M$, assuming that the cost of
its serial production will be 10 K$/m. As a r(’mllt the total cost of the e nergy duver w1ll
‘be about 1,500 M$ ‘ :



Degpite the main elements of the proposed ICF energy driver could be constructed at
the present level of aceelerator technique, there is no existent FEL amplifier with the
required parameters. Moreover, the basic idea of the proposal, namely, a possibility to
construct mmlti-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 pumber of amplification stages of
abont 10. Such a test facility requires RF electron accelerator providing acceleration of
10 electron bunches (bunch spacing of about 4 ns, £ =~ 3 GeV, peak current [ =~ 2 kA,
emittance ¢, =~ 3 x 107 cm-rad, energy spread ap/So =~ 107*). Micropulse duration of
this accelerator may be done rather short, of about 10 ps, in this case slippage effect
is almost negligible. The energy stored in 10 bunches will be of about 600 J, so such a
test accelerator may operate in L-band RIF wavelength range in a regime of stored RF
energy. At accelerating gradient of about 25 MV/m, its length will be of about 120 m.
An accelerator facility with parameters close to those required is developed, for instauce,
in the framework of superconducting lincar collider project TESLA [8]. Estimated cost
af the TESLA accelerator is about 100 K$/m, so the tota) cost of 3 GeV Lest aceelerator
will be about 12 M$, We estimate the cost of ten stages of superconducting undulator
to be about 25 M$ (50 K$/m at experimental production), so all the basic ideas of the
proposed ICF eﬁurgy driver could he verified at relatively low-cost facility.

8 Conclusion

We have shown in this paper that the nse of multichannel, multistage FEL amplifier
reveals a possibility Lo solve the problem of energy driver for commereial 1CF reactor. It
is relevant to underline the main advantages of the FIL based energy driver, The present,
level of accelerator technique provides a possibility to generate powerful election beams
of high quality which forms-a base to obtain high average and peak power of the FEL
radiation. Due to the use of accelerator technique there are wide possibilities to steer the
length of the optical pulse and achieve very shot pulse duration, 7 < 0.1 us [2]. There
are no physical himitations on the value of the peak and average output power of the
FEL amplifier, because the process of amplification takes place in vacunm, Also, due to
the latter reason, the radiation of the FEL amplifier has always minimal, Le. diffraction
dispersion. As a result, brightuess of the FEL radistion is of the order of 1022W /em?sr,
which exceeds by 3 ~ 4 orders of magnitude the brightness of powerful Nd-glass lasers.
So, we can conclude that the development of the FEL based TCF energy driver could
form a novel diréction of rescarches in the ield of lser systems for inertial confinement
reactor. Morcover, excellent features of the FEL radiation (Lunability, high brightoess and
short pulse length) could form a base for novel d])l)l‘(hl( les i lll developing of thermonuelear
targets,
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