
Abstract. This paper outlines the theoretical direct-ignition
model of the pre-compressed thermonuclear material of an
inertial fusion target under the action of a high-power pulse of
light ions from a laser plasma. It is shown that plasma
streams with parameters required for the ignition can be ob-
tained from a plane target-generator, located separately from
the fusion target upon its fast thermal explosion driven by a
high-power laser pulse. This method of direct ignition implies
the use of a fusion target whose design provides the supply of
the igniting driver energy to the compressed thermonuclear
material. This target may be a cylindrical target with par-
tially open ends or a spherical target with one or two conic
openings.

Keywords: inertial conénement fusion, direct ignition, thermal
explosion, light-ion beam.

1. Introduction

The concept of direct ignition [1, 2] in inertial conénement
fusion (ICF) involves a time separation of the compression
and heating of the thermonuclear material under target
irradiation by two synchronised energy sources (drivers).
The compressing driver that acts érst is intended for the
slow compression of the target material along `the cold
adiabat'. The second (igniting) driver should provide the
fast heating of a small part of the compressed thermonu-
clear fuel in a time not exceeding the period of inertial
conénement of the region of primary initiation and ensure
the initiation of a self-sustaining wave of thermonuclear
combustion. This ignition method allows one to minimise
the DT-plasma energy at a level of 20 ë 50 kJ upon the
attainment of ignition threshold and at a level of 0.3 ë 1 MJ
upon the initiation of a high-gain combustion wave [1, 2].

The direct ignition offers one more signiécant advant-
age, which may prove to be decisive in the ICF problem.
The point is that, when attempting to produce the initiation
conditions for a thermonuclear combustion wave (a high
temperature in the central part of the target, a high density
in the surrounding cold material) through hydrodynamic

cumulation alone, a serious adverse effect on the formation
of the region of primary initiation upon the compression of
a spherical target can be exerted by hydrodynamic insta-
bilities, because the deceleration of the peripheral part of the
dense thermonuclear material takes place in the low-density
central region. The experience gained in ICF research shows
that the hydrodynamic instability problem is not easy to
solve. Therefore, direct ignition, despite the necessity of
using an additional driver, may prove to be not only the
cheapest way, but the only possible one.

To accomplish direct ignition, the authors of papers
[1, 2] proposed to use ICF targets providing the internal
input of the energy of an igniting driver. Such targets may
be spherical targets with one or several channels, for
instance, conic or cylindrical targets with an opening in
one or both end surfaces. To accomplish direct ignition, the
authors of paper [3] proposed to form the channel for the
input of radiation from an igniting driver directly during
irradiation of the spherical target. They proposed to use two
laser pulses, one of which produces a channel in the target
due to the ponderomotive action and the second one pro-
pagates through the channel to deliver energy to the
thermonuclear material. This method was called the fast
ignition.

The energy transfer to the thermonuclear fuel during
ablative compression is accompanied by energy losses in the
part of the target being vaporised and the ablator shell. The
direct fuel heating by the igniting driver is free from energy
losses of this kind, and therefore the compressing driver
energy should signiécantly exceed the igniting driver energy.
According to Refs [1, 2], upon the direct ignition of a sphe-
rical target, the gain of the order of unity corresponds to the
compressing and igniting driver energies of 100 ë 200 kJ and
10 ë 20 kJ, respectively, while the high gain, for example,
1000 is obtained at energies of 10 MJ and 150 kJ, respec-
tively.

Various combinations of compressing and igniting dri-
vers have been discussed to date. From the viewpoint of
energy requirements, the compressing driver can be a short-
wavelength laser radiation pulse or a heavy-ion beam. A
beam of heavy ions from an accelerator [1, 2], a fast-electron
beam produced upon short-wavelength [1 ë 3] or long-wave-
length [2] laser irradiation of a material, an X-ray radiation
pulse [4], and an accelerated material macroparticle [4] have
been considered as candidates for the igniting driver.

The conditions for the fast heating of a small mass in the
region of primary initiation impose stringent requirements
on the igniting driver parameters. This driver should provide
a power density delivered to the target of no less than
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1018 ÿ 1019 W cmÿ2 in a focal spot several tens of microns
in diameter for a pulse duration of several tens of picose-
conds, with an energy of several tens of kilojoules. From the
standpoint of progress in the éeld of energy concentration of
pulsed energy sources, the versions of igniting drivers in-
volving short high-power pulses from solid-state lasers hold
the greatest promise. At present, the required pulse duration
and radiation intensity have been reached and even exceeded
with such lasers [5], though for an energy of only several
hundred joules.

Another method of direct ignition using a high-power
short laser pulse was proposed in Ref. [6]. It involves the
employment of a beam of light megavolt laser-plasma ions
produced by laser beam irradiation of a thin plane target-
generator of the material of light elements located separately
from the thermonuclear target. The light-ion laser-plasma
beam may prove to be the best candidate for the igniting
driver. The production of a beam of `accelerator' ions and
the stable acceleration of a macroparticle with parameters
required for direct ignition in fact involves serious technical
diféculties. The application of X-ray radiation requires the
generation of high-power nonequilibrium radiation with an
intensity of 1019ÿ 1020 W cmÿ2 and a photon energy of no
higher than 500 ë 800 eV [6]. The main advantage of an ion
igniting driver compared to a fast-electron beam consists in
the higher eféciency of energy transfer to the thermonuclear
material, which takes place virtually without particle scat-
tering, unlike the fast-electron case.

Below, the theory of direct ignition of ICF targets with
an internal energy input under the action of a light megavolt
ion beam is developed. The parameters of the laser beam
and the target-generator are determined, which are required
for the generation of the ion beam to provide the direct
ignition of compressed DT and DD fuel.

2. General conditions for direct ignition

Let us assume that a pre-compressed spherical or cylindrical
target contains the fuel with the mass Mf and density rp, at
temperature T � 0. The action of an igniting driver should
produce, in a certain part of the fuel having mass Mp, the
conditions for the initiation of a thermonuclear combustion
wave, which will subsequently extend to the remaining part
of the fuel. According to these well-known conditions, the
product rpRp of the density and the dimension of a primary
initiation region and the plasma temperature Tp in this
region should exceed the certain lower bounds w� and T�:

rpRp 5w� and Tp 5T�; (1)

where w � 0:3ÿ 0:4 g cmÿ2 and T� � 5ÿ 10 keV for the
DT fuel and w� � 2ÿ 4 g cmÿ2 and T� � 50ÿ 100 keV for
the DD fuel.

The minimal energy Ep and mass Mp (dimension Rp) of
the initiation region, which correspond to the lower bounds
in (1), are determined by the expressions

Ep � Ap
T�w

3
�

r2p
; (2)

Mp � p
w3�
r2p
; Rp �

w�
rp
; (3)

where A � CkB=mn is the speciéc heat capacity; C � (zp
�1)=�mp(ga ÿ 1)�; zp; mp and ga are the charge and the atomic

weight of plasma ions and the adiabatic index of the
material in the initiation region, respectively; for DT and
DD fuels, the constant C � 1:2 and 1.5, respectively; kB and
mn are the Boltzmann constant and the neutron mass.
Hereafter, the temperature, the density, and the parameter
rR are measured in keV, g cmÿ3, and g cmÿ2, respectively.

If radiation is absorbed in the plasma without scattering,
the absorption length Ld of the igniting driver radiation and
the radius Ropt of igniting beam should be equal to the
dimension of the initiation region (3):

Ld � Ropt �
w�
rp
: (4)

When absorption of the igniting driver radiation is
accompanied by scattering (as, for instance, in the case
of a fast electron beam), the absorption length should still be
equal to the dimension of initiation region, while the initial
beam radius should be smaller than its dimension, i.e., it
should be equal to the dimension of the region of initial
initiation after scattering.

We present expressions for the optimal parameters of the
igniting driver, which are required for the subsequent
calculations. These expressions were obtained in Refs [1,
2] assuming that all the igniting driver energy is absorbed in
the initiation region and the driver pulse duration is equal to
the period of inertial conénement. For an edge ignition, this
period is close to the ratio between the region dimension and
the sound velocity Vs (in cm sÿ1):

tp �
Rp

Vs
; Vs � ga ÿ 1� �ATp� �1=2

� 3:2� 107C1=2 ga ÿ 1� �1=2T 1=2
p : (5)

The energy (in joules), the duration (in seconds), and the
intensity of the optimal igniting pulse (hereafter, in 1017

W cmÿ2) are

Eopt � Ep � 3:1� 108C
T�w

3
�

r2p
; (6)

topt � tp � 3:2� 10ÿ8Cÿ1=2 ga ÿ 1� �ÿ1=2 w�
rpT

1=2
�

; (7)

Iopt � 3:1� 10ÿ2C 3=2 ga ÿ 1� �1=2T 3=2
� rp, (8)

respectively.
For the ignition conditions (1) and a density of com-

pressed thermonuclear material rp � 300 g cmÿ3, the
optimal parameters of the igniting pulse, according to
expressions (6) ë (8), are as follows: duration topt � 10ÿ
20 ps, beam radius Ropt � 10ÿ 20 mm, energy Eopt � 0:5
ÿ1 kJ, Iopt � 1018 ÿ 1019 W cmÿ2 for the DT fuel and topt
� 40ÿ 70 ps, Ropt � 50ÿ 100 mm, Eopt � 2ÿ 3 MJ, Iopt �
1020 ÿ 1021 W cmÿ2 for the DD fuel.

3. Direct ignition by a laser-plasma light-ion
beam

The main virtue of a high-energy ion beam as the igniting
driver is that it provides the efécient energy transfer to the
plasma of the initiation region, which occurs virtually with-
out beam scattering. With laser-produced high-energy ions,
light ions (or even protons) are preferable from the vie-
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wpoint of direct-ignition requirements. This is explained by
the fact that, érst, lowering the laser-plasma ion charge
reduces the bremsstrahlung losses and, second, decreases
the charge dispersion of the beam ions, which makes the ion
deceleration length deéned better and makes easier its mat-
ching to the dimension of the initiation region.

One of the conditions for initiation of a thermonuclear
combustion wave which underlies relation (1) consists in the
approximate equality of the dimension of the ignition region
and the paths of charged thermonuclear particles in it whose
energies amount to 1 ë 3 MeV per nucleon. Clearly, the light
ions of the igniting driver which accomplish the initial hea-
ting of the fuel in the ignition region should have appro-
ximately the same energy ë several megaelectronvolts per
nucleon.

The generation of fast electrons and ions with energies
corresponding to direct ignition is extensively studied in
experiments on the irradiation of materials by high-power
short laser pulses. In several experiments (see, for instance,
Refs [5, 7 ë 9]), high-energy ions with energies ranging from
several megaelectronvolts to several tens of megaelectron-
volts per nucleon were observed. Their generation was
accompanied by intense generation of fast electrons with
energies ranging from several hundred kiloelectronvolts to
several megaelectronvolts.

The experiments were performed employing laser pulses
with intensities of 1018 ÿ 3� 1020 W cmÿ2 and durations
from a fraction of a picosecond to several tens of pico-
seconds. The laser beam irradiated relatively massive plane
targets of plastic, aluminium, and several other materials
several hundred microns in thickness, which is comparable
to the fast-electron deceleration lengths in these materials.
In this case, the ion acceleration at the target edge took
place in the self-consistent electric éeld produced due to the
escape of fast electrons from the target. The fraction of laser
energy related to the fast ions and their average energy
increased with intensity of the laser-pulse intensity.

The maximum fraction of energy carried away by fast
ions could be as large as 14%ë15% of the laser energy
absorbed by the plasma and was recorded in the experi-
ments on the generation of fast protons [5], which were
performed for a record pulse intensity of 3� 1020 W cmÿ2.
The greater part of the energy was accounted for by the
protons with energies of 10 ë 40 MeV. The light ions of the
igniting driver should have a substantially lower energy,
which corresponds to lower laser-pulse irradiation inten-
sities and hence to a laser radiation-to-ion beam energy
conversion eféciency below 15%.

From the energy standpoint, a more attractive way of
producing the light-ion beam of the igniting driver is the fast
thermal explosion of a small mass of material exposed to a
high-power short laser pulse. This process can be accom-
plished by irradiating a thin plane foil made of a light-ele-
ment material by the laser pulse. In this case, the plasma is
heated upon multiple propagations of fast electrons through
the foil, which is provided by their reêection in the self-con-
sistent éeld at the target boundaries. Megavolt ions appear
upon the expansion of the heated target material and the
conversion of its thermal energy to the energy of directed
ion motion.

Generally speaking, upon the thermal explosion of a
uniformly heated thin foil (target-generator), the thermal
energy of the material is converted to the energy of two op-
positely directed hydrodynamic êuxes. However, for a laser

radiation intensity above 1018 W cmÿ2, a signiécant part is
played by the ponderomotive light pressure, whose action
can lead to a signiécant violation of the symmetry of mate-
rial expansion in favour of the plasma stream directed along
the laser beam incident on the target-generator.

4. Production of an igniting light-ion beam
upon the thermal explosion of a thin foil
irradiated by a short laser pulse

Consider the conditions for the interaction of the heating
laser pulse with the target-generator, which provide the ion
êux with the igniting driver parameters, and determine how
close the parameters of the light-ion igniting beam and
those of the laser pulse generating this beam can be to the
optimal parameters of the igniting pulse.

4.1 Igniting-pulse ion energy

The requirement on the igniting-pulse ion energy follows
from the conditions of energy balance in the region of
primary initiation and in the target-generator. When the
entire laser-pulse energy is absorbed in the target-generator,
these conditions are written as

niEiD0 � kaILtL; (9)

CmpnpTpLi � kiaILtL; (10)

where Ei and ni are the ion energy and density, respectively;
ka is the absorption coefécient for laser radiation in the
target-generator; ki is the fraction of laser energy converted
to the energy of one-sided ion êux towards the thermo-
nuclear target; a � (RL=Rd)

2 is the factor of ion beam
divergence; RL is the radius of the laser beam which
irradiates the target-generator; Rd is the ion-beam radius at
the thermonuclear target; D0 is the initial thickness of the
target-generator; Li is the length of the ion absorption
region, which is the ion deceleration path (in centimetres) in
Coulomb collisions with the electrons of the initiation re-
gion [10]:

Li �
3

8

2

p

� �1=2
mi

me

� �1=2
E 1=2

i T 3=2
p

e 4z 2i zpnpL

� 4� 10ÿ3
Ei

mi

� �1=2 mp
zp

� �
mi
zi

� �
zÿ1i

T 3=2
p

rp
; (11)

e and me are the electron charge and mass, respectively;
zi; mi;mi are the ion charge, atomic weight, and mass,
respectively; L is the Coulomb logarithm, which is taken to
be equal to 10. Hereafter, Ei is measured in megaelectron-
volts.

The laser-radiation absorption coefécient for the high
laser-pulse intensity of interest is determined by the reso-
nance absorption coefécient ke for laser radiation and, gene-
rally speaking, by the eféciency kr of laser-energy transfer to
the target-generator as a whole under the action of ponder-
omotive pressure. The dependence of momentum, acquired
by a plane target under light pressure, on the resonance
absorption coefécient was obtained in Ref. [11]:

r0D0dVi � 2ÿ ke� � ILtL
c
;

where c is the velocity of light and r0 is the initial material
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density. From this, we obtain the fraction of laser radiation
energy transferred to the target via the ponderomotive
mechanism:

kr �
r0D0 dVi� �2

2ILtL
� 1

2
2ÿ ke� �2 ILtL

c2r0D0

: (12)

For the pulse intensity IL � 1019 ÿ 1020 W cmÿ2 and
duration tL � 10ÿ 100 ps and a thin target with the areal
density r0 D0 � 10ÿ5 ÿ 10ÿ4 g cmÿ2, the eféciency of pon-
deromotive energy transfer may amount to several tens of
percent. In the absence of substantial ponderomotive action,
the energy of the ion êux from a plane target-generator,
which can be employed to heat the initiation region, is equal
to half the absorbed laser radiation energy. When the pon-
deromotive absorption mechanism plays a signiécant part,
more than half the energy absorbed in the target can be con-
verted to the energy of the ion êux directed along the laser
beam to the thermonuclear target:

ki �
1

2
�ka � kr�; (13)

where ka � ke � kr.
The factor of ion beam divergence in the path d from the

target-generator to the thermonuclear target is determined
by the ratio of the transverse and longitudinal components
of the ion velocity and is expressed in terms of the resonance
absorption coefécient and the ponderomotive action coefé-
cient as

a � 1� 1

2

d

RL

ke
kr � ke

� �1=2
" #ÿ2

: (14)

In the discussion of the divergence problem, consid-
eration must be given to two factors. First, the material of
the thermonuclear target under compression which escapes
through the surface of the input opening should not arrive
at the target-generator prior to the instant of its irradiation
by the short laser pulse. Second, the distance d from the
input opening to the target-generator should exceed the
distance of light-ion beam formation, which should even-
tually lead to a complete conversion of the thermal energy of
the target-generator plasma to the energy of hydrodynamic
expansion of the material.

In principle, the érst condition can be fulélled due to
speciéc design of the system consisting of the thermonuclear
target and the target-generator, for instance, through the use
of a protection diaphragm. Fulélling the second condition
imposes a limitation on the maximum divergence factor. As
shown below, the minimal distance required to accomplish
the formation of a light-ion êux under the conditions of
target heating by fast electrons is �2:2RL. This means that
the maximum divergence factor does not exceed 0.25 when
the ponderomotive action does not play a signiécant part.

The érst relation which deénes the requirements on the
parameters of the target-generator and the heating laser
pulse can be easily obtained from energy balance equations:

r0D0

Ei

mi
� 10ÿ3Cw�T�

ka
aki

. (15)

The condition for matching the length of Coulomb ion
deceleration to the dimension of the primary initiation
region Li � w�=rp with the use of expression (12) determines
the dependence of the ion energy on the ignition parameters:

Ei

mi
� 6:25� 104z2i

zi
mi

� �2
zp
mp

� �2 w2�
T 3�

: (16)

We substitute expression (16) in expression (15) to obtain
the requirement on the parameter r0D0 of the target-
generator:

r0D0 � 1:6� 10ÿ8Czÿ2i
mi
zi

� �2 mp
zp

� �2
T 4
�
w�

ka
aki

: (17)

The igniting-pulse ion energy decreases, while the
parameter r0D0 of the target-generator corresponding to
this energy increases with decreasing the ion charge. For the
ignition of the DT fuel, the energy of beryllium ions, for
example, should be equal to 27 MeV, and the parameter
r0D0 of the target-generator for a � 0:25, ka � 0:6 and ki �
ka=2 � 0:3 should be equal to 7:5� 10ÿ4 g cmÿ3. To ignite
the DD fuel, these quantities should be 2.3 MeV and 0.3
g cmÿ3. According to (13), for this beryllium target-gene-
rator areal density, the high eféciency of ponderomotive
action (ke � kr) corresponds to the laser pulse intensity of
5� 1019 and 5� 1023 W cmÿ2 in the cases of the DT and
DD fuel, respectively.

4.2 Matching of times

Let us analyse the formation dynamics of the pulse of the
laser-plasma ion êux and the matching of the duration of
this pulse to the igniting pulse duration. The overall
duration of the processes responsible for the formation of
the ion-êux pulse, which include the absorption of laser
radiation, the fast-electron heating of the thermal electrons
of the target-generator and the energy transfer to the
plasma ions during the thermal explosion of the target-
generator, should not exceed the period of inertial conéne-
ment of the material in the initiation region.

For the absorption of the entire laser pulse in the target-
generator, the average density of the expanding material by
the end of the laser pulse should exceed the critical plasma
density rc:

rim > rc � 1:83� 10ÿ3
mi
zil2

: (18)

Hereafter, l is expressed in microns and rc in g cmÿ2. The
absorption of laser radiation should take place at the stage
of plane expansion of the target, because the plane
expansion corresponds to the slowest decrease in the
material density, all other factors being the same. This
requirement leads to the following limitation on the laser-
beam radius RL:

RL 5
1���
5
p Vi

ke
ke � kr

� �1=2

tL: (19)

For a plane expansion, the target density at the pulse
termination is

rim �
r0D0

tLVi
; (20)

where, according to (16), the ion velocity (in centimetres per
second) is

Vi � 3:5� 1011zi
zi
mi

� �
zp
mp

� �
w�

T
3=2
�

: (21)
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The fast electron ë plasma interaction involves the energy
transfer to thermal plasma electrons and the scattering by
ions in Coulomb collisions. It was shown in Ref. [12] that
the scattering reduces the deceleration path of a fast electron
in an inénite plasma by a factor of (2� zi)

1=2. Experiments
on the irradiation of plane targets by high-power laser
pulses did not reveal a strong electron scattering relative to
the direction of laser beam incidence on the target (see, for
instance, Refs [5, 7 ë 9]). This fact is attributed in the litera-
ture to the generation of collimating magnetic éelds ë spon-
taneous ones, arising from the existence of crossed plasma
temperature and density gradients in the experimental geo-
metry speciéed above, and intrinsic magnetic éelds of the
fast-electron current.

Taking this into account, we will perform the subsequent
calculations under the assumption that the deceleration of
fast electrons in the target-generator occurs within a region
with a dimension of the order of the radius of the acting
laser beam, but the total deceleration path contains a correc-
tion for scattering. By including the scattering factor in the
formula for the deceleration path of a relativistic electron
from Ref. [13], we obtain the fast-electron deceleration path
Lf (in centimetres) and time tf (in seconds) in the plasma:

Lf �
E 2
f

4pe4L g� �nizi 2� zi� �1=2
1ÿ 1

g2

� �2

� 6� 10ÿ6
E 2
f

ri 2� zi� �1=2L g� �
mi
zi

� �
1ÿ 1

g2

� �2
; (22)

tf � 4:2� 10ÿ16
E 3=2
f

riL g� � 2� zi� �1=2
1ÿ 1

g2

� �3=2 mi
zi

� �
; (23)

where Ef is the fast-electron energy (hereafter, in kilo-
electronvolts); the Coulomb logarithm L(g) is a function of
the relativistic factor

g �
�
1ÿ V 2

e

c 2

�ÿ1=2
.

For a fast-electron energy of 0.5 ë 2 MeV, which corre-
sponds to Nd-laser radiation intensities from 1019 to
1021 W cmÿ2, the Coulomb logarithm is close to 20.

For subsequent calculations, we will use the well-known
scaling for the fast-electron energy [14]

Ef � 102
ÿ
ILl

2�1=3. (24)

where IL and l are the intensity and the wavelength of laser
radiation. By substituting expression (24) in (23), we obtain
the deceleration time (in seconds) for a fast electron with
velocity a Ve � c:

tf � 2:1� 10ÿ13
ILl

2
ÿ �1=2

ri 2� zi� �1=2
mi
zi

� �
: (25)

Taking into account that the fast-electron deceleration
time is inversely proportional to the plasma density, we will
consider the equality of the laser-pulse duration and the
conénement time of the primary initiation region as the
criterion for matching the formation time of a target-gene-
rator ion pulse to the inertial conénement time. The con-
énement time should exceed the fast-electron deceleration
time at the minimal density rim of the expanding target-
generator by the end of the laser pulse:

tL � td 5 tf�rim�: (26)

When this condition is fulélled, the heating of the target-
generator can be assumed to terminate approximately at the
end of the laser pulse. The time of energy transfer to target-
generator ions in this case is the time of target expansion by
a distance equal to its thickness for the average density rim:

ti �
r0D0

rimVi
:

Because this time is equal to the time of target expansion
from the initial density to the density rim, when the
matching condition (26) is fulélled, the time of energy
transfer to fast ions also proves to be equal (by the order of
magnitude) to the time of inertial conénement of material
in the region of primary initiation.

Substituting expression (21) for the ion velocity, expres-
sion (17) for the parameter r0D0, and expression (5) for the
inertial conénement time in expression (20), we obtain the
target density at the end of the laser pulse:

rim � 1:4� 10ÿ12C 3=2 gÿ 1� �1=2 T
6
� rp
z3i w3�

mi
zi

� �3 mp
zp

� �3 ka
kia

: (27)

When the conditions for time matching tL � td � topt
and ion-absorption path matching Li � w�=rp [see (4)] are
fulélled, the parameters of the igniting ion beam and the
heating laser pulse are related to those of the optimal
ignition pulse as

Ed � Eopta
ÿ1 RL

Ropt

� �2
; td � topt; Id � Iopt; (28)

EL � Eopta
ÿ1kÿ1i

RL

Ropt

� �2
; tL � topt; IL � Ioptk

ÿ1
i aÿ1: (29)

By substituting expression (27) sequentially in (18), (26),
and (19) and taking into account (29), we obtain that the
time matching condition is fulélled for

zi
zi
mi

� �2=3
4 9:2� 10ÿ4C1=2 ga ÿ 1� �1=6

�T 2
� r

1=3
p l2=3

w�

mp
zp

� �
ka
kia

� �1=3
; (30)

zi

2� zi� �1=6
zi
mi

� �2=3

4 1:06� 10ÿ2
C

ga ÿ 1

� �1=12

� T 19=12
�

w2=3� r1=6p l1=3
mp
zp

� �
k1=3a kia� �1=6; (31)

RL 5 5� 103zi
zi
mi

� �
zp
mp

� �

� ke
ke � kr

� �1=2 w2�
C 1=2 ga ÿ 1� �1=2T 2� rp

; (32)

where RL is in centimetres.
These relations allow us to determine the target-gen-

erator parameters and characteristics of the igniting ion
beam and the heating laser pulse. Conditions (30) and (31),
which limit the ion charge of the igniting pulse by neglecting
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the ponderomotive action of the laser pulse (for a � 0:5;
ka � 0:6; ki � ka=2 � 0:3), give the maximum ion charge
Zmax � 3ÿ 4 in the case of the DT-fuel ignition and Zmax �
5ÿ 6 in the case of the DD-fuel ignition. This means that
materials of light elements containing hydrogen and its
isotopes (polystyrene, polyethylene, deuterated plastics, DT
and DD, etc), beryllium and light beryllium-containing
materials, such as beryllium hydride and others, can be
employed as the target-generator material. For instance, for
a beryllium target-generator and the DT-target ignition, as
shown above, the areal target density is 7.5 �10ÿ4 g cmÿ2

and the thickness of this target should therefore be equal to
4.2 mm.

The condition (32) limiting the radius of the ion igniting
beam for a beryllium target gives the minimal beam radius
close to the radius of the optimal igniting pulse Rmin � 25
mm in the case of the DT-fuel ignition and 50 mm in the case
of the DD-fuel ignition. Furthermore, using relations (28)
and (29) in the approximation RL � Ropt for the above
divergence factor a � 0:25 and the fraction ki � 0:3 of laser
energy converted to the ion êux to the target, we obtain that
the minimal intensity of the igniting beryllium ion beam
coincides with the intensity of the optimal igniting pulse:
Id � Iopt � 1018 ÿ 1019 W cmÿ2 for the DT-fuel ignition and
Id � Iopt � 1020 ÿ 1021 W cmÿ2 for the DD-fuel ignition.
However, the minimal beam energy due to its divergence
exceeds the energy of the optimal igniting pulse by a factor
of four (Ed � Eopt=a) :Ed � 2ÿ 4 kJ for DT-fuel ignition
and 5 ë 10 MJ for DD-fuel ignition.

The heating laser pulse required to generate this igniting
ion beam should exceed the ion beam in intensity and energy
because of the incomplete conversion of laser energy to the
energy of the ion beam incident on the thermonuclear tar-
get, and also due to the beam divergence (EL � Ed=ki �
Eopt=aki, IL � Id=aki � Iopt=aki) :EL � 5ÿ 15 kJ, IL � 1019ÿ
1020 W cmÿ2 for DT-fuel ignition and EL � 10ÿ 30 MJ,
IL � 1021 ÿ 1022 W cmÿ2 for DD-fuel ignition.

5. Conclusions

Thus, the irradiation of a thin target-generator by a short
high-power laser pulse can produce an ion beam with para-
meters required for the direct ignition of the pre-compressed
thermonuclear material of an ICF target. The pulse duration
and the focal spot radius of the heating laser pulse are close
to the corresponding parameters of the optimal igniting
energy pulse. However, because of the ion-beam divergence
and the incomplete laser-to-beam energy conversion, the
intensity and the energy of the heating laser pulse exceed by
an order of magnitude the intensities and the energies of the
optimal ignition pulse.
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