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Use of conic targets in inertial confinement fusion

[.K. Krasyuk, A.Yu. Semenov, A.A. Charakhch’yan

Abstract. Conic targets are shown to be a promising object
for the investigation of cumulative effects, which allow the
achievement of high energy densities, and their use in
experiments involving highly concentrated energy fluxes
can open up new possibilities for investigating the physical
properties of matter at extremely high temperatures,
pressures, and densities. We outline the main experimental
and theoretical results obtained to date that are related to
conic target investigations and discuss their several possible
applications in the future.
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1. Introduction

The progress in the development and construction of high-
power pulsed energy sources enables investigating the
properties of matter at extremely high temperatures and
pressures. To realise these conditions, high-power energy
fluxes are directed to targets of different degrees of
complexity — ranging from planar to multilayer spherical
targets. Among these targets, a special place is occupied by
conic targets, which were first proposed [1] for generating
high-temperature plasmas to realise controlled thermonu-
clear fusion.

A conic target is a conic cavity in a high-density solid
material filled with gaseous deuterium or its mixture with
tritium (Fig. 1a). The gas is retained by a plane or convex
thin-walled shell. During the interaction with a concentrated
energy flux of a high-velocity piston, the target shell moves
into the target with a high velocity to compress and heat the
gas contained in it.

The interest in conic targets is caused by several reasons.
First, being a part of a spherical volume, conic targets filled
with a thermonuclear fuel can be a convenient model of shell
spherical targets, which have found wide use in experiments
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on inertial thermonuclear fusion. In this case, the processes
occurring in spherical targets could be possibly simulated by
using conic targets at energy fluxes Q/4n times lower than
for spherical targets (where Q is the solid angle occupied by
the conic target). Second, by using a conic target, it is
possible to initiate the fusion reaction in a small volume and
then use the liberated energy to ignite the bulk of the fuel.
Finally, conic targets are candidates for realising cumulative
effects in order to attain high energy densities.

b

Figure 1. Scheme of a conic target (a) and its microsection after laser
irradiation under the experimental conditions [7, 8] (the large micros-
cope-scale division is 0.1 mm) (b): (/) concentrated energy beam; (2)
plane or spherical target shell; (3) gaseous deuterium or a deuterium—
tritium mixture; (4) plastic material of the high-density target (lead or
gold).
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This review outlines the main experimental and theo-
retical results pertaining to the investigation of conic targets
obtained to the present time. The emphasis was placed on
the works performed with participation of the authors of
this paper.

2. Brief review of experimental results

We begin with a brief chronological review of the main
experimental data obtained by different authors in the
investigation of conic targets. Then, we outline in greater
detail the results of similar experimental investigations
carried out at the A.M. Prokhorov General Physics
Institute, the Russian Academy of Sciences.

To accelerate the target shell in experiments with conic
targets, different techniques were used: the beam (relativistic
electron-beam), laser, and explosion techniques. In all
instances, a neutron yield was recorded when the conic
target was filled with gaseous deuterium or a deuterium—
tritium mixture, which testifies to the realisation of nuclear
fusion reactions in these experiments.

In Ref [2], experiments were performed with targets in
the form of a conic cavity in lead (¢ = 60°, d = 2 mm) filled
with gaseous deuterium at a pressure of 0.2 atm with the
addition of 7% Ar. The 10-um thick polyethylene target
shell was accelerated to a velocity of 50—70 km s~! by using
the energy of an X-ray radiation pulse generated by
irradiating (for 30 ns) an additional external target shell
(gold or platinum 5 um in thickness) by a relativistic 1.5-kJ
electron beam. The highest recorded neutron yield
amounted to (1 — 3) x 10° neutrons per pulse. Theoretical
estimates suggested that the deuterium plasma was com-
pressed by a factor of 1000 and heated to a temperature of
1 keV.

In Ref. a target was made in the form of a conic
cavity in gold (x=60°, d=2 mm) filled with gaseous
deuterium at a pressure of 1.2 atm. The 100-pm thick
polyethylene target shell was accelerated to a velocity of
50 km s~' employing a chemical explosive in a special
device which employed the cumulative effect. The yield
recorded in these experiments was 3 x 107 neutrons per
pulse. The authors’ estimates showed that the thermonu-
clear fusion in this case takes place in 1000-fold compressed
deuterium at a temperature of about 0.51 keV. Theoretical
estimates of the results expected were presented in Ref. [4]
and a detailed review of these experiments was given in
Refs [5, 6].

In Refs [7, 8], experiments were performed with targets
in the form of a conic cavity in lead (¢ = 53° and 30°, d =2
mm) filled with gaseous deuterium at a pressure of 0.2—1
atm. The 1-5pum thick target shells of polyethylene
terephthalate ([C,00O4Hs], with a density of 1.38 g cm’3)
were accelerated upon irradiation by 22-ns, 70-J pulses from
a neodymium laser. In these experiments, the maximum
target shell velocity achieved 150 km s™' and the highest-
recorded neutron yield was 4 x 10* neutrons per pulse.

In Ref. [9], a target was made in the form of a conic
cavity in lead (o = 40°, d = 0.138 mm) filled with a gaseous
deuterium — tritium mixture at a pressure of 2 atm. The 13-
um thick target shell of polyvinyl alcohol was accelerated by
1.2-ns, 160-J pulses from a CO; laser. The neutron yield
amounted to 2.8 x 10° neutrons per laser shot.

In Ref. [10], experiments were performed with conic
targets with the same parameters as in Ref. [7] (o = 53°,

d =2 mm). The plane aluminium target shell with a thick-
ness of 0.25-0.3 mm was accelerated to a velocity of
5.4 km s ! with the help of a linear explosive launching
system based on an explosive material. A neutron yield of
10° neutrons per pulse was recorded in these experiments.
The explosive launching system was subsequently improved.
To increase the velocity of a 30-um thick aluminium target
shell up to 18 km s, use was made of a layered launching
system with a 100-um thick molybdenum plunger accel-
erated to a velocity of 10 km s™'. This allowed a several-fold
increase in the neutron yield. An estimate of deuterium
plasma parameters at the final (as regards the neutron yield)
stage of the process yielded the following values: a pressure
of 60 Mbar, a 3400-fold degree of compression, and the
peak temperature of 240 eV.

In Refs [11, 12], experiments were performed with
targets in the form of a conic cavity in stainless steel
(x=60°, d=3.2 mm) filled with gasecous deuterium at a
pressure up to 6 atm. The 130-um thick target shell of
stainless steel was accelerated due to the cumulation of a
converging hemispherical shock wave in a gaseous hydro-
gen—oxygen mixture. The neutron yield was ~ 10’ neutrons
per pulse.

In Ref. [13], experiments were conducted with targets in
the form of a conic cavity in lead (o= 60°,
d=0.3-0.8 mm) filled with gaseous deuterium (or a
deuterium — tritium mixture) at a pressure of 0.1—1 atm.
The 10-pum thick polyethylene target shell was accelerated
due to the expansion of an aluminium foil exploding under
the action of a 2-ps, 25-kV voltage pulse. When the target
was filled with the deuterium—tritium mixture, it was
possible to record a neutron yield above the detection
threshold (the numerical value of the threshold was not
indicated in the paper). In Ref. [13] the first brief review of
the experiments with conic targets was presented.

The main data obtained in the experimental investiga-
tions with conic targets are presented in Table 1.

3. Main experimental results obtained upon laser
irradiation of conic targets and discussion

The experimental study of quantitative characteristics of
processes occurring inside conic targets is complicated by
the absence of reliable direct techniques of their diagnostics.
Among the presently available papers, the greatest quantity
of experimental data about the physical processes in conic
targets was obtained in the works involving laser irradiation
of conic targets [14]. They are fully presented in proceeding
[15]. Table 2 gives the data about the initial characteristics
of the targets used, the experimental conditions and the
results of these experiments.

The experiments were performed on a neodymium-glass
laser setup. The laser emitted 1.06-pm, 22-ns, 70-J pulses.
The target shell velocities v were measured by recording
(with a streak camera) the Doppler frequency shift of the
laser radiation backscattered from the target (Fig. 2). With
a high accuracy, their temporal dependences can be
approximated by the expression
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Table 1. Results of experiments on thermonuclear plasma generation in conic targets.
Target exposure T ;
Energy  Parameters arge Refe
source E/J / / S u/ Wall d/ /d Shell material h/ Gas /‘t N Year rences
/DS L o material mm o/deg ell materia pm a po/atm
REB 1.5 x 10° 30 50—70 lead 2 60 polyethylene 10 Dy +7%Ar 0.2 (1-3)x 10° 1976 [2]
CEM - - 50 gold 2 60 polyethylene 100 D> 1.2 3% 107 1977 [3]
1

53 polyethylene 3 4 1977 [7]
Ndlaser 70 22 to 150 lead 2 30 terephthalate ? D, 02-1 4x10 1978 [8]
CO, laser 160 12 40 lead 0.132 40 polyvinyl 13 DT 2 28%x10° 1979 [9]

alcohol
54 i 53 aluminium 250 6
CEM - - 18 lead 2 30 foil 30 D> 0.7 (1—4)x10° 1980 [10]
CEM - - - ::Z;‘l’less 32 60 stainlesssteel 130 D» upto6 ~10° 1982 [11,12]
Electrical D above detec
. 3 3 , _ _ 2 _ N

foil ) 20 x 107 2 x 10° 5-10 lead 0.3-0.8 60 polyethylene 10-25 DT 0.2-1 tion threshold1984 [13]
explosion

Notes: REB — relativistic electron beam; CEM — chemical explosive material; £ - radiation energy; , — pulse duration; v — target shell velocity; d—input
diameter of the conic cavity; o — target cone angle; i — shell thickness; p, — gas pressure; N —neutron yield.

Table 2. Target parameters, experimental conditions, and results of experiments obtained upon the laser irradiation of conic targets.

flzﬁterl_ oz/ h/ pD/ ro/ mD/ EO/ N/ u/ T/ r/ mo/rv/ pa/ Un,.d_\./ x/

number deg  um atm mm 1077 g J 10* 10° cm s~ keV ns 10* g em 2 s7! 10% atm 10 cm s™' mm
1 30 3 1.0 2.6 7.1 46 3.1 1.33 2.9 352 12 15.7 9.4 0.42
2 30 3 0.5 34 3.6 48 2.8 1.33 6.1 445 09 12.4 11.8 0.56
3 30 3 0.5 3.4 3.6 54 32 1.06 6.9 321 1.3 13.7 12.4 0.34
4 30 3 0.2 5.3 1.4 57 33 1.06 18.1 422 1.0 10.4 17.1 0.45
5 30 1 0.5 1.9 3.6 55 4.0 2.37 7.0 18.7 0.8 18.1 14.3 0.47
6 30 1 0.2 3.0 1.4 53 22 0.55 16.8 9.7 1.4 7.8 14.8 0.05
7 30 3 0.5 34 3.6 52 2.5 0.35 6.6 194 2.1 7.5 9.2 0.07
8 30 3 0.5 34 3.6 46 1.0 0.89 5.8 229 1.8 16.1 13.5 0.20
9 30 1 1.0 1.3 7.1 53 2.2 2.32 3.4 18.7 0.7 17.1 9.8 0.35
10 30 1 0.8 1.5 5.7 58 3.2 0.28 4.6 10.1 14 3.7 9.6 0.03
11 53 3 0.2 2.7 2.6 57 1.4 1.59 39.0 26.0 1.6 25.3 13.3 0.38
12 53 3 0.5 34 1.7 55 1.5 1.56 15.1 233 1.8 27.8 17.7 0.36
13 53 1 0.5 1.9 1.7 54 2.2 1.40 14.8 6.8 2.0 28.4 17.9 0.10
14 53 5 0.5 4.5 1.7 41 1.4 0.74 11.2 319 22 16.0 13.4 0.24
15 53 5 1.0 34 33 46 2.2 1.64 6.3 336 2.1 33.7 13.8 0.50
16 53 3 0.5 34 1.7 46 2.0 0.73 12.6 248 1.7 12.2 11.7 0.18
17 53 5 0.5 4.5 1.7 61 2.3 1.10 16.7 28.8 24 26.3 17.2 0.32
18 53 1 1.0 1.3 33 52 1.7 1.33 7.1 164 0.8 11.2 7.9 0.19

Notes: o —target cone angle; 7 —shell thickness; pp and mp — pressure and mass of deuterium in the target; ry — radius of shell curvature; E—energy of laser
radiation pulse; N —neutron yield; « — vapour flow velocity; 7 — calculated average deuterium temperature; ¢, — total shell evaporation time; m, — initial
shell mass per unit area; p, —average ablative pressure acting on the shell; v,,,, —maximum shell velocity; x —distance traversed by the shell during the laser

pulse.

which was derived employing the jet propulsion model of a
variable-mass body taking into account its drag in the
deuterium atmosphere. The parameter a= (y+1)p/2 (where
y is the adiabatic exponent of the gas and p is its density) in
expression (1) characterises the decelerating properties of
the atmosphere; u is the vapour flow velocity relative to the
moving body; my is the mass of a unit shell area; and ¢, is
the time required for total evaporation of the shell upon
laser irradiation. For ¢ — ¢,, the shell velocity approaches
its maximum value v, = (n'au/a)l/ 2. The values of u, 1,
and v, are given in Table 2 for every experiment. Passage
to the limit for @ — 0 (the absence of drag) transforms
expression (1) to

my

m(t)’ @

v(t) = —uln (1 —%) =uln

It was experimentally found that about 15 % of the total
energy of a laser pulse incident onto the target finds its way
into the target interior. This energy consists of the kinetic
energy of the non-evaporated part of the shell (1 %) and the
sum of the thermal and kinetic energies (14 %) of the laser
plume attached to it. Figure 1b shows the microsection of
one of the targets after laser irradiation. One can see that the
microexplosion at the target apex gives rise to a spherical
cavity, which is symmetric with respect to the cone axis. The
target wall is displaced under the action of the pressure pulse
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Figure 2. Experimentally measured v — ¢ diagrams of the motion of
target shells with the cone angles o = 30° (a) and 53° (b) [15]. The curve
numbers correspond to the experiment numbers in Table 2.

and high plasma temperature produced during laser abla-
tion of the target shell and the compression and heating of
the gas filling the target. The mass of the plasma cloud flying
into the target can be approximately estimated by putting
u(f) = u in (2). It is equal to mg/e, where e is the base of
natural logarithm.

Measurements of the electron temperature 7, of the
plasma plume by a two-foil absorption technique using 20-
and 100-pm thick beryllium filters yielded a value of 40 eV.
By using the method of polyethylene terephthalate target
shell deceleration in the air or xenon atmosphere, the rate of
mass evaporation from a unit area sz (in units of
gem 2 s7!) was determined as a function of the laser
radiation intensity / in the (0.1— 1) x 10" W cm™? range
[16]:

1.620.1

= (1.6 £0.1) x 10*[7/(10" W cm™?)] 3)

The electrocontact probe technique was used to measure
the electric field distribution in the plasma corona attached
to the target shell. The electric field intensity in the plasma
corona amounted to ~1 kV ecm™".

To estimate the parameters of the deuterium plasma
produced at the final stage of its compression and heating at
the centre of the conic target, the data from the experiments
presented in Table 2 (see, for instance, Refs [14, 15, 17, 18])
were subjected to statistical processing. We illustrate the
statistical approach as applied to the D—D fusion reaction.
It is well known that the total number N of neutrons per
pulse arising from the D—D thermonuclear fusion reaction
for a uniformly heated deuterium plasma is calculated by
the expression

N =0.65x 10722 Ve(kT) " exp[~18.76(kT)~'/°],

where n and V are the density (in cm ™) and volume (in
cm?®) of the deuterium plasma uniformly heated to a
temperature k7 (in keV) and 7 is the duration of the fusion
reaction (in seconds). Let us assume that © = or/c,, where r
is the radius of the plasma region, ¢, is the sound velocity,
and J is the proportionality coefficient. We also introduce
an additional proportionality coefficient u equal to the ratio
between the mass m of deuterium heated to the temperature
kT and the total mass of target-filling deuterium mp, i.e.
iw=m/mp. Under these assumption, n>~ (mp/r’)?,

Veord, 1~ r/eg ~ rTfl/z, and then the functional factor
n*ViT~23 in front of the exponential term in the
expression for the neutron yield takes the form

2
n?viT 3 ~ <m—?> PIrr VT8 = (m—?r>mDT77/6
o r

= (pr\mpT~"/°.

Taking into account all proportionality coefficients, the
values of physical constants, and the dimensions of the
quantities, we eventually obtain a relationship for N in the
form

_ 25 ~7/6 ~1/3
=2. b —18. .
N =2.53 x 107 (prympud(kT)~ """ exp[—18.76(kT) /"]

After taking the logarithm of this expression, it can be
represented in the form of linear relationship ¥ = AX + B,
where it is assumed that the variables X and Y contain only
experimentally measured quantities and that the coefficients
A and B are made up of required unknown quantities, in
this case p and . In particular, when the quantities N, (pr),
and kT are known from experiments, then

N N(kT)"/®
2.53 x 102 {(prymp’

X =1876(kT)"? y=-1

A=—In(ud), B=1.

If the values of X and Y group together about some straight
line in a series of experiments, this will indicate to a regular
and similar character of the processes occurring in the
thermonuclear targets from experiment to experiment,
which permits estimating, in particular, the magnitude of
1o, because 4 = const.

Consider now another case when the measurements of,
for example, temperature are lacking. By making several
additional assumptions, it is possible to obtain the expres-
sion for the temperature, provided that the new measurable
parameters X and Y group together along a straight line
again. In particular, an examination of the experimental
data on the interaction of laser radiation with conic targets
showed that in this case the assumption is justified that
kT=fe/mp, where mp, is the mass of deuterium which fills
the target (in units of 107> g), & is the absorbed laser
radiation (in Joules), and f is the proportionality factor.
Then, we used the measurable quantities

X = 18.76(¢/mp) "'/,

W V(@A) e /)¢
2.53 x 103mp (3V, /4n)'*’

as new variables, where Q is the solid angle of the conic
target and V is its volume (in cm?). In these variables X
and Y, experimental points grouped together along a
straight line with the correlation coefficient R = 0.99
(Fig. 3). In this case,

A=—1In(u*PoE?Pp77%) =9.77 £ 0.41,

B=p""*=282+0.12,
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Figure 3. X — Y representation of experimental data on laser thermo-
nuclear fusion in conic targets filled with gaseous deuterium
[14, 15, 17, 18].

where ¢ is the degree of material compression in the
reaction zone. We obtain from here

kT =22.42¢/mp, p*36%3 =1.53 x107°.

The values of deuterium plasma temperature 7 in conic
targets, determined using the proposed technique, are given
in Table 2 for each experiment.

From the above expressions, we can also estimate the
ratio u/x, where x is the coefficient of absorbed laser energy
transformation to the thermal energy of thermonuclear
plasma. Indeed, x = mkT/e = umpfe/(mpe) = uB >, hence
w/%=170x10"B>=0.156. Since » < 1, u < 0.15. How-
ever, because the estimated transformation coefficient x»
does not exceed 0.1, only a small part of deuterium, which is
certainly not greater than a few percent of its total mass, is
heated to the thermonuclear temperature.

Therefore, in some cases a statistical analysis compen-
sates for the lack of measurable quantities and, moreover,
determines the functional dependence of the unmeasured
quantities on the parameters of the experiment. The results
of statistical analysis for other variables X and Y in the case
of spherical targets and a deuterium—tritium plasma are
presented in Refs [17, 18]. In particular, the authors of these
papers obtained the relation k7 =9.63¢/M (in units of
Jng™!), where M is the total mass of a spherical target and
ud =3.05x1073.

The conclusions made by applying the statistical
approach to experiments with conic targets are in satisfac-
tory agreement with the results of numerical simulation
[19, 20] of thermonuclear neutron generation, in which the
data of one of experimental diagrams of target shell motion
[curve (2) in Fig. 2b] were used as the boundary condition.
The formulation of the problem took into account the
experimentally measured time dependence of the compress-
ing-shell velocity, the target deformation and the ion and
electron thermal conduction of the two-temperature deute-
rium plasma as the temperature limitation mechanism in the
collapse of shock waves.

The results presented below were borrowed from
Ref. [20], in which the precision of two-dimensional calcu-
lations was significantly improved compared to Ref. [19]
due to explicit separation of the leading shock wave (in the
form of a grid line) during all the time until the wave
approaches closely enough the cone apex. Figure 4 shows

the time dependences of the spatially maximal ion temper-
ature and the neutron yield. The narrow peaks in the
temperature profile correspond to the instants of collapse
of the shock wave: the first peak to the collapse of the
leading shock wave and the second peak to the collapse of
the secondary wave reflected from the shell. One can see that
the increase in neutron yield occurs only at these instants,
the main contribution to the neutron yield being made by
the secondary wave collapse. The stage of adiabatic high-
temperature plasma compression is absent due to a small
shell mass. The calculated total neutral yield N = 1.7 x 10*
is in satisfactory agreement with the experimental value of
2.8 x 10*. The solution of a spherically symmetric one-
dimensional problem, which neglects the target deforma-
tion, overestimates the peak values of the ion temperature
and, as a consequence, overestimates the neutron yield
(approximately 2 x 10°). Similar conclusions followed
from the results of Ref. [21], where the problem of a shock
wave entering a rounded apex of a conic deuterium-filled
target was considered by neglecting its deformation.

7™ /keV, N/10*
3+

S .,

= o ———

0

1
50 55 60 65 70 75 t/ns

Figure 4. Time dependences of the maximum ion temperature T;™**
calculated by using two-dimensional (solid line) and one-dimensional
(dashed line) models and the time dependence of the neutron yield
calculated by using the two-dimensional model (dotted line) [20].

Therefore, the neutron yield in the experiments discussed
above can be probably explained by an abrupt increase in
the ion temperature in a small vicinity of the point of the
shock wave collapse. In this case, the inevitable deformation
of the walls of the conic target at its apex reduces its neutron
yield and thereby plays a stabilising part in a certain sense,
which results in close values of the neutron yield despite the
significant difference in the initial conditions of the experi-
ments performed (Table 2).

4. Physical processes in conic targets

We review the main theoretical papers that are to a certain
extent related to the study of physical processes in conic
targets. The review does not pretend to be comprehensive,
because these works are rather fragmentary and belong to
different realms of physics, in particular, like plasma
physics and mechanics of continua. In addition, both
analytic and various numerical simulation methods have
been used in these studies.

Theoretical estimates and self-similar solutions for the
plasma compression scheme in the conic geometry upon the
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high-velocity interaction of plungers or targets are presented
in [1]. The self-similar solutions apply, in particular, to the
compression and heating of material in plane, cylindrical,
and spherical cavities. The latter takes place at the cone ‘tip’.
An estimate of the effect of target walls on the neutron yield
upon laser irradiation of conic targets was made on the basis
of a simple analytic model in Refs [22, 23]. The problem of
spontaneous magnetic field generation upon compression of
a laser plasma was analytically considered in Ref. [24] for
spherical and conic geometries. The possibilities to experi-
mentally observe the magnetic field in the laser plasma being
compressed were discussed.

The most important is the use of numerical simulation
techniques, which most completely take into account all the
processes in conic targets and serve as an efficient method of
investigation, which enables obtaining interesting and physi-
cally significant results in many instances.

The numerical simulations of the interaction between
plungers and conic targets were performed both in one- and
two-dimensional geometries. In the former case, the cone is
replaced with a spherical segment, i.e., the cavity-forming
material itself is not considered. The problem is thereby
reduced to the simulation of spherical shell motion towards
the centre. The corresponding calculations, which were
carried out in connection with the simulation of spherical
laser fusion targets, are rather numerous. The relevant
references can be found in reviews [25—30]. However, as
regards conic targets, the question arises of whether the real
problem can be reduced to the spherical target problem.
This is explained by the fact that there exist fundamentally
two-dimensional processes of the interaction between the
mobile shell and the conic target walls as well as the wall
deformation at the final interaction stage. For example, in
some cases, high-velocity jets of the material are formed
upon the interaction of a plunger with an inclined target
wall [31—37]. The development of instabilities in such a flow
may, in particular, be responsible for a substantial discre-
pancy between the experimental neutron yields obtained
under similar experimental conditions. In this case, the
discrepancy may amount to several orders of magnitude,
which was pointed out already in the experimental work [6].

Another evidence for the significance of including the
two-dimensionality of processes under study can be found,
in particular, in Ref. [9], where the inclusion of two-dimen-
sional effects resulted in a lowering of predicted neutron
yield by nearly a factor of 200 compared to the one-
dimensional problem. It is therefore reasonable to consider
two-dimensional problems. However, at present the number
of computational works in this direction is far smaller than
the number of works where one-dimensional calculations
were performed, which is due to a certain complication of
the problem in the two-dimensional case [9, 21, 38 —41].

The first works on numerical simulation of the inter-
action between plungers and a conic cavity [42] were related
to the experiment [10] on the explosive initiation of the D -
D reaction with the aid of aluminium plungers. These works
demonstrated the formation, under certain conditions, of
high-velocity cumulative jets inside the targets (Fig. 5). The
adequacy of numerical simulations was confirmed by
experimental measurements [43]. In these experiments,
the average velocity of the material ejected from the opening
at the apex of a 30-degree conic target 1.15 mm in diameter
was measured in vacuum. For an initial velocity of the 2-mm
thick aluminium plunger of 5.4 km s~', the material velocity

> t =60ns

> 140 ns

Figure 5. Cumulative effects in the high-velocity interaction of an alumi-
nium plunger with a conic cavity in lead [42, 43]. Use was made of 2-mm
thick plungers with a velocity of 5.4 km s™! (a) and of 0.25-mm thick
plungers with a velocity of 10 km s~ (b). The time 7 is counted from the
moment the plunger flies up to the target. The dashed lines indicate the
positions of shock fronts and the arrows show the direction of their
motion.

at a distance of 20 mm from the target edge was equal to
1654 1.0 km s™'. A numerical solution of this problem
yielded a velocity of 17.5 km s .

In a more general formulation of the problem, which
takes into account the presence of deuterium in the target,
this problem was considered in a series of papers summa-
rised in Ref. [44]. In the simulations, wide-range
semiempirical equations of metal state [45] and the equation
of state of ideal gas (deuterium) were used. The neutron
yield was calculated by integrating with respect to time and
over the entire volume of deuterium employing the well-
known formula for the D—D reaction rate. The plunger and
target parameters corresponded to the experiment of
Ref. [10]: a 2-mm thick aluminium plunger with a velocity
of 5.4 km s~! and a lead target with o = 53° closed with an
aluminium lid 0.3 mm in thickness were used. It was shown
that in the experiment an annular aluminium jet appeared
which was similar to the jet in Fig. 5b in the case of a thin
plunger and o = 28°. There is no cumulative jet in Fig. 5a,
which corresponds to the case of a thick plunger and the
same o value. However, for oo = 53°, this jet appears in the
case of a thick plunger as well. By collapsing on the
symmetry axis, the annular cumulative jet divides the
deuterium volume into two parts and generates high-
velocity deuterium jets, which propagate along the sym-
metry axis, inside the relatively calm deuterium. Despite the
occurrence of these jets, the calculated neutron yield turned
out to be low. The attempts to explain the emergence of
neutrons in the experiment on the basis of viscous heating of
the high-velocity deuterium plasma jet in a narrow boun-
dary layer bordering on aluminium [46] also did not meet
with success. Therefore, the mechanism of neutron gene-
ration in this experiment still remains largely unknown.
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Several subsequent theoretical papers were concerned
with annular cumulative jets. First we discuss investigations
[47, 48] concerning the stability of the jet to axially
symmetric perturbations of the inner boundary of the target
lid. The initial boundary perturbation was sinusoidal, with
an amplitude of 0.2 % of the cone height. The perturbation
development is shown in Fig. 6. One can see that the
development of the cumulative jet takes place against the
background of developed Richtmeyer —Meshkov instability
of the major part of the inner lid boundary (¢ = 100 and
160 ns). The ‘trace’ of this instability persists in the form of
low-amplitude nonmonotonies at the jet boundary, which
decrease with time. By the instant of jet collapse (z = 210 ns)
these nonmonotonies vanish and the jet boundary proves to
be smooth. Although numerical simulations cannot provide
a rigorous answer to the question of whether the flow is
stable to perturbations of arbitrary frequency, the calcu-
lations performed allow, with a high degree of certainty, a
conclusion that the cumulative jets produced in the experi-
ment of Ref. [10] were stable to axially symmetric
perturbations of the inner boundary of the target lid.

Al
t=0
z/mm
50 ns
15k 100 ns
160 ns
10 | Pb
210 ns
0.5
1 1 1 1
0 0.25 0.50 0.75 r/mm

Figure 6. Internal boundary of the aluminium target lid with a sinusoidal
initial perturbation in cylindrical coordinates and at sequential points in
time [47, 48].

The spontaneous electromagnetic field in the deuterium
plasma and the conditions for its penetration into the target
were calculated in Ref. [49]. The electromagnetic field
problem was formulated similarly to how this is commonly
done in laser-plasma simulations (see, for instance,
Ref. [50]). The time dependences of the modulus of current
density vector at two points inside the target, which are
located rather far from the cone, are given in Fig. 7 for two
values of «. The axial coordinate of both points is
approximately equal to the initial coordinate of the cone
apex and the distance to the symmetry axis is equal to
~0.5 mm for one point and 1 mm for the other. One can see
that for o = 53°, when an annular aluminium jet appears,

the current density at the former point at first achieves its
maximum ~10"" A mm~? and then decreases to ~107°
A mm 2. The current density at the second point increases
to about this value as well. Therefore, the entire above-
specified part of the target proves to be covered by Foucault
currents with a density of ~1073 A mm~2. For « = 30°,
when the annular cumulative aluminium jet does not
appear, the Foucault currents are approximately 10 times
weaker, as seen from Fig. 7. The experimental measurement
of the Foucault currents in the target can be used to observe
the collapse of the annular cumulative jet.

[//107 A mm >

10

Figure 7. Penetration of spontaneous electromagnetic field into a lead
target [49]: time dependences of the modulus of current density vector j
for o = 53° (solid curves) and 30° (dashed curves) at a distance of 0.5 (/)
and 1 mm (2) from the symmetry axis.

Let us also mention theoretical paper [51] where the
deuterium —tritium fuel compression and thermonuclear
energy release in conic targets with additional laser heating
were calculated and was also shown that by irradiating these
targets by 300—400-kJ pulses from a KrF laser, the neutron
yield up to 10'® neutrons per pulse can be obtained.

The results of simulations of the explosion experiment
performed as a continuation of the experiment [10] with an
improved launching system are presented in Refs [48, 52].
The presence of deuterium and the cone deformation were
not taken into account in these works. The problem of
throwing a 30-pm thick aluminium foil with a velocity of
18 km s~ ! into an empty rigid cone was considered. One of
the experimental results presented in review [15] was a
decrease in the neutron yield with increasing o from 30° to
60°. Simulations showed that this changes the phase
composition of the annular cumulative jet. For « = 30°,
the jet remains solid, while for o = 60° it consists primarily
of a liquid — gas mixture. This suggests that the neutron yield
decreases at o = 60° due to cavitation-induced jet destruc-
tion.

5. On some possible applications of conic targets

The last decade is characterised by the quickening of
interest in different aspects of research related to conic
targets and different possibilities of their application. In
particular, the possibilities for the application of conic
targets in inertial fusion problems were considered in
Ref. [53]. Paper [54] contains theoretical estimates of the
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use of direct ignition schemes involving cylindrical inertial
fusion targets which can have, in particular, conic openings.
Paper [55] presents theoretical estimates and results of two-
dimensional numerical calculations of conic targets for the
ignition of a deuterium—tritium mixture preliminarily
compressed by ablation pressure. The heating of com-
pressed fuel by a microexplosion, which takes place in the
cone pressurised by this fuel, was proposed in papers
[56, 57]. The possibility of cumulative jet production by
using cones for compressed fuel heating was studied. The
possibility of initiating the thermonuclear reaction in a
conic target irradiated by a KrF laser was considered in
paper [58]. In an experimental work [59], a conic cavity in
gold was employed for the preliminary compression and
heating of the shell material, which contained deuterated
polyethylene accelerated by a laser pulse. Upon subsequent
irradiation of the shell by a short high-power laser pulse
through a small opening in the apex of the conic cavity, a
neutron yield of 2 x 10* neutrons per pulse was recorded.
Some ideas elaborated in approaches of this kind can be
traced to an earlier paper [60]. The possibility of producing
high-velocity cumulative jets employing laser compression
of conic shells and the possibility of employing these jets for
the ignition of thermonuclear fuel targets were studied in
[61]. The use of conic targets for the explosive graphite-to-
diamond transformation was proposed in Ref. [62]. The
results of simulations with the inclusion of the equations of
graphite-to-diamond transformation Kkinetics were pre-
sented in Ref. [63]. The inclusion of the initial graphite
porosity resulted in the discovery of an unexpected property
of converging shock waves in porous media [64]. It
manifested itself, in particular, in that lowering the initial
graphite density in the conic target from the crystalline
density (of about 2.26 g cm™>) to 1.7 g cm > resulted in a
three-fold increase in the maximum pressure in graphite.

6. Conclusions

Conic targets are a complicated object for experimental
investigation. Their diagnostics has been largely hindered,
because all thermonuclear plasma heating processes occur
inside a cavity confined in a high-density material. Never-
theless, at present it is possible to advance significantly in
this direction. State-of-the-art computational techniques of
mathematical physics and significant progress in their
computer realisation permit performing numerical simu-
lations of the physical processes in conic targets over a wide
range of initial conditions, thereby allowing a more
successful planning of the corresponding experiments to
realise the desired thermonuclear plasma characteristics.
Note that conic targets are of interest not only in
connection with the problem of controlled thermonuclear
fusion. We believe that their employment in experiments
with highly concentrated energy fluxes may open up new
possibilities for studying the physical properties of materials
at extremely high temperatures, pressures, and densities.
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