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Abstract.  Indirect drive thermonuclear targets with fuel capsules at 
the stage of X-ray irradiation in a free flight are proposed. The 
absence of structural elements fixing the fuel capsule at the begin-
ning of this stage will make the initiation of their associated insta-
bilities impossible and will thereby improve the fuel compression.

Keywords: laser fusion, indirect initiation, instabilities.

1. Introduction

In experiments with indirect drive laser thermonuclear targets 
performed at the National Ignition Facility (NIF), the pres-
ence of structural elements in the composition of the targets 
that fix the fuel capsules gave rise, in several cases, to the ori-
gin of instabilities, which had a significant adverse effect on 
the symmetry of fuel compression and, as a consequence, on 
the number of fusion reactions resulting from the compres-
sion [1 – 5]. The quantitative parameters describing this effect 
depend strongly on the compression mode, the method of fix-
ing the fuel capsule, the material and the thickness of the abla-
tor [1 – 5]. Most sensitive to the instabilities under discussion 
are plastic ablators [4, 5]. 

In the majority of NIF experiments, the fuel capsule was 
fixed with a so-called tent, consisting of two thin plastic mem-
branes [1 – 5]. Two types of tents were used, which received 
the names ‘nominal tent’ and ‘polar tent’ [1 – 5] (Fig. 1). In 
experiments with plastic ablators and high-entropy compres-
sion of deuterium-tritium fuel, the replacement of the nomi-
nal tent (experiment N150211, Fig.1a) with a polar tent 
(experiment N171001, Fig.1b) significantly improved the 
symmetry and, as a consequence, other compression param-
eters (the remaining parameters of the targets and the condi-
tions of their irradiation were approximately the same) [5]. 
The neutron yield YDT increased from (8.73 ± 0.18) ́  1015 to 
(10.69 ± 0.30) ´ 1015 [5]. Considered as the main reason for the 
improvement of compression symmetry is a decrease in the 
areas Atent of the instability growth regions near the boundar-
ies of the regions of contact between the membranes and the 
ablator [5]. When estimating the dependence of Atent on the 
tent type, it is assumed that the width of instability develop-
ment regions is small compared to the perimeters of these 

boundaries and does not depend on the tent type [5]. 
According to this approximation, replacing the nominal tent 
with the polar one reduced the Atent by approximately 
4.3 times [5]. Further reduction of Atent is currently impossible 
due to the limitations imposed by the parameters of the mate-
rials in use [5]. 

It is not yet clear whether there will be a significant, 
accompanied by a noticeable increase in YDT, improvement in 
the symmetry of the high-entropy compression of the deute-
rium-tritium fuel in the capsule with a plastic ablator with a 
further decrease in Atent, if it turns out to be possible, or with 
the use of other methods of fixing the fuel capsule [5]. This 
problem is of scientific interest by itself. In any case, the pre-
vention of the origin or noticeable development of instabili-
ties associated with the fixation of the fuel capsule is neces-
sary for clarifying the fundamental possibility of efficient low-
entropy compression (see, for example, Ref. [4]). We 
emphasise that plastic ablators have certain advantages 
[4,  6 – 12]. In particular, they make it possible to produce 
high-quality fuel capsules using diffusion filling [7 – 12]. The 
productivity and other parameters of this method meet the 
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Figure 1.  Simplified schemes for fixing the fuel capsule of the indirect 
drive target with (a) nominal and (b) polar tents:	
( 1 ) the fuel capsule; ( 2, 3 ) plastic membranes; ( 4 ) part of the hohlraum 
(the radiation-confining shell). 
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requirements for the production of targets for thermonuclear 
power plants [7 – 12]. The absence of a fuel-filling hole in the 
ablator will avoid the initiation of its related instabilities (see, 
for example, Refs [4, 5]). 

The initiation of instabilities associated with the fixation 
of the fuel capsule at the initial stage of its X-ray irradiation 
will be prevented if such fixation is abandoned, or, in other 
words, when the capsule is irradiated in the state of free flight. 
This flight, some implementation versions of which are con-
sidered below, will be a small-scale analogue of the flight of a 
direct drive target in the reactor chamber of a thermonuclear 
power plant (see, for example, Refs [7, 9 – 15]). The proposed 
approach is intended primarily for experiments in the initia-
tion of single microexplosions by laser radiation. The expedi-
ence of its implementation in thermonuclear and hybrid 
power plants, as well as in the initiation of single microexplo-
sions by other methods, calls for special research and is not 
discussed in this paper. 

2. Options for the implementation of the free 
flight of the fuel capsule

2.1. Basic elements of the simplest targets

The free flight of a fuel capsule is most easily realised when it 
is injected into a shell that confines X-ray radiation (this shell 
is usually called a hohlraum), when the injector piston acts 
directly on the capsule (Fig. 2), or when the capsule is fixed 
inside such a shell in an initial position that differs from the 
position during irradiation (Fig. 3). In the latter case, the 
flight of the fuel capsule can occur under the action of gravity 
alone as well as under the force of gravity and the momentum 
purposefully imparted to the capsule. The fixation of the fuel 
capsule during the installation of such a target and other pre-
liminary actions with it can be carried out, for example, by 
holders – the structural elements that are quickly pulled out 
of the hohlraum before target irradiation (see Fig. 3). In some 
cases, electromagnets can be used to move them, as well as to 
inject the fuel capsule. The vertical arrangement of the cylin-
drical hohlraum in Fig. 2 corresponds to NIF experiments 
[1 – 5, 16]. 

The structural elements of the target that prevent or com-
pensate for the leakage of the gas filling the hohlraum (see, for 

example, Refs [1 – 5]) are not shown in Figs 2 and 3. The ini-
tial pressure of this gas in the target shown in Fig. 2 should 
take into account its subsequent compression during the 
injection of the fuel capsule. 

The motion of the target injector piston should be organ-
ised so that its surface directly acting on the capsule would 
later serve as an element of the inner surface of the hohlraum. 
One of the conditions for the implementation of this scenario 
is that this surface must have a coating, which includes a suf-
ficiently thick layer of a heavy element, for instance gold, or a 
material consisting of several heavy elements (see, for exam-
ple, Refs [1 – 5, 16, 17]; in the version with gold, the minimum 
thickness of such a layer is 8 mm [17]). To prevent ablator 
contamination by one or more heavy elements (an example of 
a possible negative manifestation of such contamination is 
given in Ref. [5]), it may be necessary to apply, on top of this 
layer, a thin layer of a material that does not contain heavy 
elements, such as plastic. Note that Ref. [16] describes hohl-
raums with a thin (0.4 – 0.6 mm) inner layer of gold and boron 
(the boron content is 40 % by the number of atoms) deposited 
on a thicker uranium layer. 

In the version shown in Fig. 3, after the fuel capsule is 
released the holders are completely removed from the hohl-
raum through the openings, which are subsequently closed 
with shutters to prevent or reduce the leakage of thermal radi-
ation. Other options are also possible. In particular, the con-
tact surfaces of the holders can serve as elements of the inner 
surface of the hohlraum. In this case, they must have the coat-
ings mentioned above. 

The accuracy of fixing the fuel capsule with a tent in a 
cylindrical hohlraum is approximately 10 mm [5]. Apparently, 
the main technical difficulties of the efficient implementation 
of the approach proposed in our paper are determined by the 
need to set the position of the fuel capsule at the time of laser 
irradiation of the target with approximately the same accu-
racy. This problem is difficult, but solvable, since the length 
of the trajectory of the fuel capsule in the hohlraum will be 
short (~1 mm). 
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Figure 2.  Version of a target with injection of the fuel capsule into a 
vertically positioned cylindrical hohlraum with direct action of the in-
jector piston on the capsule:	
( 1 ) injector piston pusher; ( 2 ) injector piston; ( 3 ) fuel capsule in the 
initial position; ( 4 ) hohlraum; ( 5 ) injector barrel. 
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Figure 3.  Version of the target with the free fall of the fuel capsule in the 
hohlraum without imparting it an initial momentum:	
( 1 ) fuel capsule in the initial position; ( 2 ) hohlraum; ( 3 – 5 ) holders; 
( 6 – 8 ) shutters (the structural elements providing the motion of holders 
and shutters are not shown).
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2.2. Accuracy of delivery of the fuel capsule injected into a 
cylindrical, vertically positioned hohlraum

First, we consider the possibility of achieving an accuracy of 
10 mm when implementing the method shown in Fig. 2 for 
coordinates in a plane perpendicular to the initial flight 
direction of the fuel capsule. We denote the deviation of the 
fuel capsule centre in this plane from the hohlraum centre by 
D^  and use the data on the accuracy of shooting (hereinafter 
the term ‘accuracy’ is used to describe both linear and angu-
lar quantities). Previously, almost the same approach was 
used in Refs [13, 14] – the problems of pneumatic injection 
of a direct drive target into the chamber of a thermonuclear 
power plant were analysed using data on the accuracy of 
pneumatic weapons. In Section 10.3.2 of the book [13], the 
following is reported: “...present high precision air guns 
being able to deliver projectiles into an area of radius less 
than 1  mm at a distance 12 m with a horizontal trajectory.” 
Paper [14] contains a similar statement: “Air rifles have 
achieved an accuracy of ±0.1 mrad.” This figure is compared 
with an accuracy of ±0.3 mrad, corresponding to the deliv-
ery of a thermonuclear target to the centre of the chamber of 
a thermonuclear power plant at a distance of 17 m with an 
accuracy of ±5 mm [14]. At the same time, it is noted that air 
rifle bullets have a higher density and the conditions in its 
barrel may be unacceptable for a fragile target [14]. 

In experiments N150211 and N171001, the inner hohl-
raum diameter d was 5.75 mm [5]. Evidently the planned hor-
izontal displacement lh (see Fig. 2) of the centre of the fuel 
capsule in the hohlraum is d/2. Parameters lh » 3 mm and D^ 
» 10 mm correspond to the ratio D^/lh » 3.3 ́  10–3 >> 10–4. We 
emphasise, however, that Ref. [14] refers to the accuracy of 
the rifle. In Ref. [13], the type of the barrel is not specified, 
but it would be natural to assume that the case in point is a 
rifled barrel when we are dealing with a precision gun (see 
also Refs [18, 19]). In experiments with targets similar in 
design to the target shown in Fig. 2, the fuel capsule may be 
imparted a stabilising rotation. To this end, the capsule 
must be placed in a tray connected to the piston by a bearing 
and be spun up before imparting it acceleration in the linear 
direction. A similar scenario, namely, the throwing of a pre-
spun disk by the combustion products of a mixture of hydro-
gen and oxygen, was described in Ref. [20]. Since the piston 
and the tray are connected, the tray can also be considered 
as part of the piston. It is taken into account here that the 
optimal speed of the fuel capsule in the situations under con-
sideration is low (see below), and so rotating the tray using 
rifling in the injector barrel and protrusions on the tray (see, 
for example, Ref. [18]) would be inefficient. We emphasise 
that the rotation stabilises the flight of bullets of various 
shapes, including those close to spherical [18]. The rotation 
of the fuel capsule may be of interest for individual experi-
ments with the ultimate accuracy of fuel capsule delivery to 
the centre of the hohlraum, but it will lead to an additional 
complication of the target and the experiment as a whole, so 
in many experiments it will be desirable to do without it. 
Data on the dispersion of round bullets of smoothbore guns 
[19] suggest that this is possible. 

When firing a round bullet from a smoothbore gun at a 
distance of 50 m, it is possible to achieve the hit of all bullets 
in a circle with a diameter of 20 – 25 cm [19]. The ratio of the 
radius of this circle to the firing range is approximately (2 – 
2.5) ´ 10–3, which is less than the above value of D^/lh » 
3.3 ́  10–3. 

High requirements for the accuracy of manufacturing fuel 
capsules, which stem from the need to ensure strong compres-
sion of the fuel, seem to be a factor contributing to high injec-
tion accuracy. Note that Ref. [6] reports the manufacture of 
spherical plastic shells intended for use as ablators with a 
sphericity of better than 0.5 mm. 

When using the target shown in Fig. 2, the fuel capsule 
will slide in the injector barrel. The problem of the admissibil-
ity of this sliding calls for a special experimental study (see 
also [12], which refers to the inadmissibility of sliding of direct 
drive  targets on one of the elements of the equipment used in 
their production to form a layer of deuterium-tritium ice). 
The assumption used in our paper about its admissibility, i.e. 
about the possibility of avoiding damage to the ablator sur-
face and unacceptable fuel heating as a result of sliding, is 
based on the fact that the fuel capsule velocity u0 at the 
moment its center enters the cavity, which is subsequently 
filled with X-ray radiation, will be rather low. For the target 
shown in Fig. 2, a velocity u0 of the order of 0.1 – 1 m s–1 is 
sufficient. This is due to the fact that the minimum value of u0 
is determined primarily by the requirement that the absolute 
value Dz of the vertical displacement of the fuel capsule dur-
ing its flight in the hohlraum is small (it is compensated for by 
the excess of the initial position of the centre of the fuel cap-
sule above the hohlraum centre). 

For an initial estimate of the possible values of u0, we use 
an approximation that does not take into account the influ-
ence of the gas filling the hohlraum [1 – 5] on the motion of the 
fuel capsule. According to this approximation, which will be 
used further, 
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uD = c m ,	 (1)

where g » 9.81 m s–2 is the acceleration of gravity. It follows 
from formula (1), for example, that for lh = 3 mm and u0 = 
1 m s–1, Dz » 4.4 ́  10–3 cm. Taking into account the character-
istic lengths of hohlraums, which are several millimeters 
[1 – 5, 16], this is quite acceptable. Rewriting formula (1) in the 
form u0 = /(2 )l g zh D  and substituting in this expression the 
value Dz = 1 mm, which also seems acceptable, and lh = 3 mm, 
we obtain u0 » 0.21 m s–1. 

The smallness of u0 leads to the smallness of the character-
istic acceleration a of the fuel capsule in the injector barrel 
with a length lb of the order of 0.1 – 1 cm. By way of example 
we consider the situation where a is constant. The path along 
which the initially immobile fuel capsule acquires the velocity 
u0 is denoted by la. This value is less than lb (for reasons given 
below), but the target can be designed so that la and lb are 
comparable. Obviously, in the situation under discussion, a = 
u0

2/(2la). This formula implies, for example, that 

a = 100 m s–2 » 10.2g for u0 = 1 m s–1, la = 0.5 cm, 

a = 50 m s–2 » 5.1g for u0 = 1 m s–1, la = 1 cm. 

Capsules with deuterium-tritium ice, experiments with 
which are of the greatest interest, will withstand, with the 
achievable quality of ice, acceleration up to 500g or even 
1000g [12]. 

The excess of lb over la is due to the following. In the case 
of the target shown in Fig. 2, after the fuel capsule reaches the 
speed u0 (here it is assumed that the fuel capsule deceleration 
in the barrel after the cessation of acceleration is negligible), 
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the piston motion should slow down so that by the time the 
capsule reaches the centre of the hohlraum, the contact sur-
face of the piston forms the corresponding section of its inner 
surface. In addition, it is possible that the minimum value of 
lb will be determined by the requirements for the accuracy of 
delivery of the fuel capsule to the centre of the hohlraum: 
lengthening the barrel increases the accuracy of shooting. In 
the case of a rotating tray, the minimum value of lb – la will be 
determined by the deceleration of the tray and the need to 
close the corresponding hole in the hohlraum with a shutter 
or diaphragm after the fuel capsule enters it (here, for simplic-
ity, the device for closing the hole is considered part of the 
injector barrel). A similar requirement for lb – la also arises in 
the case of inadmissibility of sliding of the fuel capsule in the 
barrel, which can be avoided if there is a recess in the piston 
to accommodate the fuel capsule. The capsule must be in the 
recess during acceleration and come out of it by inertia when 
the piston decelerates. The hohlraum-facing portion of the 
piston with a recess is similar to some versions of the sabots 
for injecting direct drive targets (see, for example, Refs 
[9, 12, 14]). The choice of the optimal parameters of the recess, 
in particular, the decision on the admissibility of using of a 
deep recess with a portion equivalent to a short barrel (see 
Refs [9, 12]), calls for a special study, which seems impractical 
to carry out prior to the solution of the question of admissibil-
ity of using the option shown in Fig. 2. Note that when using 
rotating trays or pistons with recesses, the length of the free 
flight trajectory of the fuel capsule in the horizontal direction 
will exceed the radius of the hohlraum. 

For the x coordinate directed along the axis of the injector 
barrel (see Fig. 2), the accuracy of positioning the fuel capsule 
during target irradiation will be determined by the timing of 
the irradiation with the flight of the capsule. Next, the param-
eter x describes the position of the centre of the fuel capsule; 
x = 0 corresponds to the point of its entry into the cavity, 
which is subsequently filled with X-ray radiation. The change 
in x during the irradiation of the target is negligible (see, for 
example, Refs [1 – 5]). We denote the absolute value of the 
deviation of x from d/2 at the instant of the beginning of tar-
get irradiation by D||, the time interval between the moment 
when x = 0 and the beginning of target irradiation by ti, and 
the planned value of ti by tip. We describe the desynchronisa-
tion of the beginning of target irradiation with the flight of 
the fuel capsule with the parameters Du0 and Dti – the absolute 
value of the deviation of u0 from the planned value and the 
absolute value of the deviation of ti from tip, respectively. The 
requirements for Du0 and Dti are estimated from the condition 

Du0tip + u0Dti £ D| | = 10 mm.	 (2)

This condition does not take into account the possibility of 
partial mutual compensation of the errors related to speed 
and time. Assuming that each term on the left side of condi-
tion (2) must not exceed D| | /2 and considering that tip »
d/(2u0), we obtain the conditions dDu0/u0 £ 10 mm and u0Dti £ 
5 mm. In particular, for d » 6 mm and u0 » 1 m/s they take on 
the form: Du0/u0 £ 1.7 ́  10–3 and Dti £ 5 ́  10–6 s. 

Apparently, the greatest difficulties with the fulfillment of 
the above conditions will arise in attempts to implement 
microexplosion initiation scenarios with the use of strong 
magnetic fields produced by electric pulses (see, for example, 
Refs [4, 17]). This assumption is based on the fact that during 
such attempts the injector may be exposed to pulsed magnetic 

fields that obstruct or even prevent achieving high accuracy of 
its performance. 

2.3. Precision of delivery of the fuel capsule in its fall 
in  the hohlraum

Ensuring that the fuel capsule is delivered to the centre of the 
hohlraum with a high accuracy when it falls in the hohlraum 
without giving it an initial momentum seems to be the sim-
plest task. By way of example, we assume that during the time 
before the onset of target irradiation the fall causes the fuel 
capsule to move by 1 mm. This displacement is compatible 
with the parameters of several types of hohlraums, in particu-
lar spherical ones (see, for example, Fig. 3 and Refs [21 – 23]). 
It is easy to show that the velocity of the fuel capsule under 
irradiation will be approximately 0.14 m s–1. Therefore, the 
discussed 10-micron accuracy of positioning the fuel capsule 
in the vertical coordinate will be provided by synchronising 
the beginning of target irradiation with the beginning of the 
capsule fall with an accuracy of 7.1 ́  10–5 s. It should be 
noted, however, that the problem of the accuracy of fuel cap-
sule positioning in the horizontal plane passing through the 
centre of the hohlraum invites special investigation. This 
problem intersects with the problem of the accuracy of injec-
tion of the fuel capsule in the vertical direction, in particular, 
when the capsule is free-falling without imparting it an initial 
momentum (see also Fig. 10.14 in Ref. [13] and Ref. [15]). 

In the situation under consideration, the fall time of the 
fuel capsule will be approximately 1.4 ́  10–2 s. Thus, holders 
and shutters moving over distances ranging from 1 mm to 3 
cm (it seems unlikely that the characteristic displacements will 
be outside of this range) should move at an average speed of 
0.07 – 2.1 m s–1. 

3. Conclusions

The implementation of the proposed approach will lead to a 
significant complication and the resultant increase in the cost 
of targets. An additional complication and increase in the 
cost of the experiment as a whole will be associated with the 
need to prevent damage to the equipment by high-speed solid 
fragments and droplets arising from injectors, holders and 
other structural elements (see, for example, [24 – 26]). 
Nevertheless, in present-day conditions, this implementation 
seems quite justified. In particular, it will make it possible, in 
combination with other methods of improving fuel compres-
sion, to determine the maximum achievable parameters of 
indirect drive targets with plastic ablators and low-entropy 
fuel compression.
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