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Yields of neutrons produced in various laser fusion experiments conducted in recent
decades are compared with each other. It has surprisingly been found that there is
a possibility to make an overall elucidation of the variance in the number of neutrons
produced in the various experiments. The common method is based on definition of
the energy conversion efficiency as a ratio between the energy carried out by neutrons
produced through the fusion reaction and the input energy given by laser energy, E,
focused on a target. The neutron-yield — laser-energy (Y-E) diagram is the basic chart
used to interpret the spread of experimental data in terms of the experimental efficiency
of the laser-matter interaction. Experiments carried out using a single laser system show
that laser energy dependence of the yield can be well-characterized by a power law,
Y = QE¥, where Q is the parameter reflecting possible dependence on the pulse duration,
laser intensity, laser contrast ratio, focal geometry, target structure, etc. [1, 2]. Sorting the
values of the neutron yields obtained in various experiments shows that the power law
Y = Q E'65 is suitable to determine lines in the Y-E diagram each of them, where the
value of Q is associated with quality of experimental conditions [3]. This sorting shows
the order-of-magnitude differences in yields found in various experiments, which can be
characterized by the value of the parameter Q. Due to the easy feasibility and the large
number of DD fusion experiments performed, the overall Y-E diagram gives a chance to
identify suitable laser systems for effective DD fusion experiments. It can, therefore, be
assumed that some of the conclusions of these experiments could also be applied to
the experimental arrangement suitable for optimizing p''B fusion.

Keywords: laser-plasma interactions, DD neutron yield scaling, DT neutron yield scaling, preplasma effect,
hydrogen-boron fusion

INTRODUCTION

Many efforts have been devoted to optimizing the heating of fusion targets by laser pulses to initiate
different fusion reactions producing e.g., neutrons and alpha particles through fusion DD, DT and
p!!B reactions that carry released energy [4-6]. One of the important objectives for developing a
usable fusion energy source is just to find an effective way to enhance the laser energy coupling to
the target in the context of inertial confinement fusion research [7]. On the other hand, plasma as a
source of fusion neutrons produced by the reaction, D + D — He?® + n, may not only be produced
by large laser facilities, but also by small laser devices. If the plasma is produced by laser pulses over
the energy range from millijoules to dozens of kilojoules, then fusion neutrons are released from
beam fusion and thermal fusion initiated by fast deuterons (Ep> 20 keV). A number of different
experiments have shown that the value of neutron yield corresponding to this laser energy range
varies from a few neutrons to trillions per laser shot.
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Analysis of a wider range of experimental data from different
research groups around the world have made it possible to
obtain scaling laws, especially for certain types of experiments.
The scaling properties are generally attributed to the laser
power dependence, where the reaction rate, the density of the
plasma and the projected range of the plasma particle in the
target medium play a decisive role. However, given the different
conditions under which laser plasma experiments are performed,
it is useful to sort and compare the results of different fusion
experiments based on the dependence of neutron yield on a
wide range of laser energy [8, 9]. The large scatter of values in
the publications presented so far indicates that laser parameters
such as pulse energy, pulse duration and maximum intensity
do not fully determine the fusion yield. Thus, fusion yield also
depends on other factors affecting acceleration of ions, such
as laser pulse shape, laser contrast ratio, focal geometry, target
structure, pre-plasma formation, as well as non-linear processes
occurring during the laser-plasma interaction. Despite the large
number of parameters and processes that affect fusion yield, the
experimentally observed dependence of neutron yield on laser
energy appears suitable for finding the optimal experimental
conditions required for practical use.

The laser energy dependence of the fusion yield has been
characterized by a power law dependence, Y = QE®, on laser
energy E, where Q is the parameter reflecting the processes
occurring in such plasmas, as mentioned above [1, 2]. The
experiment dealing only with fusion neutron yields from
explosions of deuterium clusters irradiated with a 100-TW laser
shown that the value of o can range from 1 to 2.3 and Q from
1,430 to 13,200, as reported in [2, 10, 11]. The first comparison
of different experiments on deuterated solid targets showed that
a typical fusion experiment can be included in the group of
experiments where Y(E) = 2,000 x E' [3]. The Y = QE!®
dependence was also used in Ref. [12] to indicate a similar trend.
In this paper, we will report more experimental data supporting
this trend in yield increasing as a function of laser energy for
deuterated plasma. The dependence of Q on other parameters
that together determine the position of the yield value in the Y-E
diagram can be considered as a measure of the efficiency of the
laser-matter interaction applied.

Y-E DIAGRAMS

To measure the fusion yield ranging from over roughly 12
orders of magnitude, from the lowest yields of a few DD
neutrons per laser shot up to 10'? [13, 14], various calibrated
low/high yield detection systems consisting of e.g., time-of-flight
scintillation neutron detectors, nuclear track detectors, bubble
and thermoluminescent dosimeters, and activation detectors are
used. The total neutron yield into the solid angle of 47 steradian
per laser shot is determined assuming that the neutrons are
emitted isotropically although there is evidence that the emission
from the plasma may not be perfectly isotropic. In addition, the
spatial and energy distribution of neutrons is affected by neutron
scattering through the passage of the interaction vessel [1, 15, 16].
Regardless of inaccuracies in total neutron yield determination
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FIGURE 1 | Neutron yields from deuterated targets irradiated by various laser
systems, data from References [1-3, 10, 14, 17-35]. Pitcher-catcher
configurations are not displayed. In the case of anisotropic neutron emission,
equivalent 4t neutron yields were calculated from peak neutron fluence.

and differences in a number of parameters determining laser
interaction with target, neutron yield generally increases with
increasing energy deposited by the laser on target, as Figure 1.
The data presented are collected from a series of experiments
dedicated to the interaction of fs-ns laser pulses with deuterated
targets of various configurations, such as solid planar target,
spherical target, cryogenically cooled target, clusters etc. [1-
3, 10-12, 17-35]. Despite the large dispersion, these data show
an increasing dependence of the neutron yield on laser energy.
At the center of the data set, there is a large scattering of the
neutron yield values: The yield ranges from 10° to 10° neutrons
at deposited energy of 15]. The horizontal-oriented line shows
that the yield of 1 x 107 neutrons was achieved with both a high
laser energy of 4,500 ] and a low energy of 1]. The 1 J-energy was
clearly very effectively coupled to the fusing deuterons.

While it is not possible to retrospectively specify all the
parameters that influenced the conversion of laser energy into
fusion neutron energy, the experimental devices that provided
both the largest and smallest yields can be characterized at
least in part. Likewise, here it can be assumed that different
lasers and targets were used to obtain maximum yield value in
each experiment. Differences in experiments will be reflected by
different values of the parameters of the above-mentioned power
function Y=QE". It is also obvious that in general a number of
power functions can be fitted to experimental points shown in
Figure 1, which differ in values of both parameters Q and « [1, 2].

Figure 2 shows a DD-neutron Y-E diagram, where for
simplicity, only 5 lines Y = QE"“ are plotted, for Q ranging
from 14 (Ysgg) to 7.5 x 10° (Yg_p). In addition, those
experimental data that relate to those lines are presented. One
of these experiments dealing with deuterium cluster targets
irradiated with 100 fs pulses, see Ma04 label, gave the dependence
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FIGURE 2 | Selected DD-fusion experiments associated with laser energy dependence of fusion neutron yields obeying the power law Q-E'-%, where Qsgg= 14
(short dash line), and Qg = 2,000 (solid line), Qs = 7.1 x 10* (dash-dot line) for explosions of deuterium clusters [2], Qs = 4.1 x 10° (dash line) and Qi = 7.5 x 106
(dot line). Data from References: Ma04 [2], Sy06 [10], Vo0O [13], Pro8 [17], Be06 [18], 1z02 [19], Fr02 [28], Zu13 [33], Di99 [34], V1 [25], V2 [26], V3 [27], PALS [20],
214 [22], Iskra5 [21], NIF-DD [23], £205 [31], £296 [14], SGII-Up [12], GXII [29], GXII95 [32], and SGIII15 [30].

Y =7.1 x 10%EY [1, 2]. The efficiency of this experiment
given by the value of the Q parameter was higher by a factor of
~235 than that of experiments involving the PALS experiment,
which matches the solid line Y = 2,000-E % [3]. The PALS
experiment revealed a non-linear interaction of a 350-ps pulse
with plasma [36], which resulted in the production of up to 4
x 108 DD neutrons per shot, see PALS label [20]. The analysis
showed that the central-of-mass velocity of ions was much higher
than their temperature: E; > kT;, i.e., kT; &~ 1 keV, proton kinetic
energy of ~1-4 MeV, and energy of deuterons reached a value of
about 3 MeV [3, 37].

The last dependence Yp;, is associated with experiments where
the self-focusing due to the interaction of laser beam with pre-
plasma occurs spontaneously or in a controlled manner. In the
case of yield labeled Pr98, a nanosecond pre-pulse was used
to produce pre-plasma, which allowed a measurable neutron
yield to be gained by self-focusing the main femtosecond pulse
[17]. The yield labeled Be06 is a result of experimental study
devoted to the effect of pre-pulses with various durations on
the neutron yield in laser picosecond plasma [18]. Another
experiment labeled 1202 is the result of the effect of the pre-pulse
on yield, where the pre-pulse delivered 10~ of energy of the main
500 fs-pulse to the target [19]. Even in this case, the main pulse
interacted with a pre-formed plasma.

The other iodine laser system, like the PALS one, producing
pulses with duration of 250 ps and with total energy up to 10
kJ is the ISKRA-5 12-channel laser system [21]; see Iskra5 label
in Figure 2. The yield reaching a value up to 5 x 10° DD-
neutron per shot was produced with energy of 10 kJ delivered
to the inverted-corona target, where the ion kinetic energy was
converted into thermal energy at a temperature of 10-20 keV.

It is obvious that even this yield value matches the line Yp; =
2,000-E 95,

The values of the absolute yields of DD neutrons tagged
with £2 label were taken from two experimental campaigns at
OMEGA. As targets where used the glass capsules 880 wm in
diameter, 2.0 wm thick, and filled with 3.6 atm D, and 7.9 atm
D3He gas, and with 9.3 atm of D, gas which were irradiated with
60 laser beams providing 2.5 and ~5.2 kJ, respectively [22].

The highest number of 1 x 10'> DD-neutrons from an
“exploding-pusher” powered by 130.6 k] laser energy were
achieved at the National Ignition Facility [23]. Most of the
“exploding-pushers” tagged with NIF-DD label follow the power
law dependence on laser energy, Yp, = 2,000-E 165 well, as
Figure 2 shows.

Important experimental results marked with V1, V2, and V3
labels were obtained using the Vulcan laser system [25-27]. These
experiments using 0.9-1.2 ps laser pulses have shown that the
neutron yield can decrease with increasing laser energy. In the
case of the V3 experiment, there could be such conditions under
which the interaction of the main laser pulse with the pre-plasma
could initiate different processes that consume laser energy at the
expense of acceleration of deuterons and, thus, neutron yield. The
pre-plasma was produced by a pre-pulse of the main 400 J laser
pulse irradiating the target with a peak focused intensity of 4 x
10%° Wem ™2 at a contrast ratio of ~5 x 1078 [27]. A higher yield
was observed when a lower laser energy of 90] was focused on
the target with the peak laser intensity of 5 x 10'° W/cm? at a
contrast ratio of 10~ [26]. The highest yield was achieved with
low energy of 20 ] and intensity of 10'° W/cm? [25]. In this case,
it can be assumed that no pre-plasma was produced due to the
low contrast ratio. The value of this neutron yield of 7 x 107
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neutrons/sr, see V1 label, is higher by a factor of ~12 than that
obtained with the pulse energy of 400] [25, 27]. In the latter
case, it can be assumed that the pre-plasma probably plays an
insignificant role.

Figure 2 also shows that measured scaling of fusion yield as
a function of laser energy may differ from Q E!®® in individual
experiments. Although the Sy06 data presented by four types
of asterisks (% - %) were scaled by a power law with exponent
varying from 2 to 2.2 in [1, 2, 10] and quadratic dependency
was used to analyse them using hydrodynamic scaling and
other methods [11, 24], it is clear that inserting them into the
metadiagram shown in Figure 2 supports the overall trend of
energy dependency represented by the Y=Q E®° relationship.
Using this dependency also allows us to approximately quantify
the effectiveness of other experiments in the frame of the
metadiagram, for example the SGII-Up experiment, as already
stated in [12]. This experiment was devoted to the plasma
compression with the use of eight laser beams that delivered 12-kJ
energy in 2 ns on a CD;, flat target at the ShenGuang-II Upgrade
(SGII-Up) facility. As stated in [12], the highest yield of about 1 x
108 neutrons achieved at 12-k]J energy is in good agreement with
the yield observed at 600-] energy delivered in 350 ps on a CD;
flat target at the PALS facility. The yield values obtained in the
GXI195 and SGIII15 cryogenic experiments also match the Ysgg
line [29, 30]. The metadiagram also shows other experimentally
observed yields of DD-neutrons which were produced with
higher as well as lower efficiency in comparison with our basic
power law dependence on laser energy Yp; = 2,000-E 165 The
efficiency of production of 1 x 102 DD neutrons with 35 kJ laser
energy delivered by the OMEGA laser system is higher by a factor
of 716 than the basic one with Q = 2,000, see £296 label [9].

Summarizing the laser-fusion experiments, the highest laser
fusion yields by cryogenic targets were 1.9 x 10'® neutrons from
deuterium-tritium (DT) implosions driven with 1.5 MJ laser
pulses [38], as Figure 3 shows. We note that the values of the
DT-neutron yield shown in Figure 3 are presented without a
correction taking into account differences in DD and DT fusion
reaction cross sections, although in the case of a thermonuclear
reaction at a certain temperature, the fusion probability of the
deuterium-tritium reaction is nearly by a factor of 100 larger than
that of the deuterium-deuterium reaction [29]. If this factor is
taken into account, then the values of DT-neutron yields achieved
at the OMEGA and NIF experiments (tagged with 11-15 labels)
are shifted to the Yp; line that determine the results of standard
DD-fusion experiments. Figure 3 shows only a few experimental
results concerning the DT-neutron yields. It may be noted that,
for example, other values reported by R. S. Craxton et al. [48] are
located between points 2-5 and 10-11.

The configuration of the experimental points in the Y-
E diagram shows relationships and connections between
experiments of completely different levels that can be hardly to
be expected. It is obvious that the empirical yield dependence on
laser energy, Y = QE!®, is the simplest dependency that can be
used to characterize experimental values obtained for an energy
range exceeding 9 orders of magnitude. It is also a fact that when
the fusion experiments described above were conducted with the
use of high-quality laser pulses with a sufficiently high contrast
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FIGURE 3 | Comparison of neutron yields from deuterium-tritium and
deuterium-deuterium fusion reactions driven by different laser systems.
Neutron yield from DT fusion: Qpr_n [9]; numbers with outline: 1 [39], 2 and 3
[40], 4 and 5 [41], 7 [42], 8 [43], 9 [44], 10 and 11 [14], 12 [45], 13 [38], 14
[46], 15 [47].

ratio, fusion gains at a given laser energy increased by more
than four orders of magnitude [25]. The use of the power law
dependence on laser energy reduces all processes that determine
the conversion of laser energy to the production and acceleration
of fusion ions to only two parameters Q and «. For a given energy,
the Q coefficient allows comparing the efficiency of different laser
systems, which is given by the number of neutrons per joule of
laser energy. For a given parameter Q, the o = 1.65 coefficient
indicates the non-linearity dependence of yield on laser energy
delivered to the target within the entire experimental point
configuration. Regardless of low or very high laser intensities,
“cleaner” experiments are needed to elucidate other values of
that have been observed in some experiments [1, 2].

DD AND p''B FUSION EXPERIMENT AT
PALS

The Prague Asterix Laser System (PALS) in Prague was used not
only for the DD fusion experiments [3, 20] but also as a driver
for the fusion reactions of hydrogen protons with the boron
isotope !B releasing three alpha particles and energy of 8.7 MeV:
p + "B = 30 + 8.7MeV [6, 43, 44]. First, A. Picciotto et al.
obtained a high number of a particles (10° a/sr/shot) released
from the plasma which was produced on a silicone target, doped
by boron and enriched with hydrogen by an annealing process.
The target was exposed to laser intensity of 3 x 10'® W/cm?
(500-J energy in 0.3 ns (full-width at half-maximum, FWHM)
[49]. Very high yield, well-above 10'° a/sr/shot, was obtained
by L. Giuffrida et al. [6] when a 0.5-mm thick boron nitride
targets were irradiated with 0.3 ns pulses delivering energy of
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TABLE 1 | Yield of p + "B — 3 + 8.7MeV and D + D — 3He (0.82 MeV) + n
(2.45 MeV) fusion reactions performed at the PALS facility.

Laser Target Yield/steradian Fusion product References

energy /shot

500J hydrogenated Si 10° 3w particles + 8.7 [49]
target doped by MeV
11 B

600J  0.5-mm boron 6.5 x 100 3« particles + 8.7 6]
nitride MeV

600J  0.2-0.5mm CD, 3.2 x 107 2.45 MeV [3, 20]

neutrons

Laser pulse duration of 0.3 ns (FWHM), wavelength of 1,315 nm, focal spot diameter of
70 pm.

600]. It has been shown that this yield of « particles is not
thermonuclear in nature, but rather results from a beam-driven
fusion process.

Table 1 shows the yields of « particles and DD neutrons
released from the fusion plasma produced by the PALS laser. The
first two rows show an increase in the number of « particles due
to a change in the composition of the target. The number of «
particles emitted per steradian and laser shot is three orders of
magnitude higher than the number of DD neutrons produced
with the same laser intensity and energy. If we consider the
possibility of increasing yield by using a high-quality laser, as
mentioned above, then the use of picosecond or shorter duration
CPA- laser pulses that do not produce pre-plasma but initiate
non-thermal fusion reactions in p!'B plasma could help solve
a key problem for controlled nuclear fusion energy generation
[50, 51].

CONCLUSIONS

In this work, we restricted our study on the scaling law of
fusion yields, Y = QE!%, derived empirically from the available
experimental data. The performed analysis showed that this
function fits the largest number of experimental data on the
energy scale covering 9 orders of magnitude, namely for the
line with Q = 2,000. Published experimental data made it
possible to classify individual experiments within a metadiagram

REFERENCES

1. Madison KW, Patel PK, Price D, Edens A, Allen M, Cowan TE, et al. Fusion
neutron and jon emission from deuterium and deuterated methane cluster
plasmas. Phys Plasmas. (2004) 11:270-7. doi: 10.1063/1.1632906

2. Madison KW, Patel PK, Allen M, Price D, Fitzpatrick R, Ditmire T. Role of
laser-pulse duration in the neutron yield of deuterium cluster targets. Phys
Rev A. (2004) 70:053201. doi: 10.1103/PhysRevA.70.053201

3. Krésa J, Klir D, Velyhan A, Margarone D, Krousky E, Jungwirth K, et al.
Observation of repetitive bursts in emission of fast ions and neutrons in
sub-nanosecond laser-solid experiments. Laser Part Beams. (2013) 31:395-
401. doi: 10.1017/80263034613000360

4. Hurricane OA, Springer PT, Patel PK, Callahan DA, Baker K, Casey DT,
et al. Approaching a burning plasma on the NIF. Phys Plasmas. (2019)
26:052704. doi: 10.1063/1.5087256

in such a way that the number of fusion reactions increases with
increasing energy as E1° at the same value of the Q coefficient.
This coefficient summarizes the effect of all possible processes
taking place during laser-target interaction on fusion neutron
production. Then the part of E that is not converted into energy
carried by fusion neutrons can be quantified by 1/Q. In this
case, the experiments tagged with Y label are 200 times more
productive than the Ypj experiments and the V1 experiment
is then even ~3,700 times more productive than the Ypy ones.
The Ysgg experimental configurations, on the other hand, are
25 times less productive than the Ypy ones. It is obvious that
in order to search for optimal conditions of a generation of
fusion neutrons using some kind of laser system, it is appropriate
to compare the observed Y = Q Y(E) dependence with the
experimental results of other experiments using metadiagram.
The values of the Q coeflicient offer the possibility of finding
the effective acceleration of ions and the production of fusion
neutrons and one can assume that they will also be valid in the
case of proton boron fusion.

It goes without saying that every laser system used for a
production of fusion neutrons has its own specifics that can be
explained by many different sub-processes, as shown by many key
works. However, the method presented allows each interaction
laser system to be placed in the overall context of the laser-
matter interaction.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

JK: wrote the manuscript. DK: reviewed the manuscript and
collected experimental data. All authors contributed to the article
and approved the submitted version.

FUNDING

The research leading to these results has received funding from
the Czech Science Foundation (Grant No. 19-02545S).

5. Azechi H. A pathway to laser fusion energy in Japan. ] Phys Conf Ser. (2016)
717:012119. doi: 10.1088/1742-6596/717/1/012119

6. Giuffrida L, Belloni F, Margarone D, Petringa G, Milluzzo G, Scuderi V, et
al. High-current stream of energetic o particles from laser-driven proton-
boron fusion. Phys Rev E. (2020) 101:013204. doi: 10.1103/PhysRevE.101.
013204

7. Ping Y, Smalyuk VA, Amendt P, Tommasini R, Field JE, Khan
S, et al. Enhanced energy coupling for indirectly driven inertial
confinement fusion. Nat Phys. (2019) 15:138-41. doi: 10.1038/s41567-018-
0331-5

8. Nakai S. Power photonics for green earth —strategic approach to the better life.
EPJ Web Conf. (2013) 59:01001 doi: 10.1051/epjconf/20135901001

9. Alvarez J, Ferndndez-Tobia J, Mima K, Nakai S, Kar S, Kato Y, et al. Laser
driven neutron sources: characteristics, applications and prospects. Phys Proc.
(2014) 60:29-38. doi: 10.1016/j.phpro.2014.11.006

Frontiers in Physics | www.frontiersin.org

September 2020 | Volume 8 | Article 310


https://doi.org/10.1063/1.1632906
https://doi.org/10.1103/PhysRevA.70.053201
https://doi.org/10.1017/S0263034613000360
https://doi.org/10.1063/1.5087256
https://doi.org/10.1088/1742-6596/717/1/012119
https://doi.org/10.1103/PhysRevE.101.013204
https://doi.org/10.1038/s41567-018-0331-5
https://doi.org/10.1051/epjconf/20135901001
https://doi.org/10.1016/j.phpro.2014.11.006
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Krasa and Kiir

Scaling of Laser DD-Fusion Experiments

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Symes D, Hartke R, Buergens F, Ditmire T, Patel P, Price D. Annual Progress
Report The Texas Center for High Intensity Laser Science and the Texas
Petawaltt Project. (2006). p. 47.

Kimura S, Bonasera A. Hydrodynamic scaling analysis of nuclear fusion
driven by ultra-intense laser-plasma interactions. Int ] Modern Phys E. (2012)
21:1250102. doi: 10.1142/50218301312501029

Zhang G, Huang M, Bonasera A, Ma YG, Shen BE, Wang HW, et al. Nuclear
probes of an out-of-equilibrium plasma at the highest compression. Phys Lett
A. (2019) 383:2285-9. doi: 10.1016/j.physleta.2019.04.048

Volkov RV, Golishnikov DM, Gordienko VM, Mikheev PM, Savel’ev AB,
Sevast'yanov VD, et al. Neutron generation in dense femtosecond laser plasma
of a structured solid target. JETP Lett. (2000) 72:401-4. doi: 10.1134/1.1335116
Soures ] M, McCrory R L, Verdon CP, Babushkin A, Bahr RE, Boehly
TR, et al. Direct-drive laser-fusion experiments with the OMEGA, 60-
beam, >40 kJ, ultraviolet laser system. Phys Plasmas. (1996) 3:2108-
12. doi: 10.1063/1.871662

Krasa J, Kralik M, Velyhan A, Solc J, Juha L, Scholz M, et al. Anisotropy of the
emission of DD-fusion neutrons caused by the plasma-focus vessel. Plasma
Phys Control Fusion. (2008) 50:125006. doi: 10.1088/0741-3335/50/12/125006
Kralik M, Krésa ], Velyhan A, Scholz M, Ivanova-Stanik IM, Bienkowska B,
et al. Application of a bonner sphere spectrometer for determination of the
energy spectra of neutrons generated by ~1 MJ plasma focus. Rev Sci Instrum.
(2010) 81:113503. doi: 10.1063/1.3488372

Pretzler G, Saemann A, Pukhov A, Rudolph D, Schitz T, Schramm U, et al.
Neutron production by 200 m] ultrashort laser pulses. Phys Rev E. (1998)
58:1165-8. doi: 10.1103/PhysRevE.58.1165

Belyaev VS, Vinogradov VI, Matafonov AP, Krainov VP, Lisitsa VS,
Andrianov VP, et al. Effect of prepulses with various durations on the
neutron yield in laser picosecond plasma. Laser Phys. (2006) 16:1647-
57. doi: 10.1134/51054660X06120097

Izumi N, Sentoku Y, Habara H, Takahashi K, Ohtani F, Sonomoto T,
et al. Observation of neutron spectrum produced by fast deuterons
via ultraintense laser plasma interactions. Phys Rev E. (2002)
65:036413. doi: 10.1103/PhysRevE.65.036413

Klir D, Krasa J, Cikhardt J, Dudzak R, Krousky E, Pfeifer M, et al. Efficient
neutron production from sub-nanosecond laser pulse accelerating deuterons
on target front side. Phys Plasmas. (2015) 22:093117. doi: 10.1063/1.4931460
Bessarab AV, Gaidash VA, Dolgoleva GV, Zhidkov NV, Izgorodin VM, Kirillov
GA, et al. Results of first experiments with fusion targets at the Iskra-5
high-power laser installation. Sov Phys JETP. (1992) 75:970-3.

Waugh CJ, Rosenberg MJ, Zylstra AB, Frenje JA, Séguin FH, Petrasso RD, et
al. A method for in situ absolute DD yield calibration of neutron time-of-flight
detectors on OMEGA using CR-39-based proton detectors. Rev Sci Instrum.
(2015) 86:053506. doi: 10.1063/1.4919290

Rosenberg MJ, Zylstra AB, Seguin FH, Rinderknecht HG, Frenje JA,
Gatu Johnson M, et al. Investigation of ion kinetic effects in direct-
drive exploding-pusher implosions at the NIF. Phys Plasmas. (2014)
21:122712. doi: 10.1063/1.4905064

Barbui M, Bang W, Bonasera A, Hagel K, Schmidt K, Natowitz JB, et
al. Measurement of the plasma astrophysical S factor for the 3He(d,
p)*He reaction in exploding molecular clusters. Phys Rev Lett. (2013)
111:082502. doi: 10.1103/PhysRevLett.111.082502

Norreys PA, Fews AP, Beg EN, Bell AR, Dangor AE, Lee P, et al. Neutron
production from picosecond laser irradiation of deuterated targets at
intensities of 10;9 W cm™2. Plasma Phys Control Fusion. (1998) 40:175-
82. doi: 10.1088/0741-3335/40/2/001

Habara H, Lancaster KL, Karsch S, Murphy CD, Norreys PA, Evans
RG, et al. Ion acceleration from the shock front induced by hole
boring in ultraintense laser-plasma interactions. Phys Rev E. (2004)
70:046414. doi: 10.1103/PhysRevE.70.046414

Norreys PA. Lancaster KL, Habara H, Davies JR, Mendonc JT, Clarke
R]J, et al. Observation of ion temperatures exceeding background electron
temperatures in petawatt laser-solid experiments. Plasma Phys Control Fusion.
(2005) 47:1L49-56. doi: 10.1088/0741-3335/47/11/L01

Fritzler S, Najmudin Z, Malka V, Krushelnick K, Marle C, Walton B, et
al. Ion heating and thermonuclear neutron production from high-intensity
subpicosecond laser pulses interacting with underdense plasmas. Phys Rev
Lett. (2002) 89:165004. doi: 10.1103/PhysRevLett.89.165004

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Daido H, Yamanaka M, Mima K, Nishihara K, Nakai S., Kitagawa
Y, et al. Neutron production from a shell-confined carbon-deuterium
plasma by 1.06 um laser irradiation. Appl Phys Lett. (1987) 51:2195-
6. doi: 10.1063/1.98937

Pu Y, Huang T, Lei H, Li P, Zhang X, Zheng J, et al. Direct-drive cryogenic-
target implosion experiments on SGIII prototype laser facility. Phys Plasmas.
(2015) 22:042704. doi: 10.1063/1.4917329

Harding DR, Sangster TC, Meyerhofer DD, McKenty PW, Lund LD, Elasky
L, et al. Producing cryogenic deuterium targets for experiments on OMEGA.
Fusion Sci Tech. (2005) 48:1299-306. doi: 10.13182/FST05-A1079

Tanaka KA, Yamanaka T, Nishihara K, Norimatsu T, Miyanaga N, Shiraga H,
et al. Cryogenic deuterium target experiments with the GEKKO XII, green
laser system. Phys Plasmas. (1995) 2:2495-503. doi: 10.1063/1.871211

Zulick C, Dollar E Chvykov V, Davis ], Kalinchenko G, Maksimchuk
A, et al. Energetic neutron beams generated from femtosecond laser
plasma interactions. Appl Phys Lett. (2013) 102:124101. doi: 10.1063/1.
4795723

Disdier L, Gargonnet J-P, Malka G, Miquel J-L. Fast neutron emission
from a high-energy ion beam produced by a high-intensity subpicosecond
laser pulse. Phys Rev Lett. (1999) 82:1454. doi: 10.1103/PhysRevLett.
82.1454

Ditmire T, Zweiback ], Yanovsky VP, Cowan TE, Hays G, Wharton KB.
Nuclear fusion in gases of deuterium clusters heated with a femtosecond laser.
Phys Plasmas. (2000) 7:1993. doi: 10.1063/1.874020

Krasa J, Klir D, Reza¢ K, Cikhardt J, Krus M, Velyhan A, et al., Production of
relativistic electrons, MeV deuterons and protons by sub-nanosecond terawatt
laser. Phys Plasmas. (2018) 25:113112. doi: 10.1063/1.5052146

Krasa J, Jungwirth K, Krousky E, Laska L, Rohlena K, Pfeifer M, et
al. Temperature and centre-of-mass energy of ions emitted by laser-
produced polyethylene plasma. Plasma Phys Control Fusion. (2007) 49:1649-
59. doi: 10.1088/0741-3335/49/10/004

Le Pape S, Berzak Hopkins LE, Divol L, Pak A, Dewald EL, Bhandarkar
S, et al. Fusion energy output greater than the kinetic energy of an
imploding shell at the national ignition facility. Phys Rev Let. (2018)
120:245003. doi: 10.1103/PhysRevLett.120.245003

Campbell EM, Mead WC. 10x Liquid Density Target Experiments, in
Laser Program Annual Report 1978: Vol. 2. Lawrence Livermore National
Laboratory (1980). p. 6-52.

Peng HS, Zheng ZJ], Zhang BH, Ding YK, Tang Y], Zheng YM, et al. Direct-
drive implosion experiments on the SG-II laser facility. J Fusion Energy.
(2000) 19:81-85. doi: 10.1023/A:1012233910891

Yamanaka C, Azechi H, Fujiwara E, Ido S, Izawa Y, Jitsuno T, et al
Cannonball Target Experiment With the GEKKO Laser System at ILE Osaka,
in Research Report (1984-1986), Institute of Laser Engineering, Osaka
University, p. 179.

Iguchi T, Shimizu Y, Takada E, Nakazawa M, Miyanaga N, Yamanaka M,
et al. D-T neutron measurements on GEKKO XII laser inertial fusion
plasmas by multiactivation foil method. Nucl Sci Technol. (1988) 25:548-
51. doi: 10.1080/18811248.1988.9733628

Miyanaga N, Chen Y-W, Unemoto M, Yamanaka M, Yamanaka T, Nakai S,
et al. Neutron penumbral imaging at Gekko XII (abstract). Rev Sci Instrum.
(1990) 61:3230. doi: 10.1063/1.1141645

Yamanaka C, Nakai S, Yabe T, Nishimura H, Uchida S, Izawa Y, et al. Laser
implosion of high-aspect ratio targets produces thermonuclear neutron yields
exceeding 1012 by use of shock multiplexing. In: Research Report. Institute of
Laser Engineering, Osaka University. (1984-1986). p. 215.

NIF Liquid-Hydrogen Target Gets its First Test; in Experimental Highlights.
Lawrence Livermore National Laboratory (2016).

Hurricane OA, Callahan DA, Casey DT, Celliers PM, Cerjan C, Dewald EL,
et al. Fuel gain exceeding unity in an inertially confined fusion implosion.
Nature. (2014) 506:343-8. doi: 10.1038/nature13008

Park H-S, Hurricane OA, Callahan DA, Casey DT, Dewald EL, Dittrich
TR, et al. High-adiabat high-foot inertial confinement fusion implosion
experiments on the national ignition facility. Phys Rev Lett. (2014)
112:055001. doi: 10.1103/PhysRevLett.112.055001

Craxton RS, Anderson KS, Boehly TR, Goncharov VN, Harding DR, Knauer
JP, et al. Direct-drive inertial confinement fusion: a review. Phys Plasmas.
(2015) 22:110501. doi: 10.1063/1.4934714

Frontiers in Physics | www.frontiersin.org

September 2020 | Volume 8 | Article 310


https://doi.org/10.1142/S0218301312501029
https://doi.org/10.1016/j.physleta.2019.04.048
https://doi.org/10.1134/1.1335116
https://doi.org/10.1063/1.871662
https://doi.org/10.1088/0741-3335/50/12/125006
https://doi.org/10.1063/1.3488372
https://doi.org/10.1103/PhysRevE.58.1165
https://doi.org/10.1134/S1054660X06120097
https://doi.org/10.1103/PhysRevE.65.036413
https://doi.org/10.1063/1.4931460
https://doi.org/10.1063/1.4919290
https://doi.org/10.1063/1.4905064
https://doi.org/10.1103/PhysRevLett.111.082502
https://doi.org/10.1088/0741-3335/40/2/001
https://doi.org/10.1103/PhysRevE.70.046414
https://doi.org/10.1088/0741-3335/47/11/L01
https://doi.org/10.1103/PhysRevLett.89.165004
https://doi.org/10.1063/1.98937
https://doi.org/10.1063/1.4917329
https://doi.org/10.13182/FST05-A1079
https://doi.org/10.1063/1.871211
https://doi.org/10.1063/1.4795723
https://doi.org/10.1103/PhysRevLett.82.1454
https://doi.org/10.1063/1.874020
https://doi.org/10.1063/1.5052146
https://doi.org/10.1088/0741-3335/49/10/004
https://doi.org/10.1103/PhysRevLett.120.245003
https://doi.org/10.1023/A:1012233910891
https://doi.org/10.1080/18811248.1988.9733628
https://doi.org/10.1063/1.1141645
https://doi.org/10.1038/nature13008
https://doi.org/10.1103/PhysRevLett.112.055001
https://doi.org/10.1063/1.4934714
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Krasa and Kiir

Scaling of Laser DD-Fusion Experiments

49. Picciotto A, Margarone D, Velyhan A, Bellutti P, Krasa J, Szydlowsky
A, et al. Boron-proton nuclear-fusion enhancement induced in boron-
doped silicon targets by low-contrast pulsed laser. Phys Rev X. (2014)
4:031030. doi: 10.1103/PhysRevX.4.031030

50. Hora H. Difference between relativistic petawatt-picosecond laser-plasma
interaction and subrelativistic plasma-block generation. Laser Part Beams.
(2005) 23:441-451. doi: 10.1017/50263034605050627

51. Hora H, Miley GH, Eliezer S, Nissim N. Pressure of picosecond CPA laser
pulses substitute ultrahigh thermal pressures to ignite fusion. High Energy
Density Phy. (2020) 35:100739. doi: 10.1016/j.hedp.2019.100739

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Krdsa and Klir. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

September 2020 | Volume 8 | Article 310


https://doi.org/10.1103/PhysRevX.4.031030
https://doi.org/10.1017/S0263034605050627
https://doi.org/10.1016/j.hedp.2019.100739
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

	Scaling of Laser Fusion Experiments for DD-Neutron Yield
	Introduction
	Y-E Diagrams
	DD and P11B Fusion Experiment at Pals
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References


