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IRRADIATION OF D-3HE FUEL BY D-BEAM TO ENHANCE FUSION ENERGY GAIN VIA ICF
USING INNOVATIVE WHISTLER WAVE COLLAPSE BY MCNPX SIMULATION

In this article, we used as another new method to achieve higher fusion energy gain. In this approach,
the ultimate goal is to heat the ions to a large amount of temperature to enhance the number of nuclear
reactions. In the design of laser fusion, as much as possible, it is necessary to convert the laser energy into the
energy of fuel ions by various types of laser-plasma interactions. But the main problem is that the electrons
absorb alot of laser energy in the first phase of interaction. The transfer of energy from electron to ion through
collisional processes happens slowly and is not very efficient. Thus, the matter of transferring energy directly
from electromagnetic waves to ions can overcome this basic problem.

Therefore, the aim of this research is to investigate the effective mechanism of energy transfer directly
from the laser to the super dense ions of D3He fuel due to the collapse of standing whistler waves (SWW).

In this article, through the numerical solution of coupled point nonlinear kinetic differential equations
governing this fuel, taking into account the effect of the collapse of whistler waves, we obtained the desired
fuel energy gain of approximately 74 using D-beam along whistler standing waves collapse via MCNPX
simulation, which is compared to the mode of without considering these electromagnetic waves is a high gain.

Keywords: ignition, deuteron beam, collapse, energy gain, whistler waves.
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MCNPX cumynaumacblH NnakaanaHa oTbipbin, MHHOBALMANDIK bICKbIPbIK TONKbIHbIHBIH, KY1A4blpaybliMeH
MHepUManabIk OTbIHALI Backapy apKbiibl SHEPrUA TMIMANIrH apTTbIpy YiiH D-wosbimeH D-He
OTbIHbIH CayneneHaipy

byn makanaza TepmoAaapONbIK CUHTE3 IHEPTUACHIH BHAIPYAIH, }KOFapbl XblIAAMAbIFbIHA KON KETKI3y YLWiH
*KaHa afic NnanganaHaabl. byn Tacinge Heri3ri makcaT — MOHAAPAb! AAPO/bIK PeakumanapabliH CaHblH apTTbipy
YWiH KOofapbl TemnepaTypara AeMliH Kbizablpy. /lasepnik cuHTe3ai »obanaraHaa, MyMKiHAiriHWe, nasep-
Naa3Manblk dpeKkeTTecyNepaiH, apTypai Typaepi apKplabl Na3ep SHEPruAcbiH OTbIH MOHbIHbIH, SHEPTUACLIHA
TYpAeHaipy KaxeT. [lereHmeH, Heri3ri macene aNeKTPoHAap 63apa apekeTTecydiH OipiHLLi Ke3eHiHae na3epnik
3HepruaHbIH, Ken 6eniriH xyTadbl. COKTbIFbIC MPOLEC apKblabl 3HEPIUAHbIH, 3NEKTPOHAAPAAH MOHAApFa
ayblcybl H6anay »kaHe oHla TMimai emec. Ocblfaiila, SHEPrUAHbI 9NEKTPOMArHUTTIK TONKbIHAAPAAH MOHAAPFa
Tikenen 6epy MyMKiHAIr By Heri3ri maceneHi xKeHea,.

By 3epTTeyaiH MaKcaTbl TYPaKTbl bICKbIPbIK TOAKbIHAAPbIHbIH (SWW) Kylipeyi cangapbiHaH nasepaeH D-
3He OTbIHbIHbIH, Y/bTPA ThbIFbI3 MOHAAPbIHA TiKeNeM sHeprua GepyaiH, TMIMAI MexaHU3MIH 3epTTey 60/bin
Tabblnaabl.

Byn *KYMbICTa OCbl OTbIHAbI CUMATTAWTLIH BipiKTipiAreH 6eMachbI3biKTbl KMHETUKANBIK AnddepeHLManablK,
TeHAeyAep KYMeCiH CaHAbIK Lielly apKblabl bICKbIPbIK TONKbIHHbIH, Kyaay acepiH eckepe oTblpbin, MCNPX
CUMYAALMACBIH NaaanaHbin, TyPaKTbl bICKbIPbIK TONKbIHAAPbI 6oMbiMeH D-cayneciHiH KemerimeH LiamameH
74 OTblH 3HEPTUMACHIHbIH, LWbIFbIMbIHA KO XETKi3ingi. byn OCbl 31EeKTPOMArHUTTIK TOJIKbIHAAPAbI ecenKke
aNIMaFfaH pexmnmae sHeprua eHaipy KoadduumeHTIHEH aliTapbIKTal acbin Tycea,.

TyiiH ce3aep: TyTaHy, AENTPOH WOFbI, KOMAANC, SHEPTMA KO3IPDULMEHTI, bICKbIPbIK TONKbIHAAPSI
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O6nyyenne Tonamsa D->He nyykom D anda ycuneH1a sHepreTmyeckoro NpupocTa CMHTe3a
nocpeacTsom nHepuunanbHoro YTC ¢ Mcnonb3oBaHMEM MHHOBALIMOHHOTO KOMNAMCaA CBUCTALLLEN BOJTHbI
€ nomoLbio mogenrposaHna MCNPX

B mOaHHOWM cTaTbe WCMNO/Ib30BaH HOBbIA METOA ANA AOCTMXKEHUs Hosee BbICOKOrO KoahduuUmeHTa
BbIPabOTKM SHEPTMM TEPMOSIEPHOIO CMHTE3a. B 3TOM NoAxo4e KOHEUYHOW LUEeNbo ABNSETCA HarpesaHne MOHOB
[0 BbICOKMX TEMMNEPATYP A1 YBENIMUYEHUA YMCNA AAEPHbIX peakuuii. [pn NpoeKTMPOBaHMM N1a3ePHOro CUHTE3a
HeobXxoAMMO, HACKO/IbKO 3TO BO3MOMKHO, NpeobpasoBbiBaTb SHEPIUIO fla3epa B SHEPrM0 MOHOB TOMAMBA C
MOMOLLIbIO Pa3NYHbIX TUMOB B3aMMOLENCTBMI Nasepa ¢ naasmon. OfgHaKo OCHOBHOM Npobaemol asaseTcs
TO, YTO 3/1EKTPOHbI NMOMOLWAt0T 6O/bLLIYIO YaCTb SHEPTUN 1a3epa Ha NepPBOM 3Tane B3aumoaencTeus. Nepeaada
3HEeprMm OT 3/NEeKTPOHOB K MOHaM 4Yepe3 MNpPOoLEecC CTO/KHOBEHWN MNPOUCXOAMT MEeANEHHO W He O4YeHb
abdeKkTMBHO. Taknm 06pasom, BO3MOMKHOCTb NPAMOIM Nepeaadm sHeprnm oT 31eKTPOMArHUTHBIX BOJIH K MOHaMm
NO3BO/IAET NPEOoA0NETb 3TY OCHOBHYIO Npobnaemy. Llenb AaHHOro MccaenoBaHMA — nsydeHne apdekTUBHOro
MexaHM3Ma NPAMON Nepeayn 3HepPrnm oT Nasepa K CBEPXMNIOTHbIM MOoHam Tonamnea D-3He 3a cyeT Konnanca
CTOAYMX CBUCTAWMX BOAH (SWW). B AaHHOI CTaTbe C NOMOLLIO YMCAEHHOTO PelleHna CUCTEeMbI CBA3aHHbIX
HENIMHENHbIX KUHETUYECKUX AndPepeHLMaibHbIX yPpaBHEHMN, OMMCbIBAIOLLINX 3TO TOM/IMBO, C y4eToM addeKTa
Kosnsanca CBUCTAWMX BOAH Obla AOCTUTHYT KO3QDUUMEHT SHEpProsblpaboTKM TONAMBa NPUBANIUTENBHO
PaBHbIN 74 NpY NCNONb30BaHMM D-Ny4yKa BAOb CTOAYMX CBUCTALLMX BOJIH C MOMoLbto cumynsaumm MCNPX. 3To
3HAYUTENIbHO NPEBbLIWAET KOIPPULMEHT BbIPabOTKMN IHEPTUM B peRMMe Be3 yyeTa 3TUX 3/IeKTPOMArHUTHbIX

BOJIH.
Knioyesble cnosa:
CBUCTALLME BOJIHbI.

3aXuraHue,

Introduction

Under extreme temperatures and pressures, two
nuclei can overcome the Coulomb barrier and join
together via the tunneling effect to create a larger
nucleus, releasing high amount of energy in the
process. This reaction is known as NF (NF). During
NF, lighter nuclei fuse to produce heavier nuclei and
produce energy, so that the energy of the sun and stars
is also released based on the NF process [1]. NF has
the ability to produce almost super-high energy for
human society because fuel sources are highly
abundant [2] and there is no risk of sudden meltdown.
It also does not produce long-lived radioactive waste
or greenhouse gases. [3]. In this way, the possibility
of building a star on Earth and using the energy from
the NF reaction has been announced as the key to
solving all of the energy problems of human society
[4]. NF was observed before nuclear fission. The first
experiment of NF was performed by Oliphant, Hartek
and Lord Rutherford in 1934. They observed that, by
bombarding deuterium-containing target compounds
with deuterium ions, a new isotope of hydrogen and a
neutron can be produced [5]. They reported that a
"hydrogen conversion effect” had occurred [6] and
this effect was later proven to be the deuterium-
deuterium NF reaction. Although this reaction was
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discovered before World War 11, despite the efforts
made, the use of the fusion reaction as an energy
source was not realized until the 1950s [7].

In the early 1960s, scientific understanding of
nuclear fission reaction energy production methods
led to the rapid commercialization of fission
technology. But in the same period, NF studies was
very slow [8]. However, unlike nuclear fission, which
occurs spontaneously in some cores in nature, NF
only occurs in stars with intense gravitational
pressure and high temperatures. Considering the
complexity of the conditions required for NF, it was
obvious that imitating a star and exploiting the energy
resulting from NF reaction on Earth is a challenging
issue.

Interesting test results were reported by the
Soviet Union in 1965 on a tokamak fusion device. A
tokamak is a donut-shaped device used to confine
fusion plasma using a strong magnetic field. Initially,
the experimental results of the tokamak were ignored
by the NF research scientists. Following that, in the
early 1970s, the effectiveness of the tokamak was
noticed and number of countries developed their own
tokamak devices, which continue to operate today, to
the point where the European Union currently
includes the countries of India, Japan, and Russia. the
United States, South Korea and China are jointly
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involved in the construction of the ITER
(International  Nuclear Experimental Reactor)
tokamak. ITER is one of the most important NF
reactors in the world today. Currently, access to the
first D-D fusion plasma at ITER is scheduled to begin
in 2025, but full-power D-T fusion plasma operations
will begin in 2035.

In 2017, Sano and colleagues investigated the
interaction of a dense plasma with an ultra-high
intensity laser by applying a strong B.,; (external
magnetic field). They found that if the w, (cyclotron
frequency) of the environment magnetic field is more
than the wy (laser frequency), the laser
electromagnetic wave propagates in the form of a
whistle along the field line .Due to the whistler wave
behavior, the laser beam stops inside the compressed
plasma and superheated electrons are created through
cyclotron resonance. As a result, the emission of a
whistling wave with a large amplitude can increase
the probability of heating the plasma and accelerating
the particles in the depth of the dense plasma [9]. In
2018, Sakata and colleagues conducted studies on
how to isochorically heat a pre-condensed fusion
plasma.

This work was done with a short pulse ultra-
intense laser to create states with extremely high
energy density such as ICF. In this research, they used
a B-field of about hundreds of Teslas [10]. In 2019,
Sano and his colleagues, considering the problem that
the energy of laser waves is quickly transferred to
plasma electrons, they focused on the rapid energy
transfer of wave particles to ions caused by the
collapse of SWW through numerical and theoretical
simulations. They concluded that ions in SWW obtain
high energy directly from waves in a very short time
scale compared to wave oscillation period [11]. The
heated T; (ion temperature) enhances proportionally
to the wave amplitude square and becomes much
more than T, (electron temperature) in a wide interval
of fusion plasma conditions. In the same year, Kli and
his colleague researched laser emission in hyperdense
magnetic plasma.

Another method to increase the energy gain of
the D-®He fuel is to irradiate the fuel pellet by a high-
energy deuteron beam. According to this method, the
deuteron (D)- beam is introduced for FI. [12] These

Materials and Methods

NF methods

Although there are several methods for
controlling and restraining fusion plasmas, the two
main methods that are discussed are based on the
concepts of MCF and ICF. MCF reactors use B fields
created by superconductor coils to confine the NF
plasma in a donut-shaped container. One torus fusion

deuteron beams have very high energy to create a hot-
spot (HS).

These deuteron beams can be produced with the
help of a laser-plasma accelerator. Deuterons not only
exhibit ballistic focusing, but also fuse with the
considering fuel (here both D and 3He), and
producing "reward" energy and increasing the energy
gain of fusion. Depending on the desired plasma
conditions, this increase in fusion gain can have a
special role. Therefore, if we can achieve a very high
deuteron flux, a FI D- beam can be very desirable.
[13] In this paper, we use this idea to calculate the
reward energy released by using high-energy
deuterons with the desired fuel ions in the range of
10-190 keV. This reward energy increases the energy
released in the desired system. We use a modified
energy enhancement factor ¢ to estimate the
additional energy in terms of additional HS heating in
the target D+3He fuel. The deposited energy of
deuteron beam is calculated here by MCNPX code.

In addition to obtaining the deposited energy,
they also had studies in the fields of inertial
confinement fusion. In 2020, Sano and his colleagues
conducted research on thermonuclear fusion through
the collapse of SWW [14]. Because in both MCF and
ICF methods, high energy gain has not yet been
achieved and some of the problems have not been
solved. For this reason, in this work we present
another new method for the first time to achieve
higher energy gain in D-3He fusion reactors, which
includes D-beam irradiation D-3He fuel pellet along
with collapse SWW via MCNPX simulation.
Therefore, in order to achieve this goal, NF methods
are briefly introduced. After that, the reasons for
choosing aneutronic fuel D-*He compared to D-T fuel
and major challenges on the way of fusion reactors
are introduced. Also, the sources of 3He in the solar
system is described. Then, we conduct a study on the
heating process of the SWW in creating NF based on
the theoretical model. Also, we write the particle and
energy balance equations to control D-*He fusion.
After that, we present the results of our numerical
calculations with Maple 20 programming. Also,
simulation results via MCNPX are given and finally
we present conclusions.

device is the ITER tokamak, which uses magnetic
coils, which create a primary toroidal B field to
enclose the fusion plasma and a secondary poloidal B
field to drive currents in the fusion plasma. [15].
Another type of tokamak available is the spherical
tokamak device, which has a smaller aspect ratio, and
shows better plasma performance, but it does not have
a simple engineering design [16]. One of the other of
MCF devices is Stellator, which wuses as
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superconductor coils in a helical configuration around
a plasma chamber, creating a helical B field that is
applied to conduct current. Stellators are considered
as a high-potential and long-term solution, and
therefore fusion reactors based on Stellators are
actively being analyzed, but like spherical tokamaks,
they are associated with a great engineering design
challenge [17]. Unlike MCF, ICF researchers are
trying to achieve the higher temperatures and
densities needed to initiate NF by heating and
compressing fusion fuel targets. It should be noted
that in most ICF approaches, ultra-intense lasers are
used to heat and compress the target. Another method
that has been of interest to scientists is magnetized
target fusion (MTF) or magnetic inertial fusion
(MIF). In this method, fusion plasma with higher
density is used compared to MCF, while low power
lasers and other drivers are used compared to ICF
methods.

Selection of D-*He fuel as an alternative to D-
T fuel

NF is a nuclear reaction in which the Coulombic
repulsion between two nuclei is overcome and as a
result producing heavier nucleus and subatomic
particles, releasing a large amount of energy. Some
types of NF reactions to produce energy are those that
use hydrogen isotopes (deuterium and tritium), *He or
1B as reactants:

D+D—>T+p+4.03MeV (a)
D+D - 3He+n+327MeV  (b)
D+T - jHe+n+17.60MeV (c)

D+ 3He - 3He + p + 18.3MeV  (d)

p+ 1iB > 35He + 8.68MeV (e)

3He + 3He — 3He + 2p + 12.86MeV  (f)

Figure 1 shows the NF reactivity for common
fusion reactions in terms of temperature [18,19].

A better option than D-T reactors is to use D-
3He, which includes the main reaction (d) and side D-
D fusion reactions ((a) and (b)). Each of a) and b)
reactions will occur with a probability of 50%, and it
can be seen that even this fuel cycle is neutron
productive, although it creates less energy and
neutrons than the D-T reaction. However, the D3He
target becomes nearly neutron-free [4-7] when the
amount of deuterium is equal or less than the °He.
There are two reasons why the D3He fuel cycle has
never been seriously considered for a fusion reactor.
The first reason, which is also significant, is the
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severe lack of *He in the earth. Fortunately, samples
of moon soil sent back to Earth by the astronauts and
revealed the presence of a lot of ®*He on the moon
surface, which had been deposited on the moon
surface through the solar winds over many years.
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Figure 1 — Fusion reactivity as a function of
temperature [18,19].
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Researchers have stated that there is about 10°
tons of *He on the surface of the moon and up to a
depth of several meters. How to extract and transfer it
to the earth in the article by Schmidt [8] described in
detail. Undoubtedly, extracting *He on the moon will
be a very expensive task, but considering that it
produces high electrical power, it is worth
considering [6]. Another reason is that the < ov >
parameter of DHe is lower than that of D-T, therefore
the reactor must operate at much higher densities and
temperatures compared to D-T. This creates a
fundamental problem for ITER tokamaks because the
beta of plasma cannot be increased by a few percent
and therefore the utilizing of *He requires high B
fields [9]. In fact, the tokamak required for D°He
ignition experiments requires a 13T toroidal B-field
and a 17T transformer. Therefore, such a model for a
tokamak device is very complex, if not impossible.

Challenges governing the realization of NF

power plant
There are many challenges such as science,
engineering and technological in the

commercialization of NF. Basically, to have a D-T
reactor of MCF type, the leading technical issues that
should be considered are [15]:

(i) steady state operation of NF plasmas, (ii)
construction of advanced diverter system, (iii)
development of materials resistant to neutrons, (iv)
providing low-cost tritium production technology,



Seyedeh Nasrin Hosseinimotlagh

and (v) improving reliable magnetic confinement
systems.

Controlling a high efficiency fusion plasma is
critical to the success of any fusion device. The
development of methods to prevent NF plasma
instabilities and disturbances in the
commercialization of power plants is the subject of
many researches around the world and currently the
main focus is on the ITER project [17]. Additionally,
a divertor is required to control the NF plasma heat,
and to remove the helium "ash" created via the
deuterium-tritium reaction itself. Diverters are
specific to MCF power plants, or perhaps even MTF
approaches. Also, special materials must be made to
create a radiation shield to protect the magnets,
diagnostic and control equipment, and allow neutrons
to enter the tritium breeding blanket to maintain the
fusion fuel cycle.

Since the neutrons released from D-T fuel have
high energy, fusion reactor manufacturers must
ensure that long-lived radioactive waste is not created
via the neutrons interaction with the vessel structure
containing the NF core [11]. Excluding special
isotopes, the required materials list for applying in NF
reactors is limited, thus an additional challenge added
to the previous problems [17]. In the construction of
tritium breeding blankets, the materials of neutron
resistant have a special role. Tritium production
blankets pursue the following two important goals: a)
producing new tritium fuel from neutrons interaction
created by the D-T NF reaction with lithium and b)
extracting the energy transferred by neutrons in heat
form. There are many problems in the design,
construction and selection of tritium breeding
blankets. The thermo-hydraulic, tritium breeding
process, and heat removal challenges all create
complex problems, so an integrated solution is
essential.

Although a series of different plans based on the
concept of tritium breeding technology have been
presented, no evidence of the concept of tritium
breeding technology has been presented yet,
however, even if tritium breeding technology is
developed, the challenges related to the sustainability
of the tritium breeding blankets is still standing [17].
Therefore, one of the main reasons that we have
chosen D®He fuel is that there is no need to design a
tritium breeding blanket.

One of the main challenges in NF through MCF
is the development of efficient networks of magnetic
superconductors, which are required to create a strong
B-field in order to confine the NF plasma. To date,
most of the efforts of scientists focused on the
application of low-temperature superconducting
(LTS) magnets which have the ability to carry high
currents and B-fields in the MCF reactors with large-

scale. Today, we are witnessing the development of
high-temperature superconductors (HTS), which are
capable of generating stronger field currents than LTS
and with higher cooling efficiency due to the
operating temperature. The improvement of HTS
systems can lead to the development of smaller and
more efficient NF reactors, because these systems
will be able to work in stronger B-fields [18,19].
These challenges are interdependent and require an
integrated solution [20-23].

The source of *He in the solar system

The 3He isotope is not that abundant in the Earth,
and currently, only 30 kg of it exist on Earth [14]. *He
occurs naturally in the Earth's atmosphere, as well as
in natural gas wells, but the amount is very small, as
described by Ref. [15]. One important aspect is that
the Earth itself does not produce ®He, because it is
only a fusion product of the sun in our solar system,
which only the sun can produce naturally. For this
reason, it can be found in the solar wind, where the
“He/*He ratio is about 500 ppm: the wind has been
depositing *He throughout the solar system for
billions of years, but the Earth's atmosphere cannot
retain it, except to a relatively small extent. Another
way to produce it is as a result of the radioactive
decay of tritium. There are also many interstellar
sources for this isotope, including the Moon, because
the Moon has collected and stored all the *He from
the solar wind during its lifetime. And this has made
the moon a great source of *He. [15]. *He may also
exist on Mars, Venus and Mercury. Studies show that
if we use the *He available on the moon, considering
that deuterium is abundantly available in the ocean
waters, we will have 163 million terawatt hours of
energy available as a result of the D-*He reaction.

Theoretical role of SWW in heating of NF
plasma

The ICF laser driven is divided into two types:
(i) direct and (ii) indirect laser driven fusion. In type
(i) a spherical fuel is directly exposed to very intense
laser radiation .In practice, it is very difficult to
achieve a spherically symmetrical explosion with
laser beams.

A lot of progress has been made in this field and
today, the most energetic laser in the world has 60
beams and it is designed at the Omega center with
direct drive principles. In the NIF, the ICF concept is
also used through a direct drive. This approach is
simple and relatively cheap and has a higher energy
efficiency than the indirect drive. But due to the
significant target sensitivity to the intense variations
of the laser beams and their asymmetry effect, there
is a possibility of destroying the surface of the fuel
capsule and destroying it due to Rayleigh-Taylor
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hydrodynamics instability. The indirect derive is such
that laser beams shine on the surface of a cylindrical
chamber, which is usually made of gold, and excite
the gold atoms, X-rays are released and the fuel
capsule is exposed to radiation. The main drawback
of this method is spending a lot of initial energy to
produce beams inside the chamber. Therefore, the
gain of energy of this approach is not high. Now, in
this article, we use fusion through inertial
confinement and introduce it further below [24].

The plasma momentum of a spherical target
containing an expanding deuterium-tritium fuel is
balanced by the momentum of the interior of the fuel.
This action causes the target to explode and compress
the fuel. Decreasing the explosive target volume is
possible by increasing the temperature within it and
growing the density of the fuel (the process is almost
isobaric). As the volume decreases sufficiently, the
temperature in the center of a carefully designed fuel
pellet reaches values above 10 keV. A HS is created,
which allows for self-ignition of the target. This type
of fuel ignition is called “central HS ignition”.

Since the fusion energy resulting from the
desired fusion reaction (Ey,s) must be greater than the

. . E
laser driven energy (E,s) (ie., G = f“S/El > 1),
as

therefore, the density of the compressed fuel pellet
must be very large, and its mass must exceed a special
limit. Acquiring such a high temperature and density
in a supercritical mass deuterium-tritium target using
the central HS ignition approach requires the use of a
10 ns laser with energy higher than 10°/. Also, it is
technically very difficult to achieve a very high
symmetry of the target illumination and apply several
conditions [25]. To decrease these requirements,
several alternative methods for fuel ignition have
been proposed, including: 1) FI [26]; 2) Shock
Ignition [27] and 3) Impact Ignition [28,29]. Among
these three types of ignitions, FI is a modern laser
fusion approach. This ignition will have the potential
to generate a much higher gain than common ignition
in HS. In the first step, the fuel shell detonates at a
low speed, ideally forming an isochoric compact
core. Then, a laser with significant energy and ultra-
intensity causes ignition in a small area of the
compressed area. This action is performed by
electrons or ions with high energy as a result of laser-
fuel interactions. Since an explosion creates at a much
slower rate than common ignition in the HS, more
mass will accumulate for the same energy of the laser,
and in case of fuel ignition, it will lead to energy
growth. In general, there are two methods of hole
boring and cone guided for rapid ignition, both of
these methods aim to eliminate the large barrier of FI.
This barrier is such that the ignition laser can only
propagate to the extent that the frequency of the laser
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is the same as the frequency of the plasma electrons.
It is not possible to carry out FI by hole boring method
due to the presence of instabilities during
propagation, and the laser light cannot penetrate
much and goes back. There are also problems in the
path of the channel towards the dense center, so that
the beams tend to return to lower densities.

As a result, the densest areas are completely lost
[30]. As a result, the propagation of strong pulses in
this method is complicated. Therefore, in order to
solve these problems, a new method for FI called
"cone guided method" has been predicted. This
method consists of a hollow gold cone with a closed
top, which is placed inside a spherical fuel capsule.
The hollow cone is applied to provide the igniter laser
pulse path to reach the dense fuel [31]. In this case,
the plasma corona with a lower density interacts with
the laser and the explosion occurs around the
compressed plasma at the tip of the cone. The
installation of a hollow cone causes the laser light to
converge and focus within it, and very hot electrons
are created at its tip close to the compressed plasma.

In this paper, the guided cone FI is used. ICF
differs from MCF because in ICF the fuel pellet is
confined and compressed through its inertia at high
fusion densities and temperatures. In both methods of
inertial and magnetic confinement fusion, high
energy gain has not yet been achieved and some of
the problems are not still solved. For this reason, in
this work, we present another new method for the first
time to achieve higher energy gain. In this method,
the main purpose of fusion is to raise the temperature
of the ions to a high level to increase the NF reactions.

In the design of fusion through laser
confinement, it is necessary to transfer the laser
energy to the fuel ions as much as possible via
different types of laser-plasma interactions.[32] But,
the main problem is that the electrons receive a large
amount of laser energy in the first step of the
interaction. The transfer of energy from electron to
ion through collision processes is slow and generally
not very efficient. The development of energy
transfer directly from electromagnetic waves to ions
can overcome this fundamental problem. The
question raised in the FI scheme is how to increase T;
of the explosive plasma [20]. The purpose of the
authors in presenting our work is to investigate how
to transfer energy from the laser to ultra-dense ions
directly and efficiently. Now the question that exists
is what is ion heating and how is it created. In
response, it should be said that ion heating occurs
when circular polarization electromagnetic standing
waves are formed inside the ultra-dense plasma,
where the n,(electron density) exceeds the critical

2
_ €EgMywgq
value, N, = 0" /eZ'
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This newly proposed mechanism stems from
collapse of SWW [33]. In order to propagate
electromagnetic waves in ultra-dense environments,
the existence of an external magnetic field (B') is a
necessary condition. When B’ is greater than the
critical magnetic field, B, = mewo/e, the whistling
branch of right-handed circularly polarized light with
a smaller frequency is seen in the dispersion equation.
Whistling waves are defined as electromagnetic
waves that move along magnetic field lines. This
wave can be propagated in any plasma density due to
the absence of cut-off density. Then it finds the
necessary condition for direct interaction with ultra-
dense plasma. A SWW is essentially generated by the
head-on collision of two propagating whistler waves.
SWW heating appears only in a standing wave.

On the other hand, left-handed light has a cut-off

density N, which is defined by N, = N.(1+5'/p ).
c

However, the SWW can also propagate in ultra-dense
conditions under B’ > B,. Of course, we focus our
studies on whistling waves, because the high density
and relatively weak field intensity and preferred
conditions of plasma core are compatible with our
demand. The appropriate advantage for this FI design
is energy transfer to ions with high efficiency in an
ultra-fast time scale of the order of laser periodicity.
The component of the electric field tangential to the
right and polarized in the direction B’ is right-handed
circular polarization. Thanks to the non-interruption
of the whistler wave, the energy of laser is transferred
to ultra-dense plasma. This allows the direct
interaction of electromagnetic waves with plasma
ions. Electrons behave on the time scale of the laser
frequency, similar to a fluid in a ultra-dense plasma.
If n, is less than N, the standing wave energy is
mainly given to electrons via random acceleration
[23-28].

The appearance of the electromotive force
redistributes the density of electrons and the electrons
tend to move towards the anti-nodes of the standing
waves. Therefore, the longitudinal electric field
component is produced in balance with the E, =
—(v X B),. This electromotive force becomes zero in
the longitudinal direction, (v x B),, wherever the
whistler wave exists alone. Note that v and B are the
tangential components of the electron vibration speed
and the magnetic field of the whistler's special mode,
respectively. It is reminded that based on the behavior
of the SWW, the electromotive force is limited and
the amplitude of the longitudinal force does not
change with time and is sinusoidal in the x-direction
in a half period of the whistler's wavelength. On the
other hand, the electromotive force has no effect on
the ion equation of motion. The ions are accelerated
via the longitudinal electric field component and

move towards the antinodes. Fluctuation of ion
density causes the amplitude of the electric field to
decrease. However, as long as there is a standing
wave, the electromotive force remains unchanged .In
addition, the electron density condensation balances
the longitudinal component of the force in the
electron fluid. Therefore, the longitudinal component
of electric field remains stable in a constant domain.
This positive feedback ensures the acceleration of the
ions in the SWW until the acceleration of the ions is
interrupted by the collapse of the wave.

Therefore, the accelerated ions are completely
heated by this action, and T; is obtained by:
kgT; 2mZ a3
mec? T3 (n—1)2(§7—1)’
Boltzmann's constant, ion charge the laser amplitude,
and refractive index of the whistler mode of the laser,
respectively. The whistling wave amplitude is given

by: ab =2 ao/(n +1) The refractive index of the

here kg, Z, ay, and n are

whistler mode is expressed by the relation n: n =
oy
1+ (B -
of laser gradually decreases with growing density of
target. To reach ion saturation acceleration, a limited
time is needed [23], which is defined through the
— Y
~ i (D)2(B'-1)) 12
Tsat™ (%Zimenlvz—ag) . The
saturation time scale is determined by ion movements
and T, caused by resistive heating is given by:

1))1/ 2. Then, the transmitted energy

relation

kgT. 40V2minA Z Tooa2 2

B 82~( \/_Ttn & nzOEEI)_ . ) / [24, 28],
mec 9 Ao (n+1)%(B'-1)

h —e? is classical elect
where 7, = /(4n60mecz) is classical electron

radius. It can be seen that the T; is heated by the
collapse of SWW and is often higher than T,. What
affects the ions is longitudinal component of electric
field. Therefore, the electric field amplitude which is

(n+1)2(§7_1)51n(2kwx) ShOU|d be

defined as: a,~
maximized.

It can be seen that the maximum value of electric
field amplitude depends on the initial value n, of the
target, external B field, and on the laser amplitude.
Now, if these three items increase, we reach the
maximum electric field, and the ion acceleration
grows. This causes the growth of the n; (ion density)
and the subsequent collapse of the standing wave.
After the collapsing of the ion wave, the ion beams
face to face coexists in many places. Subsequently, a
high amount of accelerated ions energy is converted
into thermal form via two-stream instabilities.
Considering the periodic structure of the longitudinal
electric field component in addition to the small-scale
wavelength of the whistler wave, the significant
advantage of this process is the existence of an
efficient mechanism for the acceleration of ions and
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their simultaneous heating. The main requirement for
SWW heating is the presence of a magnetic field
stronger than the critical intensity. So far, several
research groups have reported how to achieve strong
magnetic fields in the kilo-tesla range in laser labs
[28-32]. In this case, the magnetic field caused by the
laser is compressed due to the explosion, and it is
possible to increase the intensity of this field by an
order of magnitude and reach the critical value B,
Although, the maximum intensity of the available
magnetic field is not enough to propagate whistler
waves in ultra-dense plasma, but soon it will be
possible to use ultra-intense lasers in acceptable
supercritical field conditions to excite relativistic
whistler waves. Moreover, the intensity of the critical
magnetic field is proportional to the inverse of the
laser wavelength. In fact, this process can occur with
a suitable field intensity in the conditions governing
the laboratory plasma [33-35].

We note that in addition to the external B-field,
creating a magnetic field inside the plasma produced
by the laser is one of the important points. This is
especially important when one micrometer lasers are
used. This field, originally proposed by Korobkin and
Servo, is effective in preventing thermal conduction
in the corona of target. They generated a plasma spark
using a focal ruby laser and reported the generation of
a magnetic field through the induced current in the
coil. We know that the efficiency of energy
conversion from whistling waves to ions depends on
the laser and plasma parameters. The method used in
this article is the use of whistler waves. This method
can be considered as a new model for the production
of thermal fusion plasma even with smaller heating
lasers. By using this model, we can achieve higher
energy gain for aneutronic and neutronic fuels.

Balance equations of particles and energy for
NF control

In our research, we used as the balance equations
of particles and energy related to aneutronic DHe
fuel in order to determine the density of consumed
and produced particles, the NF power density and
finally the fusion gain. Therefore, we write these
equations as follows:

Point kinetic nonlinear coupled differential
equations for D®He fusion fuel

dn, Ng
T E + npnay(ov), @Y
an Np
ar =— E — npnsy,(ov) + Sp, 2)
dnape =— ToHe _ NpNay(ov) + S3y., (3)
dt T3He
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dn, Ny
W = —E + TlDTl3He(0"U), (4)
dE_ E

&L + Qp3geNpNape(oV) —
—FPrqa t Paux + Pohmic - 1:’syn (5)

where ng, np, ns,,, and n, are the density of alpha,
deuterium, helium3 and proton particles,
respectively. Control inputs include fueling rates for
deuterium (Sp), helium3 (S3,,), as well as auxiliary
power Py, and Qpsye. = 18.34 MeV.

The (ov) parameter of D3He fuel is a function
of plasma temperature T, which is expressed by:

(ov)(D3He) = C1§_5/662 exp (—3(1/35) +

148 _
+ (exp (— T) X 5.41 x 10715T 3/z). (6)

CaT+CyT?+CT?
Here { =1 — 1+2CaT+‘*CST2+6C7T3 and & = Co/T/3. In
this equation, the parameters a;, C; and r are
determined from Ref [19]. E is the energy density and
parameters 7., Tp, Tsy., Tp and 7y are the
confinement time of alpha, deuteron, helium3,
proton, and energy particles, respectively. The net
heat power of plasma is P = Prysion — Prqq and
fusion power is defined by the following relation:

Pfusion = Qprnpnr{ov). )

In this work, the dissipation radiation, P,,4 ,is
approximately expressed as follows:

gy Wm?
Ab(D3He) =4.85%x10 \/K—W’ (8)

TliZl-Z

Zeff(D3He) = Z n

L
np + 4nsy +4ng+n,

= 9

Ne

e

ne.(D3He) = np + 2nsy, + 2ng, (10)

n(D3He) = 2np + 3nsy, + 3n, + n, (11)

here, Appineyr Zessr Mes N, and T are the
bremsstrahlung coefficient, the effective atomic
number, the electron density, the plasma density, and
the plasma temperature, respectively. The produced
NF energy gain is determined by: G = Efysion/Eq,
where E; is the energy of the laser driven pulses and
Efusion 15 the released fusion energy related to the
desired fusion reaction.
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Results and Discussion

In Figure 2, using equation (6), we have shown
the variations of < v > in terms of temperature for
D-3He fuel. It can be seen that < ov >increases non-
linearly with increasing temperature.

PP
| cal

< ov>
o D3te| g

I kel

Figure 2 — Two-dimensional diagram of < ov >
variations in terms of temperature for D-*He fuel
using equation (6)

In the next step, with the help of MAPLE
programming we solve the point kinetic nonlinear
coupled differential equations (Equations 1 to 5)
numerically for determining the different parameters
such as the density of fusion particles (npand ns,,)

sthe density of produced particles (nyand nsy,),

fusion energy density (E), fusion gain (G), fusion
power density (prysion), bremsstrahlung power
density (prqq) and synchrotron power density (ps, )
have been determined as a function of time and
temperature and we have given their graphs in
Figures 3 to 6, respectively.

It can be seen from Figure 3 that at the initial
time t = 0, the densities of fusion nuclei D and ®He are
Np =16 X 107cm™3 and N3, = 8.5 x 106cm™3,
respectively. These densities gradually decrease with
the increase of time because they perform the fusion
reaction of D-*He and are consumed until in the time
range of 7.2-10ns the density of *He nuclei is equal to
N3ge = 0.09 x 10°cm™3 which is reached to
characteristic of the steady state, while in the time
range of 10-7.2 ns, the density of D nuclei reaches the
value  Np =0.07 x 10*cm™  belong  to
characteristic of the steady state. Also, increasing the
temperature does not have much effect on the
numerical values of these densities.

Figure 4 shows the time and temperature
variations of the D-3He fusion reaction products. It
can be seen from this figure that the densities of N,
and Nare gradually increase with increasing time due
to the increasing of the number of D-*He fusion
reactions until reach the maximum value, then due to

\ l(t'm.'l:l Y

the fact that the number of fusion fuels is reduced, the
density of the fusion products decreases gradually
until its value reaches the characteristic amount of
steady state. Also, since the < ov > of the D-*He
increases with temperature increasing, the amount of
the D-*He NF reaction products increases. It should
be noted that the D-*He NF reaction has the highest
reactivity at the resonance temperature of 190keV. At
this temperature, we have the highest production of
reaction products.

== 10keV
= S0keV
100keV
150ke\
= 190keV

He

= 10ke\

== S0KkeV
100keV
150keV

= 190keV

« 1
: 4
.\nlrm ]

ns)

Figure 3 — Two-dimensional variations of fused
particles densities versus time at various T(keV),
taking into account the production of whistler waves
(For N3y, is top and Ny, is bottom figures)

According to Figure 5, it can be concluded that
the time and temperature variations of the NF energy
density and the energy resulting from the D-*He NF
reaction gradually increase with the increase of time
due to the increase the of NF reactions. After that, due
to the reduction of the initial amount of fuel, it is
gradually reduced until its value reaches the steady
state characteristic value. Also, for this selected
fusion fuel, the amount of E and G increases with
increasing temperature due to its reactivity
increasing, although it should be noted that at the
resonance temperature of T =190 keV, D-*He fuel
has the highest amount of E and G, so that in this
temperature G =69 and E = 6.9 x 10° J/cm3.
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Figure 4 — Two-dimensional variations of fusion
products densities obtained from D-*He target versus
time at varies(keV), taking into account the
production of whistler waves.

(For Nyye is top and N,, is bottom figures)
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Figure 5 — Two-dimensional diagram of changes in
fusion energy and fusion energy gain from D-3He
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target versus at various T(keV), taking into account
the production of whistler waves.

It should be noted that the flux of protons and
alpha particles produced from the D-3He fusion
reaction are determined by the relations: ¢, = v,, X
npand ¢, = v, X ng, respectively, where v, and v,
represent the speed of protons and alpha particles,

R R 2E 2E
which are given by v, = /—” and v, = /_a
mp mg

respectively, where m,, and mare the mass of proton
and alpha, as well as E;, and E, are the energies of
protons and alpha particles resulting from D-*He
fusion reaction.

- 10keV
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100keV
150keV

- 190KkeV
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== 10keV
—S0keV
= 100keV
150keV
= 190keV

6«10°03 «10°% 1 w10?
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Figure 6 — Two-dimensional variations of particles
flux produced from D-®He target versus various
T(keV), taking into account the production of
whistling waves.

In Figure 6, we see that the 2D variations of
particles flux produced from D-3He fusion fuel versus
time at various T(keV), taking into account the
production of whistler waves. According to this
Figure 6, it can be concluded that the time and
temperature variations of the particles flux produced
from the D-*He fusion reaction gradually increase
with the increasing of time due to the increasing of
the number of NF reactions, and then it tends to its
maximum value, after that, due to the reduction of the
initial amount of fuel, it gradually decreases from its
amount until it reaches its steady state characteristic
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value. Also, for the desired fusion fuel, with
increasing temperature, due to its reactivity
increasing, the amount of particles flux produced
increases, although it should be noted that at the
resonance temperature T = 190keV of D-*He fuel, we
have the highest amount of produced particles flux. It
is worth mentioning that this flux of produced
particles can be used as a source of protons and alpha
particles in the treatment of cancer tumors.

From the observation of Figure 7, it can be
concluded that with time increasing, the numerical
values of the fusion, synchrotron and radiation power
densities (Prysion, Psyn and Prqq) gradually decrease
until they reach the characteristics values of the
steady state. Because gradually with time increasing
the desired fusion fuel is consumed and decrease. Of
course, with temperature increasing, the numerical
values of Prygion, Psyn and Prqq densities increase
and reach their maximum value at the resonance
temperature T = 190 keV. This is due to the fact that
at this temperature, the largest number of D-*He NF
reactions occur and we have the highest reactivity (<
ov >).

The laser-created D-beam is a interest design for
receiving the required energy for igniting a pre-
compressed target in the FI approach in the ICF. D-
beam creates reward energy via beam-fusion
reactions during the HS creation in the pre-
compressed target. In fact, D-beams are also
considered for Fl. Xiaoling Yang et al investigated an
accelerated D-beam with very high energy deuterons
of about 8 MeV to form the desired HS. Not only
deuterons provide proven ballistic focusing, but also
as they decelerate, they combine with the target fuel
D and ®He, and increase the produced fusion energy
known as "reward " energy. Depending on the plasma
conditions, the additional reward fusion energy can
cause a significant contribution to the amount of final
fusion energy gain of D-He fuel. Therefore, if a high
flux of deuterons can be gained, D-beam FI could be
very attractive. The energetic D-beam is known as a
fast igniter (see Fig.8)

Hot spot
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Figure 7 — Two-dimensional variations of fusion
power, synchrotron power and Bramsstrahlung
power density resulting from D-3He fusion fuel

versus at various T(keV), taking into account the

production of whistler waves

W=

Lase beam
Deuteron beam

Converter foil

Pre-compressed fuel

Figure 8 — The pre-compressed target during the HS creation for D-beam driven FI by converter foil

method; L is the diameter of HS

for the deuteron stopping distance.

43



Irradiation of D-3He fuel by d-beam to enhance fusion energy gain via ICF using innovative whistler wave collapse...

In this section we will determine the deposited
energy of D-beam along laser beams based on
selected geometrical fuel pellet (Fig.9) via MCNPX
simulation. In this simulation, we use D- beam
(8MeV) driven FI which provides not only the HS
ignition spark, but also extra “reward” NF energy via
reactions in the fuel pellet. Deuterons would not only
provide proven ballistic focusing, but also fuse with
the target both D and *He as they slow down,
providing a “reward” gain of fusion energy.
Therefore, if we can produce a high flux of deuterons,
FI driven by D- beam can be very attractive. To
produce a deuteron ion beam, we can use the laser
(petawatt) collision mechanism with a converter foil.
Indeed, the additional beam-target-fusion gain with
deuterons is a unique feature that can be used to relax
the required total deuteron flux or intermittently
decrease the required input laser energy [13].

(4]
D'He S
ice X
/Ry
DHe < Ry
&,

D-beam

Figure 9 — Two-dimensional generic cross-section
of a selected ignited pellet. The shell dimensions
R, = 1416um, R, = 407um ,and R3; = 177um
with right-circular polarization (RCP), KrF-laser

energy range 0.2 MJ, and deuton beam with 8 MeV.

In the Figure 10, we have given the logarithm of
the deposited energy in the desired fuel pellet as a
result of our simulation without (Figure 10-a) and
with (Figure 10-b) considering SWW.

From looking at Figures 10a and 10b, it can be
concluded that the maximum value of deposited
energy by the D-beam in the desired fuel pellet with
and without considering the formation of SWW is
equal to 283002.32 and 57.67 erg/mm?3 respectively,
which shows a significant increase due to formation
of whistling waves along with D-beam radiation.
Therefore, the findings of our simulations represent
that the use of D-beam along to the collapse of SWW
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in the desired fuel pellet gives a maximum reward
energy gain of 3.8.
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Figurel0 — The two dimensional deposited energy
in the desired fuel pellet in terms of x and y and z=0
in the desired fuel pellet by direct drive fusion a)
under the irradiation of 190 identical laser beams
with intensity106W. cm~2 and two laser beams
(RCP) symmetric and opposite with
intensity1021W. cm™2 and applying a strong
external magnetic field) considering whistler waves
b) under the irradiation of 192 identical laser beams
centered from all directions symmetrically with the
intensity 1026W. cm™~2,without two laser beams
(RCP) and an external magnetic field using
MCNPX code.

Conclusions

In this research, we presented another new
method for the first time to achieve higher fusion
energy gain. In this method, the main purpose of
nuclear fusion is to heat the ions to the appropriate
temperature to enhance the NF reactions. In the ICF
mechanism using a laser, as much as possible, the
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laser energy should be converted into the energy of
fuel ions through different types of laser-plasma
interactions. However, one of the main problems is
that the electrons often gain laser energy in the first
phase of the interaction. The mechanism of energy
transfer from electron to ion occurs slowly through
collisional processes and is generally not very
efficient. Therefore, to overcome this problem, the
development of direct energy transfer from
electromagnetic waves to ions has a valuable
meaning. The aim of this work is to analyze the
efficient mechanism of laser energy transfer to ultra-
dense ions. The newly proposed ion heating process
is caused by the collapse of SWW. Due to the
problems that exist in the neutron-producing
deuterium-tritium fusion reaction, in this work we use
aneutronic D-*He fuel. We used it to overcome the
problem of producing unwanted neutrons. Finally, by
numerically solving the coupled point nonlinear

kinetic equations, related to aneutronic D-*He fusion
fuel, taking into account the effect of the collapse of
the whistler waves, we determined the energy gain of
the desired fuel. And finally, we found that when we
consider the effect of the collapse of the whistler
waves, the gain increases significantly compared to
the case when we do not consider the mechanism of
the whistler waves, and the D-*He fuel has the highest
gain at the resonance temperature of 190keV, which
is almost equal to 70, while T Ohmura et al reported
a maximum gain of 60 through FI [34], which
indicates that the collapse of whistler waves as a new
design almost increases the gain by 10 units.
Therefore, taking into account the reward energy gain
resulting from the irradiation of D- beam in the target
together with the calculated energy gain resulting
from D-*He fuel caused by SWW collapse in section
6, we will achieve the maximum energy gain is equal
to 74 (at the temperature resonance of 190keV).
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