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Role of deuteron beam incidence on the neutron-free fuel pellet
using helium catalyzed process in enhancing energy gain
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Fast ignition is recognized as a potential method to achieve the high energy-gain target performance required for commercial inertial confine-
ment fusion. In this article, the deuteron beam driven causes fast ignition, which provides not only the ignition spark of the “hot spot” but also
the “bonus” fusion energy through reactions within the target. We have estimated the energy deposited contribution as a bonus resulting from
the fusion reactions that occurred based on calculations using a modified energy enhancement factor. To achieve this goal in the ICF plan
the use of puréD—*He fuel is impractical due to the excessive need for energy driven. Therefore, a small amount of D-T fuel is necessary
as a “igniter”. Since théb—>He reaction does not produce any neutrons and fuel sources for the D-D reaction are abundant, it is expected
that these reactions can be used in advanced fuel fusion reactors. The main interest in the helium-datafy#egrocess, in which T

and3He produced by fusion are recycled, is mainly due to the fact that deuterium fuel has essentially unlimited resources on Earth. In the
calculation method of this article, without using helium catalyzed process, the fusion gain gradually increases with increasing temperature
and reaches a maximum value of about 20 at a temperature of 190 keV, while using helium catalyzed process, it gradually increases with
increasing temperature and reaches a maximum value of about 110 at the same temperature.
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1. Introduction by means of a mechanism that is more effective than heating
the condensate. Second, it aims to ignite in a denser fuel,
Inertial Confinement Fusion (ICF) is one of the two major resulting in a smaller hot spot mass compared to the conven-
branches of fusion energy research. When it was first protional central hot spot design. One of the necessary param-
posed in the early 1970s, scientists believed that ICF was aters in the design of ICF nuclear fusion reactors is fuel se-
practical approach to power generation and that this researgBction. Today, scientists chooge—>He fuel, because it has
area would flourish in the future. Tests conducted during tthe advantage of low neutron production and effective con-
1970s and 1980s showed that the efﬁCiency of these deViC%rsion of the Output fusion energy [1] And since achieving
was much lower than expected and that ignition would nojgnition is a difficult issue, so finding some methods or de-
be easy to achieve. During the 1980s and 1990s, many eXjgns that are caused ignition is very important. In the ICF
periments were conducted to understand the complex integcheme, the use of pure—>He fuel is impractical due to the
action of high-intensity laser beam and plasma. These thingsxcessive need for energy driven [2]. Hence a small amount
led to the design of newer and much bigger machines thatf D-T fuel is necessary as a “ignitor”. Since tfiz—>He
finally achieved ignition energies. In 1994, Taketlal. pro-  reaction does not produce any neutrons [2] and the D-D re-
posed an idea that was completely different from the tradinction fuel sources are scarce, it is expected that these reac-
tional method of creating a central hot spot related to ICF [1]tions can be used in advanced fuel fusion reactors.The main
This design separated the process of compressioning the fuilerest is the helium-catalyzed processin->He fuel, in
from heating it. They called this method Fast |gniti0n (F') which T and®He produced by fusion are recycied, is primar-
Fast ignition is an attractive design that not only reducesly due to the fact that deuterium fuel has essentially unlim-
the symmetry constraints of the target capsule explosion, bufed resources on Earth. [3]. In addition, there is no need for a
can also reduce the constraints governing the total energyitium generator blanket, and thie—>He helium catalysed
driven. The fast ignition scheme potentially reduces the enreactor has no generator blanket, and the resulting neutron
ergy required for ignition by targeting the production of a hotflux of 14 MeV is actually lower than that of the deuterium-
spotin a way thatis substantially more efficient than the comtritium (D-T) system. [1-2]. While 2.45 MeV neutrons are
pression method used in the central hot spot scheme. In a@dded to the neutron flux. Removing some of the tritium
dition, it aims to achieve ignition in the fuel to achieve lower before burning can result in even lower neutron fluxes. He-

densities. In fast ignition, ignition driven requirements arejjum catalyzed processd?—>He has a low load neutron. that
low for two reasons: tirst, this design aims to achieve ignition
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adding a small amount of tritium seeds can reduce the igniing and guided cone for fast ignition, in which the aim of
tion temperature oD—>He fuel and similarly reduces other both of these methods is to eliminate the large barrier of fast
advanced fuels [4]. Note that T arféHe are produced by ignition. These methods are briefly introduced below. Fast
the D-D side reaction, and then energy is extracted from th@ynition was initially proposed by Tabak and his colleagues
D-T and D—3He reactions. Thé&—>He reaction will elimi-  through the tunneling scheme. Fast ignition takes place in a
nate the need for tritium and produce lower energy neutronsmall area of the main fuel [6].
therefore, it will be easier to shield. Despite thi3;-*He This ignition is isochric and the energy entering the hot
reactors have been considered in the long term due to a nurgpot is generated from the intense short pulse of electrons (or
ber of potential advantages, including: unlimited use of deuprotons) by ultra intense laser radiation. The density of the
terium fuel, flexibility of blanket design, simple administra- hot spot of fast ignition can be lower compared to the cen-
tion of tritium, and reduction of radiation damage. tral hot spot method, as a result, the gain can be higher and
Also, since deuteron beams, in addition to heating, causghe ignition threshold is lower [7]. The duration of the fast
fueling in ICF fusion reactors, and on the other hand, theiiignition pulse should be less than the inertial confinement
stopping in the fuel is more than electrons, and they can cretime controlled by the radius of the hot spot. Transferring
ate a higher energy density by stopping in a smaller volumehe required energy in the allotted time frame is one of the
of fuel, therefore, the creation of additional fusion energy re-main challenges of fast ignition. After that, the tunnel dug is
lated to them is a unique feature that can be used to reduaine by light pressure, and the laser light is focused inside
the total required deuteron flux. Or alternately, it will reducethe channel. The maximum laser power will be used to move
the energy required for the incident laser beam, and this iselectrons forward with an average energy absorption of ap-
sue can play a significant role in increasing the efficiency ofproximately 1 MeV. In the initial method of fast ignition in
commercial fusion reactors [4]. Therefore, deuterons can nahe form of tunneling, it was found that due to the presence
only be ballistically focused, but also can fuse with ions inof instabilities during propagation, it is not possible to do it
the target fuel when they slow down and provide an energyractically and the laser light cannot penetrate much and it
gain. Depending on the conditions of the target plasma, thigeturns back. Also, there are problems in the path of the chan-
added fusion gain can have a significant contribution [5]. Innel towards the dense center, so that the brams tend to return
this article, we use an alternative fuel cydle, D—*He with  to the lower densities, as a result of which the densest areas
helium catalyzed, so that we can increase the fusion gain bgre completely lost. The propagation of strong pulses in this
using the fast laser ignition method and simultaneously irramethod is complicated.
diating the deuterium beam to the target fuel. Therefore, to  Therefore, to solve these problems, a new method for fast
achieve this goal, the following topics are presented in ordefignition called “conical guided method” has been proposed,
In the Sec. 2, the fast ignition method is briefly presented. Invhich uses a hollow gold cone with a closed tip, which is
the Sec. 3 of the ICF reactor, helium catalyzed processrole iplaced inside a spherical fuel capsule [5]. In this method, a
D—’He s studied. In the Sec. 4, the dynamics of the compuholiow cone is used to provide the ignition laser pulse path to
tational model used in this article related to the energy gaieach the dense fuel. In this case, the laser does not interact
of fast ignition of fusion plasma with and without helium cat- with the p|asma corona with a lower density’ and the exp|0-
alyzed processrole if» — *He are given. In the Sec. 5, the sjon occurs around the cone and the compressed plasma at
estimation of the additional energy gain due to the injectionthe tip of the cone. The hollow cone causes the laser light to

of the deuteron beam into the fuel target of helium catalyzeghe focused inside it and hot electrons are produced at its tip
processinD — 3He fuel is done by considering the fast igni- very close to the dense plasma.

tion along with side reactions, and finally, the conclusion is
presented.
3. ICF reactor with helium catalyzed process

2. Fastignition method in D —3 He

In this method, unlike the central hot spot ignition method,Over the past few decades, research on controlled fusion
compression and ignition processes are performed separatdlyrough fast ignition has developed that are suitable for ig-
to reduce hydrodynamic instabilities and achieve higher ennition and promote controlled fusion burning. Fusion cross-
ergy gain. In this method, first the fuel capsule is compressedection and reaction rate coefficient for D-T is significantly
by means of laser or ion beams to a high surface density darger thanD—>He reaction and D-D reaction [8]. For this

2 — 3 g.cn? at low temperature. After that, at a time interval reason, the D-T fusion reaction has attracted much inter-
of 10 — 50 ps, a laser beam with a power higher thah® W est. Although the large rate factor associated with the D-T
and a very short wavelengthe. 0.2 um, is used for igni- reaction is attractive to the fusion researcher, D-T burning
tion. In the fast ignition method, the capsule gradually com-presents serious problems.First, the amount of tritium in na-
presses. Rayleigh-Taylor instability does not occur in fasture is low and it must be artificially produced by the reaction
ignition and the energy gain in fast ignition is higher than inn(Li.T)a and the breeding rate must be sufficient [9]. Sec-
direct ignition. In general, there are two methods of tunnel-ond, tritium is unstable and it is a beta-emitter, and thus han-
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dling tritium complicates the operation of the ICF fusion re-4. Dynamics of the calculation model related

actor. Thirdly, the production af4.1 MeV neutrons, which to the energy gain of fast ignition fusion

are the product of the D-T fusion reaction, activate the struc- plasma via helium catalyzed process i) —
tural materials of the reactor and damage them [10]. Fourth, a 3He

large mass is required to stop these energetic neutrons, lead-

ing to the need for a huge blanket and that must shield thgpe equations of particle and energy balance can be written

burning D-T plasma. In this paper, we propose a differentys follows, considering the fusion & — 3He fuel without
method for fusion power source, based on alternative fuel cygonsidering helium catalyzed process:

cle, which we call helium catalyzeB—>He. Because the

D—?He reaction often destroys the production of energetic d;ﬂ —_o_ npnanel{ov) pste — nonr (V) pr
neutrons. However, like PHe is also not abundant on Earth. t Tp
It has been pointed out that it can be extracted from the sur- —0.5n2 (o) ppp—0.5n2 (V) ppn+5D, (5)
face of the Moon [11] or on a longer time scale it can be p
i i 3 i n n
pbtamed from the pllanet Ju.plter [12]. _TIiDe—. He n_eacnon_ 3He _ _ T'3He npNane(oV) Dae
is perhaps the most interesting from this point of view, which ~ dt Tp
eliminates both the issue of tritium generation and the issue +0.502 (00) D + 51 (6)
of high-energy production neutrons. Therefore, according to D " &
the above-mentioned points, in this article we uUze*He dng — M n (V) b1 + npngHeloV) @
fuel. The reaction related to the controlled nuclear fusion of  dt Tp P bt T RDTsHe bare
D—3He is as follows: n n
7; = —?p + 0~5nD2<U'U>DDP
D +3He — *He(3.6 MeV) + p (14.7MeV), (1) b
+ npN3He(0V) D3He, (8)
while its side reactions are [13, 14]: dn
T nr 9
W:_?_nDnT<UU>DT_0'5nD<UU>DDP7 (9)
D+ D™ 3He (0.82MeV) + n (2.45eV)  (2) . ?
ﬂ 771771 +7LD7LT<O'U>DT+O.5n2D<O'U>DDn, (10)
dt Tp
50% d
D+ D™= T(1.01MeV)+ p(3.02MeV)  (3) T;4He = T pnane(oV) Dave
t Tp
and +0.5n% (00) ppn, (11)
4 OF FE
D + T — *He (3.5 MeV) +n(14.1 MeV)  (4) =t Qb3renpNaneloV) Dae
As can be seen, D-D side fusio_n_ reaction oceurs from two + QppnH{ov)pp + Qprnpnr(ov) pr
channels with the same probability. The first channel pro-
duces’He while the second channel produces tritium and the — Pradp—tes — Prad p-1 — Prad DD (12)

produced tritiums fuse with background deuteriums and proghere the dissipated radiatidh. is expressed as follows:
duce neutrons with high energy of 14.1 MeV, such that it is

difficult to control them. Therefore, to solve this problem, Prad = Porem= Ay Zeit n2V'T. (13)
we suggest that tritium decays before performing the D—TS
side fusion reaction and turns into positron aitte. This

3He, which is the decay product of tritium, is used as fuel
again inD — He fusion should be replaced. Charged fusion
products immediately distribute their initial kinetic energies
among background ions and electrons through Coulomb co

o thatA, is the bremsstrahlung radiation coefficieft

is the effective atomic numben,. is the electron density;

is the plasma density arifl is the plasma temperature. It is
enough to consider the fusion 6f — 3He fuel by consider-
ing helium catalyzed process through replacing Bd) ith

- oS . o _ =q. (14):

lisions. Similarly, ions and electrons are injected into the a. 44

plasma, which instantly equilibrate with the particles in the dnszhe _nr nDTsHe < OV > D3te
plasma. Fusion neutrons escape from the plasma along with dt Tp

their initial energies and do not satisft the plasma energy bal-
ance. The particle confinement time is the same for all ion
species. The electron density is determined by the chargeherenp, nsne, na, nr, np, andn,, are the number densi-
neutralization condition. Plasma volume remains constanties of deuterons’He, alphas, tritons, protons, and neutrons,
Plasma is spatially homogeneous and it is described by thehile Pp_nes3, Pp_7, and Pp_p are the rate of radiation
kinetic-point model. energy loss due to the aforementioned fusion reactignis

+ O.5n2D (oV) DD, + SHes, (14)
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the particle confinement timey is the energy confinement
time, and E is the energy injected into the fuel and the re-
action rate parametéj = 1 ~ 4) ovj, which is equal to the
product of the fusion cross-section and the relative speed of
the fusion nuclei, which is averaged on the Maxwellian distri-
bution function.Sp , andSyes are the number of deuterium
and? Heatoms injected into the plasma per unit volume per "=
unit time. In other words, thésv)-parameters represent the 5
reactivity of the fusion reactions mentioned above, and the 2
Q-parameters are the energy resulting from these fusion re- ‘>
9]
]
v

temperature [keV]
10° 10! 10° 10°

actions. Also, G is fusion energy gain, which is determined
from the following equation:
E

= E’
whereF is the released net energy resulting from the above
fusion reactions presented afdis the laser energy required FIGURE 1. Temperature variations of fusion reaction cross-
to start the fusion reaction, which is approximatély’ J. sections< ov > for DD, DT andD — 3He (red) [16].
Note that to check the energy and particle balance equations
. 3 S .
Itﬂ D v rHe fuveli Itis ;'rrSt nttai\clissa_lr_y to cnr:/ec;I: a)r:d ?i(rert]e;nt“rl]le As can be seen from this graph, in the temperature range

€ average vajue of reactivity. 10 convert expenmentally,¢ o 1, 100 keV, the reactivity increases with increasing
obtained values into a mathematical relationship, many meﬂ}-

. - emperature, and D-T fusion fuel has the highest reactiv-
ods have been proposed and different coefficients have be(ﬁ(/l But note that the mairD — 3He fuel increases its re-
defined to fit the graph and match the values. We take th Ctivity up to 200 keV. To determine the particle density

help of one of the most common relations, the Bosch an nd the net energy resulting from fusion in the first stage,

Hf'" forrT_]u_Ia, Wg.';h can be used to obtarl1n ';hﬁ ayeragel vglu e solve the non-linear coupled balance differential equation
of reactivity at different temperatures. The following relation system for the particle (Eqsb)to (11) and {4)) and also
expresses this formula [15]: the energy (Eq.12)), we in the temperature range 6f5
(ov) = C107°/%¢2 exp(—301/3¢), (16)  to 200 keV. It should be noted that for the numerical solu-
tion of the above differential nonlinear kinetic equations 0
have been used the condition§p = 4.5 x 10?2 cm™3,
Sspe = 2.65x102em 3, 7 =7p =7, = ... = 9x107 25,
T = 1/47 and initial condition:np (0) = 4.5 x 10*2 cm3,

10~ 10" 10*

G temperature [billion kelvins]

(15)

rature is represented i, the cross-section of interaction is
given by o and the relative speed of the fusing particles is
shown byv. The value of coefficienf is determined from

Ea. {L7): nspe (0) = 2.65 x 10*2 cm=3, E(0) = 0, no(0) = 0,
9 —1— CoT + C4T? + C6T? 17) n,(0) = 0, np(0) = 0, n, (0) = 0 and obtained the tem-
1+ C5T + C5T? + C7 T3’ poral dependence of the number density.gf, nspe, nr, F
and¢ can be determined from the following equation: and G particles in the temperature range®$ to 200 keV
Co and we have given the results in Figs. 2 and 3, respectively.
§= gl (18)  In addition, the flux of alpha particles, neutrons and protons

produced as a result of the fusion reactions presented above
are obtained from the following equation®. the product of
density and velocity:

The values of”y to C; for different fusion reactions are
given in Table | [15]

TABLE |. The diagram of temperature variations of the reactivity

of different fusion reactions mentioned above has been drawn us- S, =npvp, Po =naVa, Pn=npvy, (29)
ing Egs. L6), (17) and (18) its diagram is shown in Fig. 1.
T(d,n)*He D(d,n)*He D(d,p)T *He(D,p)*He wheren,, andv,, n, andv,, n,, andv, are respectively the

Ch 5,51E-10 5.66E-12 5.43E-12 1.17E-09 density and speed of proton, alpha and neutron particles pro-

Cy 6.42E-03 3.41E-03 5.86E-03 1.51E-02 duced by the above reaction. Considering havipgn,, 7,
as a function of time and temperature and using the relations
C -2.03E-03 1.99E-03 7.68E-03 7.52E-02
° vp = \/2E,/my, vo = \/2E,/mq, andv,, = \/2E,,/m,,
Ca -1.91E-05 0.00E+00 0.00E+00  4.61E-03 the produced flux variations of proton, alpha and neutron as
Cs 1.36E-04 1.05E-05 -2.96E-06 1.35E-02 3 function of time and temperature can be determined.

Cs 0.00E+00 0.00E+00 0.00E+00  -1.07E-04 The results of the Fig. 2: from the comparison of Fig. 2a)
C7 0.00E+00 0.00E+00 0.00E+00  1.37E-05  and 2b), we find that with and without helium catalyzed pro-
mrc? (KeV) 1124572 937814 937814 1124656 cess, the density of deuteriums decreases over time due to
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=T=1 keV =—T=10keV —=T=13 keV —T=30 keV —T=50 keV — T=70keV
T=90 keV T=110 keV I=150 keV I=170 keV = T=190 keV

Color guide for choosing different temperatures

without helium catalyzed process with helium catalyzed process without helium catalyzed process with helium catalyzed process

x
- 1
aylen”) nlem ) () \ ()
b 5 lom o (e
D e e

c) s d)

a -
n"fm ! or WA olam

1) " ts)

e) s . )
FIGURE 2. Time variations of particle density a), b): deuterons (with (solid color) and without (dotted line) helium catalyszed process) c),
d): helium-3 (with (solid color) and without (dotted line) helium catalyszed process) e), f): Tritons ((with (solid color) and without (dotted
line) helium catalyszed process) g), h): Neutrons ((with (solid color) and without (dotted line) helium catalyszed process) for different
temperatures.

a)

FIGURE 3. Time changes of particle density a), b): alphas and protons (with (solid color) and without (dotted line) helium catalyszed
process) c), d): energy and energy gain (with (solid color) and without (dotted line) helium catalyszed process) e), f): flux of proton particles
produced fromD — 3He and D-D reactions (with (solid color) and without (dotted line) helium catalyszed process) g), h): flux of alpha
particles produced from reactiois— *He and D-T (with (solid color) and without (dotted line) helium catalyszed process) i), j): and 1), k):

the flux of neutron particles produced from D-D and D-T reactions ((with (solid color) and without (dotted line) helium catalyszed process)
for different temperatures.

the consumption of deuteriums and finally reaches the chastate with helium catalyzed process, it can be seen that be-
acteristic value of the stable state, and temperature variatiortause the density of helium-3s due to the D-T reaction in-
do not have much effect on this density for with and withoutcreases over time, the density of helium-3s increases with
helium catalyzed process. From the comparison of diagramthe time growing and also with increasing temperature, its
in 2c), we can see that without helium catalyzed process, thproduction rate increases because the reactivity of the men-
density of helium-3 decreases with time growing due to thetioned reactions increases with increasing temperature. From
consumption of helium-3 and finally reaches the characteristhe comparison of graphs 2e), 2f), 2g) and 2h), we find that
tic value of the steady state, and temperature variations haweith the time increasing due to the side fusion reaction D-
little effect on this density in the state without helium cat- D, the amount of produced tritium and similarly due to the
alyzed process. If comparing the 2-d graphs related to theide fusion reaction D-D and D-T the amount of produced
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neutrons increases first ,and then, due to the reduction of tHeim catalyzed process, the fusion gain gradually increases
main fuel consumption, the amount of D-D side fusion reacwith increasing temperature and reaches a maximum value
tion for tritiums and the amount of D-D and D-T side fusion of about 20 at a temperature of 190 keV, while with the use
reaction for neutrons are reduced, as a result, the amount of helium catalyzed process, it increases gradually with in-
tritiums and neutrons available are reduced and finally reachreasing temperature and reaches a maximum value of about
the characteristic value of steady state.(for both cases with10 at a temperature of 190 keV.
and without helium catalyzed process). Also, with increas-
ing te_mperature, their production rate incr_easgs because t > Estimation of the added energy gain due to
reactivity of the The results of the graphs in Fig. 3: accord- .
ing to graphs 3a) and 3b), the density of produced alpha and de_Uteron_beam injection to the fuel target
proton particles increases with time because the main fuel ~ Using helium catalyzed process inD — *He
D — 3He and secondary fuels D-D and D-T are consumed  fuel considering fast ignition
and then due to the consumption of these fuels the amount ) ] ] ) ]
of produced alpha and proton particles are reduced. (for botR€utrons in the fusion during with fuel ions produces a
modes with and without helium catalyzed process) AccordPOnus energy gain. Depending on the conditions of the target
ing to graphs 3c) and 3d), the energy density and energy gaplla_sma, th_|s added energy gain can have a significant co_ntn-
from the main reaction and side reactions for both cases witRution. This added energy increases the total energy gain of
and without helium catalyzed processes increases with timi1e System. The value @F as the energy gain, the ratio of
because the main fué — 3He and side fuels D-D and D-T the total fusion energy produced; through the beam-target
are consumed, and as a result, the fusion energy and enerH}feraCtiO”S to the input energy of the ion injected into the
gain from them increases and finally reaches the characterifl@smakr, is defined as follows [17]:
tic value of the steady state. Er g (E)dE

According to the diagrams 3e) and 3f) and the flux den- GpysHe = Nope—t——
sity of produced proton particles from the main reaction £y
D — 3He and the side reaction D-D for both cases with andn this relation, E;;, and E; are the average energy of the
without helium catalyzed process first increases and then déackground plasméE,;, = 2K 3T) and the initial energy of
creases with the time growing. Because at first the main fuete injected ion, respectively.
D — 3He and the side fuel D-D are consumed and as a re-
sult the proton production flux resulting from them increases,
but after the aforementioned fuels are consumed, their fusion Eu
rate decreases and as a result the produced proton flux re-

. . S the fusion production energy due to both neutrons and
duces.According to graphs 3g) and 3h), the flux density of . . . - .
produced alpha particles from the main reaction *He and charged particles.S(E) is the fusion probability of an ion

the side reaction D-T for both cases with and without heIiumW'th. eqergyE, which slows down as mych dﬂ'.Th'S prob— .
lity is calculated through the following relationship [18]:

catalyzed processes first increases and then decreases Wéﬁlﬁ'

the time increasing. Because at first the main flel- 3He dE

and the side fuel D-T are consumed and as a result the flux of > (£) = Z Ky [ov(E))o]r (Ep)ix (dt) o (2D)
produced alpha particles from them increases. But after the k

mentioned fuels are consumed, their fusion rate is reduce@heredE/dt is the energy dissipation rate time of the in-
and as a result, the amount of produced alpha particles flupcted ion, which is defined as follows for the pre-compressed
is reduced. According to graphs 3i), 3y), 3k) and 3l), the D — 3He fuel (ignoring the energy distressing of the injected
flux density of neutron particles produced from side reacions during slowing down):

tions D-D and D-T for both cases with and without helium L

catalyzed processes first increases and then decreases with 1 (dE ) Zie*mé ElnAp spe

(20)

E;

S(E)dE,

the time raising, because at first the side fuels of D-D and  ps,,, \ dt - L5 El
’ ‘ D+3H 3m(2m)2 egmy (KBTe)?
D-T are consumed and as a result the flux of produced neu- e (2m)* egma (KpTe)
. . 3
trons by them increases, but after the aforementioned fuels 3y/Tm? (KBTe)%
are consumed their fusion rate is reduced and as a result the x |1+ T , (22)
dmpmé Ez

flux of produced neutrons is reduced.
It is necessary to mention that in all the graphs givenwherem, is the mass of the electron and; is the mass of
in Fig. 3, the values of all the fulfilled quantities related to the injected ion and they are in atomic mass units. Figure 4
the state without helium catalyzed process are lower than thehows that/Edt decreases with increasing electron temper-
state with helium catalyzed process, and also with increasingture and deuteron beam energy.Ebl K is the average fu-
temperature, their production rate increases because the reaien reactivity for the injected ioh with index &, which has
tivity of the main reactiorD — 3He increases with increasing atomic fractionk, in the target( Ey), is the energy released
temperature up to 200 keV. In this method, without using hein a fusion andr’, is the electron temperature of the target.
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for heating the hot spot, the surface density,(r is ra-
dius of the hot spot angd is density) of the hot spot is too
low to significantly slow down the neutrons, so only charged
particles are involved in this. Therefore, according to D-
T and D — ®He reactions, for D-T reactions, only 20% of
the fusion energy is carried by alpha particles in the target,
and for D — 3He reaction, all the fusion energy that is car-
ried by proton and alpha particles, it is useful for heating,
while it is useful for the D-D reaction in both fuels, approx-
imately 63% of the total energy. In order to avoid mistakes,
G000 we introduce a new factor to show the multiplication of en-
oot ergy in order to heat the hot spot by charged particles, and

Ep ( Kev) therefore the percentage of bonus energy due to D-T and

D-D fusion is YD+T = 20%GD+T and Y1D+D = 63%

FIGURE 4. ThedFE/dt variations in terms of electron temperature Gp.p, respectively. And similarly for the pre-condensed
and deuteron energy in the pre-dense helium catalysed process if"'uel D — 3He and also for the D-D fusion reaction we have

fuel D — 3He with a density of 300 g.cm?

e T

', Pl i -

LT,
T

T ",
o

I\, i

Ypisne = 20%G pyspe andYapyp = 63% Gp4p, respec-
tively. Therefore, the total energy that can be placed inside
the target is obtained from the following equation, which is
equal to the sum of the deuteron energy and the energy of the
charged particles produced by deuteron-target fusion (bonus

energy):
Etotal = ED (1 + Q) . (24)

Therefore, for the side reaction D-T and the main reaction
D — 3He we have:

Etotal D+T = ED (1 + YD+T + Ya.D+D>
= Ep (14 20%Gp+r +63% Gpip), (25)

Etotal D+3He — ED (1 + YD+3He + Y2D+D)
=Ep (1420%Gp 4 sne + 63% Gpip). (26)

As can be seen, thEp and Y parameters play an important

FIGURE 5. Coulomb logarithm variations in terms of electron tem- role in the bonus energy and the total energy deposited by the

perature and different densities Bf— 3He fuel.

deuteron beam. It should be noted tliad:, is the total de-
posited energy by the ion beam plus the beam-target fusion

By calculating Eq.21) for the desired fuel and inserting it contribution in the hot spot, and it is not equal to the total en-
into Eq. 20), it is observed thatsye is removed from the  ergy entering the target (concentration laser energy plus fast
equation and~ is almost independent of the target density.ignition energy to the total target) which is often mentioned
But the Coulomb logarithm depends ®pand target density in energy studies.

p. For high energy ionk A | s is written as follows:

InApisge = 14.8 —In(y/n./T.),

TABLE |l. Bonus energy percentagerf r andYp  aye) in the av-
(23) erage initial deuteron energy and different hot spot temperatures of
the D-T side reaction and the malih— 3He reaction with a density

whereT' is in keV, p andn, are the target and electron num- ¢ 300 g.cn3.

ber density in terms of g.cn? and cnt 3, respectively. The
only reason for the significant depender&eparameter on
density is Coulumb logarithm. Two- and three-dimensional in fuel D-T in fuel D — *He
variations ofD — 2He Coulomb logarithm in terms @, and 70 20 10 | 70 20 10
density in the range df00 — 500 g.cnT® are shownin Fig. 5. ey Kev KeV | KeV KeV KeV
Itis clearly seen that the Coulomb logarithm for the desired
fuel has a lower value ipand largen., but it increases fastly

with 7.
in Eq. 21), is the energy released in the

which is carried by fast neutrons and charged particles. But 1.8 1.7 1 |17 16

hot spot temperaturehot spot temperature

30 4 4 34 20
2 15 18 12

fusion reaction 5 15 15| 12 5

1 MeV average
4 MeV initial

7 MeV deutron
10 MeV energy

Rrlw| oo
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process is used to increase the energy gain of the fusion reac-
TABLE I1I. Total deposited energy in the average initial deuteron tor because the reactidd—*He does not produce any neu-
energy and different hot spot temperatures of the side reaction D-Ttrons, and D-D reaction fuel sources are abundant. It is ex-
and the main reactio” — *He with a density of 300 g.cn?. pected that these reactions can be used in advanced fuel fu-
sion reactors. In the calculation method in this article without
using helium catalyzed process increases gradually with in-
creasing temperature and reaches a maximum value of about
20 at a temperature of 190 keV, while with the use of helium

hot spot tempe- | hot spot temperature
rature in fuel D-T in fuel D — 3He
70 20 10 70 20 10

KeV KeV KeV | KeV KeV KeV catalyzed process it increases gradually with increasing tem-
1.30 1.04 1.03 144 122 1.06 1MeV average Perature and reaches a maximum value of about 110 at the
218 204 207 240 222 206 4MeV initial same temperature. In fact, fast ignition is recognized as a po-

tentially promising method to achieve the high-energy gain
target performance required for commercial inertial confine-

1018 1017 1041018 10.17 10.1 10MeV energy  ment fusion. Here we consider the deuteron beam driven as
a fast ignition agent that provides not only the “hot spot” ig-

In Tables Il and Ill, the percentage of bonus energy andhition spark but also the “bonus” fusion energy through in-
total displacement energy (sum of deuteron energy and bonygrget reactions. In this study, we estimated the impact of de-
energy) in the average initial deuteron energy and differenposited energy caused by the fusion reactions that happened
hot spot temperatures due to the side reaction D-T and thgssed on calculations using a modified energy amplification
main reactionD — ®He is brought, respectively. As it is tactor. which in Tables Il and Ill percentege of bonus en-
known, sinceYpse is more thantp .7, the percentage of gy and total deposited energy per average initial deuteron

bonus energy and total deposited energy due to the main reagnergy and different hot spot temperature related to side reac-
tion of D — 3He is more than the side reaction of D-T, and in tjion D-T and main reactio — 3He in density 300 g.cm?

both fuels these parametrs are more in smadllgrand higher e satisfied.
T.. In other words Eioto has a significant increase compared
to Ep whenT, is larger andt'p is smaller.
In a more realistic situation, deuterons with more energyACKknowledgments
should first reach the cold fuel and increase its temperature. . ) ) , .
Then, low-energy deuterons arrive and create a significan-Eh'_S work is supported by the Islamic Azad University of
fusion gain through beam-target reactions at a new eIevate%h'raZ'
temperature. Therefore, despite the fact that the added de- A
posited energy from beam-target fusion is not very clear iPat@ availability statement
the initial conditions, but when the temperature of the hotry . ot used to support the findings of this study are avail-

spot increases, it gradually becomes more important and fEbIe from the corresponding author upon request.
nally, reaches to a significant energy contribution [19]. This

issue, when higher plasma temperatures reduce the stoppi%nﬂicts of interest

power parameter, in turn allows slower low-energy deuterons

to penetrate more into the fuel. The authors declare that there are no conflicts of interest re-
garding the publication of this paper.

3.15 3.03 3.03 3.39 3.18 3.06 7MeV deutron

6. Conclusion
Funding
In this article, the fast ignition method of nuclear fusion reac-
tion D—3He in two cases with and without helium catalyzed All costs of this article for publication will pay by authors.
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