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Abstract In this paper, non-equilibrium ignition condi-
tions for magnetized cylindrical deuterium—tritium plasma
in the presence of an axial magnetic field have been
investigated. It is expected that temperature imbalance
between ions and electrons as well as the axial magnetic
field will relax the threshold of ignition conditions.
Therefore, ignition conditions for this model are derived
numerically involving the energy balance equation at the
stagnation point. It has been derived using parametric space
including electron and ion temperature (7., T;), areal den-
sity (pR), and seed magnetic field-dependent free param-
eters of B/p, mB, and BR. For B/p < 10° G cm? g_l,
mB <4 x 10* G cm gfl, and BR <3 x 10° G cm, the
minimum fuel areal density exceeds between pR >
0.002 g cm ™2, pR > 0.25 g cm 2, and pR > 0.02 g cm ™2,
respectively. The practical equilibrium conditions also
addressed which is in good agreement with the corre-
sponding one-temperature magnetized mode proposed in
previous studies. Moreover, it has been shown that the
typical criterion of BR > (6.13-4.64) x 10° G cm would
be expectable. It is also confirmed that the minimum pro-
duct of areal density times fuel temperature in equilibrium
model is located in the range of T = 6-8 keV for all these
free parameters, depending on the magnitude of the mag-
netic field. This is the entry point for the non-equilibrium
model consistent with equilibrium model.
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List of symbols

0 Mass density (g cm™>)

R = Ry, Cylinder radius at stagnation (cm)

n Number density (cm™>)

Ne Electron number density (cm™)

n; Ton number density (cm™)

np Deuteron density (cm™)

nr Triton density (cm_3)

T, Electron temperature (keV)

T; Ton temperature (keV)

B Magnetic field (G)

Vo Birth velocity of alpha particle (cm s~ ")
We Electron cyclotron frequency (s~ ')

Wy Larmor frequency of alpha particle (s~ ")
w; Ton cyclotron frequency (s~ ')

Speed of light (cm s~ ')
Unit charge (statC)

me Electron mass (g)

m; Ton mass (g)

my Alpha mass (g)

Z Atomic number (-)

Z, Alpha atomic number (-)

E; Fusion energy (erg)

E, Alpha particle energy (erg)

E, Neutron energy (erg)

fx Fraction of alpha energy deposition (none)

l, Mean free path of alpha particle (cm)

ol Larmor radius of alpha particle (cm)

R Ratio of cylinder radius to mean free path of

alpha particle (none)
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b Ratio of cylinder radius to Larmor radius of
alpha particle (none)

kg Boltzmann constant (erg keVﬁl)

W, Fusion power density (erg cm ™ s~ )

W.,.pr DT fusion power density (erg em 2 s7h

<OV>pr DT averaged reactivity (cm® s~ ")

Wer Bremsstrahlung power density (erg cm™> s~ )

Whe Heat conduction power density loss (erg cm
s_l)

h Planck constant (erg s)

Ke Braginskii thermal conductivity for electrons
(crn7l sfl)

K; Braginskii thermal conductivity for ions
(cnf1 sfl)

T Collision time (s)

1 Introduction

Magnetized target fusion (MTF) is known as a hybrid
approach between two common fusion methods, i.e.,
inertial confinement fusion (ICF) and magnetic confine-
ment fusion (MCF) [1-5]. MTF was coined by Lindemuth,
and it is described as a method which deploys a line-
r/pusher implosion system to compress magnetized plasma
to achieve thermonuclear fusion [6]. A magnetized target
concept was separately conducted in Russia and the USA
under the titles of MAGO (MAGnitnoye Obzhatiye, or
magnetic compression) and MTF. Each one consists of a
magnetized fuel and preheated confined plasma in the
fusion target driven by an ion beam or laser pulse [7-9]. It
is a combination of a standard ICF method with the applied
seed magnetic field. The axial seed magnetic field on
magnetized liner inertial fusion (MagLIF) at Sandia
National Laboratory is approximately By = 10-15 T where
it is compressed to a high value of B, > 50-100 kT at
stagnation [10, 11]. Reductions in radial thermal conduc-
tion losses due to electrons and ions of plasma as well as
enhanced heating of alpha particles produced during the
deuterium—tritium (DT) fusion reaction are examples of
potential advantages of this proposal [12, 13]. Moreover,
significant  reductions in  velocity  requirements
(~ 10°cm s™"), as well as hydrodynamics instability
vulnerabilities in implosion stage, are quite expect-
able [14]. It implodes between sub-nanoseconds and hun-
dreds of microseconds which results in an extension in the
admissible values of ignition condition in a parameter
space [15]. It also corresponds to a very low pR parameter
(areal density) of < 0.01 gcm 2, up to high values of
~ 1.0 gecm™2 as happens in traditional ICF. The mini-
mum areal density for non-magnetized cylindrical fuel,
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which is allowed to be ignited, is pR > 0.45 g cm >

[16, 17]. Because of a considerable reduction in energy
production costs, this novel approach to ICF earns enough
attraction at economic scale, as well.

Widner proposed that applying a magnetic field to the
fuel volume decreases thermal conduction, increases alpha
energy deposition, and thus scales driver requirements
down [18]. Magnetized fuel also relaxes high pressure
values of ICF at the stagnation interval [19-21]. While ICF
and MCF follow Lawson criterion in different pathways,
MTF follows an intermediate choice; in fact, its goal is
providing a plasma with densities around 10' cm™>
located between ICF and MCEF [22]. Leading research labs
in the USA, such as Los Alamos National Laboratory
(LANL), Sandia National Laboratories (SNL), OMEGA
laser facility—Laboratory for Laser Energetics at the
University of Rochester and Air Force Research Labora-
tory (AFRL), are the examples of currently working sci-
entific groups on this approach [23]. Moreover, General
Fusion in Canada is doing progressive experiments on
MTF with a broad horizon by 2030. A novel magnetized
target plasma design is working on spherically imploding
plasma liners. The initial magnetic field is less than the
cylindrical liners, i.e., By= 147 x 10° G-4.5 x 10* G
with Ry = 4-9.4 cm [24]. In spherical compression exper-
iments on the OMEGA laser, the known application of
magnetic field compression in plasma, relaxing ignition
conditions for ICF, appears in the form of mean 15%
increase in neutron-averaged ion temperature [25].

The main objective of this target design is to achieve the
appropriate thermonuclear ignition and burn propagation at
a much lower ignition condition. Traditionally, the ignition
threshold can be determined by fuel temperature (7) and its
areal density (pR) characteristic parameters. The well-
known ignition criterion for non-magnetized DT is
T =5-12 keV and pR > 0.2-0.5 g cm 2. In a magnetized
case, pR is no longer accounted as a reliable parameter for
fuel ignition, and it is simply replaced by a BR parameter
where B and R indicate the strength of seed magnetic field
and fuel radius, respectively. So, the alternative ignition
criterion is expressed by plasma temperature margins of
T=7-10 keV and BR > (6.5-4.5) x 10° Gcm in the
framework of the equilibrium temperature model (i.e., ;.
= T.) [26, 27]. Ignition condition will reduce substantially
if the imposed magnetic field is so strong to impede the
escape of 3.5 MeV alpha particles. Consequently, the
required driver power and expenses will decrease dramat-
ically [28]. As the implosion velocities decrease in the
MTF approach, the confinement times are extended which
allow the efficient burn wave propagations. Generally, this
provides hot spot ignition at lower pR parameters. Hot spot
ignition in ICF causes high energy gain by igniting the fuel
from a small spark. Propagation of a burn wave into a fuel
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then results in burn. The hot volume is assumed to be
tamped by a denser material, i.e., a tamper or dense fuel
[29]. MagLIF simulations indicate that the areal density of
~ 0.07 gecm™? of the DT layer is adequate for the
beginning of burn wave propagation [30]. MagLIF evolu-
tion roadmap shows that by 2018 full DT performance will
be achieved, and experiments at Z facility indicate that by
stagnation and peak burn around 140 ns, the fuel has a
radius pR ~ 6 mg cm™~2 [10].

Magnetized targets are typically deigned either in
spherical or cylindrical geometries [31]. Because of the
inherent compatibility between the direction of beam illu-
mination and target geometries, it is expected that the
radial implosion of the fuel layer may be managed much
easier in a cylindrical case [32]. A decade ago, the suc-
cessful implementations of generating a hollow ion beam
in the experiments were reported separately in the Institute
for Theoretical and Experimental Physics within the
framework of the ITEP TeraWatt Accumulator (TWAC)
project and in the German Federal Research Institute for
Heavy Ion Research (GSI) in the framework of the FAIR
(Facility for Antiproton and Ion Research) project [33]. In
laser-driven liner implosion of cylindrical targets, the laser
beams are symmetrically illuminated on the cylinder wall
[34]. In order to achieve the required field compression, the
presence of the initial external magnetic field is obligatory.

In a simple ignition model, we may assume equal tem-
perature for plasma components (i.e., electron and ion).
However, in a realistic picture of fuel ignition, a non-
equilibrium temperature model arises [35, 36]. Recent
diagnostic studies of ignition condition in National Ignition
Facility (NIF) targets reveal that hot spot parameters show
more agreement with those values predicted by non-equi-
librium temperature models, which can be observed in NIF
ignition capsule implosions [34, 37]. Moreover, a non-
equilibrium temperature model in a volume-ignited target
shows that because the fuel may arrive in a temperature
equilibrium mode at stagnation, it quickly transits to non-
equilibrium ignition and burn phases. This transition mode
improves energy yields and system performance [38]. In
this model, it is suggested that electrons and ions have
separate (T, and T;) temperatures. lon—electron non-equi-
librium relaxation is so efficient in such a way that it can
expand ignition domain in pR-T plane. Besides, one can
provide situations in which this non- equilibrium condition
persists in hot spot and sets up less pR requirements to
achieve self-heating [39].

In this paper, we present an analytic illustration of
allowed ignition values of the areal densities of a magne-
tized DT fuel relevant to cylindrical geometry in the
framework of the non-equilibrium two-temperature model.
It is organized as follows: in Sect. 2, the mathematical and
physical foundations of a non-equilibrium ignition model

are presented which include the effective parameters in the
energy balance equation, taking into account all the
transport coefficients relevant to this geometry; and finally,
in Sect. 3, the admissible values of fuel areal density at
different physical situations are plotted and then analyzed.
Moreover, a brief discussion on the consistency of the
formalism and the expected values between equilibrium
and non-equilibrium modes is presented.

2 Two-temperature model of magnetized DT fuel

In order to derive magnetized DT fuel ignition criterion
in non-equilibrium temperature mode, i.e., T; # T,, we
first discuss the parameters influenced by magnetic field.
Noting the possibility of plasma having several tempera-
tures, electrons and ions are often considered to have
Maxwellian distribution with different 7, and 7; tempera-
tures. This is due to the fact that the collision rate of
electrons and ions with the same species is greater than
their collision with a different one. Thus, although each
species has its own thermal equilibrium, the plasma would
have a non-equilibrium model. In the presence of a uniform
magnetic field (B), plasma components possess their own
cyclotron frequencies and follow different temperatures
[40]. The variation of electron or ion temperature parallel
or perpendicular to the magnetic field is neglected. Elec-
tron and ion cyclotron frequency in the magnetized DT fuel
is obtained by [41]:
we[s7'] = eB07 wi[s7'] = ZeBO. (1)

meC m;c

Considering the nuclear reaction of DT fuel to derive an
energy balance equation, we have

d +t — 3He(3.5 MeV) + ¢n(14.1 MeV), (2)
le =E,+ Ena (3)

where E, and E, are the released energies of the alpha
particle and neutron, respectively. In plasma heating, the
alpha particles merely contribute and due to the plasma
transparency, energetic neutrons escape freely. The neu-
trons energy deposition would be important, if the areal
density of (pR) 14 =4.67 g cm ™2 for DT fuel is main-
tained. Therefore, their contribution in energy deposition is
neglected freely in the calculations. Practically, a fraction
of alpha energy is deposited in the fuel (f,) depending on
the areal density of igniting plasma; in this way, (1 — f,) is
the fraction of energy which is transferred into the outer
cold fuel or tamper layers. f, cannot be calculated analyt-
ically for cylindrical geometry unlike the spherical fuel
volumes; hence, the approximate formula for the fraction
of alpha energy deposition due to coulomb collision with
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plasma electrons in the fuel for a magnetized DT cylinder
of radius, R, with a uniform magnetic field along the
cylinder axis is presented by [29].

Xy +xf

Jala) = 1+ 13xa/9v+x§

(4)
with x,,

_ 8 /- b?
xy(Rb) == R+ ———— ), 5
(R.2) 3< \/9b2+1000> ®)

which is a function of two dimensionless parameters, R and
b,

R= (6)

R
L,
where R(cm) is the radius of cylindrical fuel volume. /,(-
cm) is the mean free path of alpha particles which is
defined as [32, 42]:

o 3 nyvo (kB T)3/2
T 42n 1Z2e*n/m.
Equation (6) represents the effectiveness of alpha particles
energy deposition, geometrically. Moreover, the parameter

b depicts the relative importance of enhanced alpha particle
heating in magnetized fuel, as well as:

: (3)

1,[cm] = 0.015T.% /p. (7)

where r,[cm] = vo/w, = vomyc/(2eB) is the Larmor
radius of alpha particles and BR is in unit of G cm [32].

2.1 Energy balance condition in a non-equilibrium
plasma

For simplicity, it is assumed that the volume is a uni-
form cylinder of radius, R, which consists of a metallic tube
filled with fuel plasma. A seed magnetic field is applied
externally along the cylinder axis. The driving ion beam
heats the outer part of the cylinder; it causes the expansion
of the cylinder radially and hence drives the inner part of
the tube toward the axis. A typical radius of the cylinders is
approximately 1-3 mm [29]. The particles are ablated
radially as the ignition occurs. The role of the magnetic
field is to control alpha particles radial flux and inhibit heat
conduction of electrons. This determines the framework in
which the zero-dimensional equations can be solved if a
sector of the cylinder is to be observed. Cylindrical
geometry requirements, such as fuel mass and fraction of
deposited energy by alpha particles, must be fulfilled at a
zero-dimensional approach. Furthermore, it is also assumed
that the steady-state approach is valid during the stagnation
period lasting about 107—=107%s  where the
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hydrodynamics expansion can be neglected [42]. The
ignition criterion using the energy balance equation for DT
targets is primarily evaluated. The balance equation is
written for cylindrical volumes surrounded by a tamper at
the time of maximum compression (stagnation). Generally,
the steady-state equation which refers to power balance as
well as ignition criterion including essential physical pro-
cesses will be determined by the following equation for
stagnation, when temperature variation rate is almost zero.

W, — Z W (losses) >0, 9)

where W (gains) refers to all plasma heating mechanisms,
specifically, alpha particles here. The second term in
Eq. (9) includes the cooling processes by Bremsstrahlung
radiation as well as plasma thermal conductions. Therefore,
each term in Eq. (9) will take the following expressions
assuming the equimolar DT with equal number densities
(n = ne = ny):
erg
g [cm3 .S

} = npnr{ov)prEs, (10)

where W, shows the energy deposition by alpha particles and
(ov)py is the averaged Maxwellian reactivity of DT over
1 keV < T; < 100 keV [43]. Ignition will never occur if
losses due to conduction and radiation are too large.
According to this, the fuel will burn efficiently provided that
the deposition energy of thermonuclear alpha particles
exceeds loss terms. Heating by alpha particles is the most
important term in the power balance at stagnation. Moreover,
with the addition of a magnetic field, alpha particles follow
helical paths. As a result, the fraction of alpha particle energy
deposited in the fuel increases. It has been shown that in
magnetized fuel, alpha particles cause a significant pR
reduction, so that their Larmor radius is smaller than the DT
cylinder radius (R < [,) [42]. Bremsstrahlung power den-
sity and heat conduction loss can be obtained by [29, 44]:

erg 1 167 (kgTe)'/%e® -
Wber3,J Y e neZ("nZ ) (11)
erg ] _ 2kg(xeTe + 1iT5)
Wae [cm3 sl R? ’ (12)

where k; and x, are Braginskii heat conduction coefficients
[41]. Magnetic field enters into the balance equation through
these coefficients which include the aforementioned cyclo-
tron frequency of particles and also f,. On this account,
Eq. (9) simply changes into the following at stagnation:

Wy — Wor — Wpe > 0. (13)

We can assume either a spherical or cylindrical target
containing a DT fuel. For cylindrical implosion with uni-
form fuel density, substitution of Egs. 10-12 into Eq. (13)
gives us the final expression including p, R, T;, T., and
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B parameters. Hence, the impact of the seed magnetic field
can be described by various kinds of diagrams known as
Lindl-Widner diagrams relating pR and T parameters to
each other [1].

2.2 Non-equilibrium ignition criterion in MTF

Ignition criterion for standard ICF in equilibrium mode is
normally presented as a function of temperature and areal
density [32]. However, there will be a distinct result for this
criterion in the presence of magnetic field. This criterion has
been particularly evaluated for magnetized case in equilib-
rium mode in other studies [29, 42]. A non-equilibrium mode
of ignition criterion for magnetized DT fuel in cylindrical
geometry is suggested in this paper. Therefore, taking into
account the calculations in Ref. [29] at stagnation, the most
prominent condition to be fulfilled is that the deposition of
alpha particles exceeds Bremsstrahlung radiation (W,.

> Wy,), and Egs. (10) and (12) imply that

7% keV]

f,>38x10"18
(ov)pr

(14)

If we add heat conduction as a second term for cooling, i.e.,
W, > Wy, + Wi, we will arrive at a general inequality for
f» and consequently for BR independent of p.

fi>122
1/2
(WJF 3.1 x 1023Té/2[keV]>
x 1074

(oV)pr
(15)

By substitution of the approximate value of f, into
Eq. (15), the ignition criterion for DT magnetized fuel in
non-equilibrium mode will be obtained, which is an
extensive statement based on 7, and T;. For the special case
of T;=T.=T, BR > (6.13-4.64) x 10° G cm will be
achieved that is in good agreement with Basko’s calcula-
tions for equilibrium case (7' =7-10 keV) [32].

3 Results and discussion
3.1 Lindl-Widner diagrams

The Lindl-Widner (LW) diagrams can explain the
relation among T;, T, and pR in order to analyze ignition
conditions. The form of curves in these diagrams in our
study differs from non-magnetized as well as from the
equilibrium case owing to an additional B parameter and
the variation between electron and ion temperatures.
Regarding calculations of balance equation, it is apparent
that ion temperature just presents itself in <ov>pt which is

a function of ion temperature, 7; [45]. As a result, the
higher ion temperature can give rise to a fusion reaction
rate. Since the fraction of alpha particle energy deposition
(f,) occurs due to collisions with plasma electrons, this
fraction depends on pR and T, [46]. On the other hand, the
energy of plasma will reduce by the powers of 7/2 and 1/2
proportional to ion and electron temperatures as a result of
heat conduction and Bremsstrahlung losses, respectively.
This shows that low electron temperature will greatly
reduce losses. A variety of diagrams can be demonstrated
along with various ignition parameters on account of
applying an axial magnetic field. LW diagrams can display
ignition parameters as a function of electron and ion tem-
perature with the same pR for each curve. Focusing
attention on solving steady-state non-equilibrium equa-
tions, B/p (G cm’ g_l), mB (G cm g_l), and BR (G cm)
are selected as three free parameters for Figs. 1, 2, and 3.
The reason why these free parameters are selected is dis-
cussed in the following part.

The ignition curve parameter in Fig. 1 is opted as B/p.
Selecting this parameter is a reasonable choice in the
presence of magnetic field, in line with the dependence of
Braginskii formulas to B/p for electron and ion heat con-
duction coefficients. As B/p grows, pR decreases for dif-
ferent values of T; and T,. Besides, the difference between
ion and electron temperature is noticeable in smaller pR so
that the greatest difference is for B/p = 10° G em® g~
Yet, from B/p = 10" G cm® g~', the magnetic field will
only impact on further reduction of ion and electron tem-
peratures. The parameter B/p is desirable because it is a
constant of motion for quasi-adiabatic implosions which is
conserved in the process of cylindrical implosions [29]. As
the ratio of B/p approaches infinity, the required pR for
ignition tends to zero [32]. Variation of p and R along with
the magnitude of magnetic field will affect the hot spot
pressure. The larger the radius, the lower the hot spot
pressure, which results in reducing requirements on capsule
drive. By lowering the pressure, the required p decreases
and reduces requirements on fuel assembly. For instance,
in MagLIF experiment, by reducing pR from 0.3 to
0.01 g cm™2, the required pressure would decrease by a
factor of 30 [47].

Combining the expression for the fuel mass (m = npR?)
with the non-equilibrium equations, we find a new free
parameter, mB (G cm g~'). Therefore, in Fig. 2 corre-
sponding to this parameter, the growth of mB will also
reduce pR confinement parameter gradually. Given that
mB o Rz, this reduction rate is not comparable to that of
the B/p parameter. Thus, assuming there is a need for low
variation of pR, magnetic field changes can be introduced
into the product of mB. This shows that ignition pR
depends on the fuel mass at stagnation.

@ Springer
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Fig. 1 Contours of pR as a function of electron and ion temperatures for a fixed B/p parameter. a B/p = 0, b B/p = 10* G cm®/g, ¢ B/p = 10°

G cmB/g, and d B/p = 108 G cm3/g

Since the typical ignition threshold is replaced with BR
parameter or its equivalent parameter, R/r,; , this can be an
appropriate criterion to discuss ignition conditions. As
determined by Fig. 3, BR growth will also decrease pR
value. It is to be noted that from BR =4 x 10° G cm,
MTF ignition domain will be valid for any pR values. Once
B =0, all the three-parameter curves will behave in the
same manner. Various other curves can be reproduced by
multiplication of B/p into any power combination of 7 and
pR. It should be mentioned that synchrotron radiation loss
is not entered in the computations. It has been proven that
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this radiation loss is negligible in analyzing magnetized
ICF targets [48]. Comparing these curves with contour
plots of ignition criterion for non-magnetized DT fuel as
the one evaluated by Ref. [35] confirms the meaningful
decrease in the pR parameter. These figures are plotted for
T,>6.0keV and T.> 1.0keV. For the range of
6.0 keV < T; < 50.0 keV and 1.0 keV < T, < 50.0 keV,
pR will vary from 0.002-2.0 g cm™? intervals. For non-
magnetized DT, we have 2.0 g cm™> < pR < 0.1 g cm ™~
These results are summarized in Table 1 for three known
free parameters. For MagLIF at Sandia National Labora-
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Fig. 2 Contours of pR as a function of electron and ion temperatures for a fixed mB parameter. a mB =0, b mB =2 x 10* G cm/g,

cmB =3 x 10* G cm/g

tory, the magnetization parameter BR is 0.34 MG cm. BR,
rather than p, is the fundamental confinement parameter
relevant to MagLIF since it is related to the size [11]. For
cylindrical targets with axial magnetic field, the extremely
high BR appears at low densities. The other types of targets
do not have such high BR at low density.

As we organize the balance equation based on B/p
parameter, it implies that by increasing this parameter, heat
conduction declines considering it is greatest power in the
denominator of heat conduction term. This power is related to
the dimensionless parameter of wt, the product of cyclotron
frequency and collision time, which is recognized as mag-
netization term and shows the effect of magnetic field on

transport coefficients [24, 30]. Magnetic field has no influence
on Bremsstrahlung radiation power (see Eq. (11)). Enhancing
B/p broadens pR range along with lowering its value.

3.2 Calculation of ignition conditions
for equilibrium case

Ignition criterion for magnetized DT fuel was formerly
computed by Kemp [38]. In this section, the equilibrium
case for steady state is discussed as a means to have a
better perspective on non-equilibrium figures. If we invoke
our calculations for this case, the fraction of energy
deposited by alpha particles in Eq. (14) for T; = T, and
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Fig. 3 Contours of pR as a function of electron and ion temperatures for a fixed BR parameter. a BR =0, b BR = 0.2 x 10° G cm,

¢BR=22x10°Gcem,andd BR=3 x 10° G cm

;?:;ei;nigéfr;l;rt;\rﬁei Ifsfionr BR (G cm) PR (g cm_2) mB (G cm g_l) PR (g cm_z) Blp (G cm?® g_l) PR (g cm_z)

magnetized DT fuel 02 x 10° 02-12 2.0 x 10* 0.25-2.00 10* 0.20-1.80
1.0 x 10° 0.1-0.4 3.0 x 10* 0.2-1.00 10° 0.05-0.30
22 x 10° 0.025-0.20 4.0 x 10* 0.2-1.00 108 0.002-0.004
3 x 10° 0.02-0.1.00

W, > Wer will be summarized to f, > 0.240-0.105. Sub-  Br> (6.13 — 4.64) x 10° G - cm. (16)

sequently, b > 1.73—1.14 will be attained. Addition of heat
conduction term to our inequality will yield b > 2.27-1.72.
The derived ignition condition for magnetized cylindrical
DT target is consistent with Kemp’s criterion as follows:
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This limit is the condition of ignition to occur in DT
cylindrical magnetized targets. Ignition boundaries can be
calculated for the steady state from Eq. (9), similarly to the
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non-equilibrium case. If the ignition is achieved in the
implosion process, the minimum of pRT product will
determine optimum entry point [30]. Referring to the
magnetic field magnitude, this point is in the range of
T = 6-8 keV based on our calculations. Figure 4 shows a
tangible description.

To characterize the effect of growth in alpha particle
energy deposition and reduction in heat conduction loss,
other appropriate figures with various ignition parameters
can be illustrated. B/p is analyzed, for instance, in Fig. 5.
Remarkably, different criterions will be attained supposing
that we suppress electron and ion heat conduction com-
pletely (W, =0) or have local alpha particle energy
deposition (f, = 1). Comparison of Fig. 5 with its coun-
terpart in Ref. [29] clearly displays this difference. Elimi-
nating heat conduction reduces constraint on pR to a large
extent to broaden its range. This range is even wider for
f» =1 and pR reduces by about one order of magnitude.

4 Conclusion

Achieving ignition for inertial fusion based magnetized
target has consistently been a concern for the last years. It
is also considered as a smooth pathway to reach ignition
criterion with lower fuel areal density (pR). If this issue is
analyzed by a non-equilibrium ignition model, it will be
more attractive since temperature imbalance between ions
and electrons is a factor yielding a lower limit for pR with
reduction of electrons and ions heat conduction and driver
requirements in addition to the presence of an axial mag-
netic field. In this paper, ignition criterion for magnetized
cylindrical hot plasma in the presence of an axial magnetic
field is investigated using a non-equilibrium model. This
criterion is calculated for pre-compressed DT plasma. The
inequality between electrons and ions temperature is
valuable so that it can smooth the ignition conditions in
MTF. Ignition criterion is derived from solving the equa-
tion of energy balance within heating and cooling terms. It
is described through parameter space formed from electron
and ion temperature, plasma areal density, and any of
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Fig. 5 pRT diagram of cylindrical DT magnetized fuel fora Wy, =0 and b f, = 1

ignition parameters owing to exertion of magnetic field,
ie., B/p, mB, or BR. Electron and ion temperature
inequality combined with the impact of the axial magnetic
field on reduction of electron and ion heat conduction loss
and the enhancement of alpha particles energy deposition
in comparison with the non-magnetized case will relax the
conditions in which the ignition can occur. Moreover, there
will be a significant decrease in pR relative to the equi-
librium case. The temperature difference is more notable in
small pRs, and it reaches its maximum value at B/
p =10 Gem® g='. Additionally, MTF range expands
over all pR values from BR = 4 x 10° G cm.

Besides, we have done the calculations of ignition
hydrodynamics for the steady state in equilibrium plasma,
with the objective to verify the two-temperature magne-
tized model. The results of these calculations conform to
two-temperature calculations. In order to further explore
this model, other fuels can be evaluated and compared with
the one-temperature model. The assumption of 7; = T, may
not provide ignition condition for some fuels. Among the
two main common ongoing classes of MTF, which are
named as high gain and low-to-intermediate gain, our study
best fits the first approach experiments. This is because the
first approach consists of cryogenic targets, lowers the
implosion velocity, and relaxes many design constraints
increasing energy gain. Experiments at the University of
Rochester are concerned with this approach using the
OMEGA laser facility. This can also be done with multi-
dimensional codes. Cylindrical liners in the MagLIF
experiment, which are driven by an azimuthal or axial
magnetic field, are also good examples of theoretical
calculations.

@ Springer
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