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Abstract

Regarding inertial confinement fusion (ICF), the current proposed driving energy sources are mainly laser beams
or high-energy particle beams. This paper proposes a new method: Adopting a strong pulsed magnetic field as
the driving energy source, explored its action principle, derived all relevant formulas, calculated an example and
compared it with existing driving methods.The conclusion drawn is that this method can achieve high energy
gain, the required equipment is relatively simple and without the disadvantages of other methods, making it a
feasible method.
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0. Preface

There are currently two methods being explored to achieve controlled nuclear fusion: magnetic confinement and
inertial confinement.The former is the Tokamak device, and the Chinese have set a world record of 1056 sec and
158 million deg F plasma operation on 12/30/2021. The challenge faced by magnetic confinement is the need to
maintain the fusion plasma at temperatures of over a billion degrees for as long as possible, requiring the vessel
to withstand extremely high temperatures, requiring the vessel to withstand extremely high temperatures. To
address this, a strong magnetic field is used to confine the high-temperature plasma and isolate it from the vessel
walls. The Tokamak device must find ways to further extend the presence of the high-temperature plasma to be
of practical use.

The principle of inertial confinement is completely different from the above.Taking laser direct drive device as
an example: a hollow spherical shell, known as a "target pellet”, with a diameter of a few millimeters is made
using a polymer.euterium and tritium (DT) fusion fuel are loaded into the sphere, using a uniformly distributed
lasers to emit strong laser pulses around the target pellet, irradiating its surface, This causes the shell to
instantaneously vaporize and expand, while the resulting reaction force drives the DT fuel to rapidly implode
towards the center of the sphere, leading to a sudden increase in temperature and pressure, resulting in fusion ,
which is equivalent to detonating a miniature hydrogen bomb. This method utilizes the inertial force generated
by the implosion of the fuel to constrain the fuel itself, thus enabling the fuel to sufficiently undergo fusion; The
difficulty faced by inertial constraint driven by laser or particle beams is that the radiation energy beam cannot
fully and uniformly illuminate the surface of the spherical shell. This leads to fluid instability caused by
asymmetric implosion, i.e. the rupture of the pellet shell or inner layer during implosion, thereby disrupting the
centripetal compression of DT. Additionally, the coronal region formed by the vaporization of the shell has
limited transparency to radiation energy; this reduces the efficiency of radiation energy as the driving force input.

The paper proposes using a strong pulsed magnetic field as the driving energy source, and employing a ring
target instead of a target pellet. The structure and working principle are illustrated in Figure 1: a hollow ring
made of metal coated with DT ice (solid DT) layer on its inner surface, and the DT gas filled inside the DT ice

Edr (t>

cavity. The ring target is placed in a uniformly distributed driving magnetic field at the initial moment,

Bd1'<t)

and when undergoes a instant step change, a great induced current J is generated inside the metal shell,

causing the shell to rapidly heat up to the point of breakdown, forming a plasma. The magnetic field By
generated by J has a pinching effect on J, leading to the shell plasma to be pinched centripetally, compressing the
DT to its critical point and initiating fusion reactions.

226



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

P 6 FF
/'r;,‘ 1 LLL g I
OI&Ij QL F

L.

Fig 1. 1. shell 2.DTice 8. DIgas

As the shell is symmetrically acted upon by B (©) on all cross-sections simultaneously, the implosion motion
of the shell and the DT is symmetrical, preventing fluid instability due to asymmetry, and there are no
transparency issues. The entire fusion process of the ring target consists of the following three parts:

Firstly, the explosion induced by discharge~electric explosion, and pinching effect of the ring target shell;
Secondly, DT undergoes implosion due to the pinch effect of the ring target shell;

Thirdly, as the implosion approaches the center, the velocity of the DT suddenly decreases to zero, leading to a
sharp increase in internal energy. This is an energy conversion caused by stagnation, abbreviated as "stagnate™.
During stagnation, due to the higher entropy of the central DT gas, it heats up rapidly. At the end of stagnation,
the central DT gas first reaches the fusion threshold, forming a“hot spot”, which is the“ignition”. The fusion
energy within the hot spot propagates outward in the form of waves to the surrounding DT ice, resulting in wide
range fusion. This method of first forming a hot spot in a small range and then diffusing and igniting requires
less driving energy. If the ignition were to occur simultaneously throughout the entire region, a larger driving
energy would be needed. Therefore, the structure of "ice wraps gas”, as shown in Figure 1, is employed.

The aim of this paper is to derive the appropriate structural dimensions of the ring target, the amount of DT fuel
loading, and the suitable pulse waveform of the driving magnetic field, in order to achieve a higher energy gain
with lower driving energy input.

W

1. Fusion Average Reaction Rate VOse , as Well as the Power Density Related to ¢ Particles

1.1 Average Fusion Reaction Rate " “s¢

The DT fusion reaction equation involved in this paper is

2D43T 3 H (352MeV)+En(14.06MeV) (1.1-1)

There is an interaction potential energy between atomic nuclei, and when the distance between atomic nuclei is

greater than a certain value ’v, this potential energy is basically Coulombic potential energy; In order to achieve
fusion,two positively charged D and T nuclei must have sufficient kinetic energy of mutual motion to overcome

“<Tv a pair of DT nuclei will be attracted to each

Coulomb potential energy and collide with each other. When
other by nuclear forces, ultimately leading to fusion.
According to the above, if a pair of DT moves relative and a particle hits a circle centered on another particle

2
=rr

with a radius of “7, then the pair of DT may undergo fusion, Tsc " being the fusion reaction

cross-section.

Let the particle flow of particle 2 with a reaction cross-section of “sc pombard a single particle 1. If the
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Foe=n30.

s the probability of particle 1 being hit, i.e. fusion, is ;

quantity areal density of particle flow 2 is

The physical meaning of sc can also be: the probability that a particle undergoes fusion under the
bombardment of a particle stream with a unit flux density per unit time.

If vis the velocity of particle 2 relative to particle 1 and the quantity volume density of particle 2 is "2, then
2V s the quantity flux density of particle 2; If the quantity volume density of particle 1 being bombarded
is "1, the probability of fusion reaction for multiple particles 1 being bombarded by multiple particles 2 within a

unit time and volume is 172" Zsc

Ny =1y =1y

If particle 1 and particle 2 collide and can undergo complete fusion, is required, otherwise the

An=|ny — . . . . . .
excess |HV1 HVZ' particles will be useless due to the absence of particles that collide with them; This

means that particles 1 and 2 should take equimolar values, so that D and T nuclei form a one-to-one relationship,
known as the "DT pair"; The probability of such a "DT pair" fully undergoing fusion reaction per unit time and

2
- o
volume is ™ ¥ %sc .

If ! then "“sc becomes: within a unit time,the probability of fusion reactions occurring when two particle

streams with the same quantity volume density of 1 move relative to each other at velocity ; "“scis called

_ 3
fusion reaction rate, and its dimension is 7sel="/5
Note that if "V is the quantity volume density of the "DT pair", then the quantity volume density of D or T

ny =1 vo
)

nucleus respectively is also /. Therefore, when s¢ s the fusion reaction rate of the "DT pair".

Vo = Iotjo(v)f(v)dv "
In the calculation, the average value 0 of "“sc must be used, and the probability density
L) i=12 | can be obtained from the Maxwell velocity distribution, thus obtaining
Vo ZJ‘.“V] —V2|(7(|V1 —V2|)f]ﬁde]dV2 . . i . .

. For this equation, literature (Stefano Atzeni, Jirgen Meyer-ter-\Vehn, 2008)
provides several fitting algorithms obtained through numerical integration, among which the following two
approximate formulas are recommended for DT fusion

— 2.13 3 —
7&(1) = ky expl—o[In (7] k3)| ) [em®s™"] (1121

k=910x10"0[en®s™ ] ky=0572  ky=64.2[KeV] a

where , nd

7e(T) = kyT?[ems™] (1.1-2)2

where k4=1,1x10‘18[cm3s‘1/(er/*2]_

In the above two formulas the temperature dimension is [7'=4eV; The accuracy of the former is 10% at
temperature (3-100)KeV and 20% at (0.3-3) KeV; The accuracy of the latter at (8-25) KeV is 15%.

1.2 Power Density "¢ Related to Particle ¢

The formula for Va is

Wy = AapthVE(T) [erg/(s~cm3)] (12'1)1

_ 40 2
4,=8.064x10""[erg/g"] (1.2-1)2

Where “# ~mass density of equimolar DT gas.
Argument the above:

For a "DT pair"with a quantity volume density of ", the probability of fusion reaction occurring per unit time
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2__
at temperature 7 is ¥ VU(T); According to equation (1,1-1), the energy carried by AF particles generated

after each "DT pair" fusionis is Ipr=3.52HeV Therefore, the power density generated by the ¢ particles

participating in fusion is WA=; So, the power density generated by the AF 2 particles participating in fusion is
2__ _

Wa =Qpry v (T) . In this equation If the average mass of equimolar DT ions is 27 | then
Ve = Qy (0 |20y ) 7&(T) (1.2-2)

mpr =bm

In the above formula, the total mass of a "DT pair" is # ,where the neutron mass is approximated as the

proton mass “» and the electron mass is ignored.So, due to taking Tipy = mpy |2 , there is

IE[}]‘ 22.5Il]p

(1.2-3)

Substituting the above formula, proton mass, and o1 into formula (1.2-2) and converting ¢/ to €%, obtain
formulas (1.2-1)1 and (1.2-1)2.

2. The Implosion of DT

2.1 Foreword

DT in implosion can be regarded as an ideal gas because:according to literature (Stefano Atzeni, Jirgen

2 3 —
Meyer-ter-Vehn, 2008), if a plasma with a mass density of “# satisfies the discriminant [kaT) 200 Ty <t
it is an ideal gas, where ¢ is the electron charge and k5 is the Boltzmann constant; At the beginning, an
electric explosion occurred on the metal shell outside the DT ice layer.According to literature (Stefano Atzeni,
Jurgen Meyer-ter-Vehn, 2008), the temperature of the plasma generated by the electric explosion can reach

kpT=10"K kpT=10°£=1.38 x10 Perg

or above. Here, estimating the DT ice layer , and the initial mass density of

f— . = . 73 - - - - - - -
the DT ice is “n=Pmio=0-2156-¢m" "Tha ahove data is substituted into the discriminant formulato obtain

2 3 _ -4
(&2 kyT)® 20,0, Ty = 4. 98610 <<1. From this, at the beginning of the electric explosion DTice can be

regarded as an ideal gas; At the beginning, DT ice is the coldest and thickest state of DT during the entire
implosion process. Since DT ice at this time is an ideal gas, DT should also be an ideal gas in implosion.

DT implosion, as a type of flow, should be expressed using an equation of fluid dynamics, but this equation
involves the first law of thermodynamics, which means that the ring target reaches thermal equilibrium internally.
Therefore, it is required that the diameter of the hot spot and implosion time be sufficiently large compared to the
a mean free path and collision time of particles in the plasma; According to literature (Stefano Atzeni, Jiigen

Meyer-ter-Vehn, 2008), the typical hot spot diameter of the ICF pellet is 12010 "cm | and the typical implosion
time is 10’s. When the temperature in the later stage of implosion is 10ke/  the mean free path of the

particles is 10 em | and the collision time is 10 s ; By comparison, it is known that the first two are indeed
much larger than the latter two, so it is reasonable to use equation of fluid dynamics to describe implosion.
Implosion is a radial, centripetal, and centrosymmetric motion with no tangential relative motion between
streamlines, thus there is no tangential gradient of velocity; However, the viscous force of a fluid is related to the
tangential gradient of velocity, so the viscous force term in the equation of fluid dynamics can be ignored. In
addition, due to the short duration of the implosion, the heat energy exchange inside and outside the ring target is
little and can be ignored.

Therefore, implosion can be considered an isentropic process.

In summary, the equation of isentropic ideal fluid dynamics can be used to describe implosion.
2.2 Equation of Isentropic Ideal Fluid Dynamics

2.2.1 Establishing a Ring Coordinate System

As shown in Figure 1, establish a Ring Coordinate System on the ring target with 7, ¢, ¢ as coordinate
variables and O as the origin, the radius of the circle where the center ¢ of the ring target cross-section is located

A=A, e +4pe g+4se

is R=const ; In this coordinate system, the vector A is represented as , Where

e . .
r €0 ®%3re the unit vectors corresponding to 7, ¢ , ¢ .

229



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

The gradient of the ring coordinate system is
0

V=—e,+—eg+—e
or r aLg 8 6L¢ ¢ (22_1)1
where =79 ang 0= arc lengthsinthe ©¢ and °¢ directions, respectively.
For implosion
V= ier
or (2.2-1)2
From the previous equation, it can be inferred that there exists the following formula
d(Va)|dt =V(daldt) (2.2-1)3

Argument the above:

oa oa Oa
= er + € gt e )
h,.@r /Yga 0 /7(/,6 [

Va
For orthogonal curvilinear coordinates, the gradient formula is
by =|eR r/6r|, by =|eR /06| B =|oR /o4

. Where

are scale factors, the position vector R: of the point on the
R,=R +r=iR + rsinf)cosd+ Jk + rsinb)sind+krcosd

hy =R

ring target is represented as , in the Cartesian
1.21 }][) =r

Coordinate ¥~7=Z in Figure 1, resulting in , and , where R=F+rsinf  Therefore,
Vg =(0alor)e, +[0ao(r0)]e o+ [0a/o(Fp)le 4 is obtained. which is Vg =(dalor)e, +(dadly)e g+ (0aldly)e o

h

Due to the central symmetry of the implosion motion, the equipotential surface of 2 should not be related to

9and ¢ . Therefore, Y9~ (9a/0r)ex an be deduced from the above formula,

d(Va) d ,oa oa oa 0 ,da 0 ,da 0 ,da
=—(—e,+—ept—ep=—- (e +— (e g+ — (e,
dt  dt or T ol | ol or dt T oL, di oL, dt

From the previous equation there is

thus, 9(Va)/dt=V(daldt) s optained.

The divergence of ring coordinate system is
VA =(rRA,) [(rROr) + 0(RAp) [(ROLy) + 0Ay | DL,

(2.2-2)1
where A~vector field.
Argument the above:
For orthogonal curvilinear coordinates, the divergence formula is
_ 1 [6(/70]7¢Ar) . o hyh,.Ap) . 6(/7]./7{;A¢)] .o A ORAy) 04y
by hyhy or o0 o rRor  Roly Ol

, resulting in for ring coordinate.

The Curl of the ring coordinate system is

e, reg fey

vxa- |9 9 o
rR|or 00 0@
A rdy  RAy
A (2.2-2)2
. A=4e, P @ .
For vector field that are not relatedto ¢ and ¢, there is
VxA =0 (2.2-2)3
Argument the above:
f],,er hye 0 ]74,6 @)
VxAo_ 1t [0 0 0
/7,,]7‘9&(15 6I"k o 0o
- . . Ay hdy by .
For orthogonal curvilinear coordinates, the curl formula is e Bl , so for Ring
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e, reg fey

vsa- Lo @
rkler 00 0@
) . A 1Ay KA ' A=Ade
Coordinate, there is . Therefore, for vector field 7°r that are not related to ¢

and ?, the expression for curl is VA =0
The Laplace operator in ring coordinate system is
0 o

V2= O (p 0y O (g0, O
rikor or 1?8[,9 6L€ 6L¢2

(2.2-3)
Argument the above:
2
Substituting formulas (2.2-1)1 and (2.2-2)1,into ¥ 9=V<V@) qptains formulas (2.2-3).
The Euler operators in ring coordinate system
izng
dt ot (2.2-4)1
where U is the flow velocity in the rest frame, and for implosion “~"°r.
For implosion
4.90,,90
dt ot or (2.2-4)2
Argument the above:
Re=rert dg_09 09dr adly 0g dy
For fluid parameter ?® = ¥ related to position vector /¢ © £¢® ¢ therejs @t 0t ordt oly dt ol dt
u=dRr i:§+u.v
From dt and formula (2.2-1)1, it can be inferred that 9¢ 9¢ ; Applying formula (2.2-1)2 to this
d_o. 0

d_0. ,90
formula obtains ¢t 0t 0r

If the cross-section radius of a ring is ", and the radius of the circle where the center ¢ of its cross-section is
located is %, then its volume and surface area are respectively

V:2ﬂ'21”2ﬁ and 5247721‘}? (22'5)1,2

2.2.2 Write the Equation System

The equation system of isentropic ideal fluid dynamics consists of three equations: continuity equation,
momentum equation, and isentropic energy equation. The following will write these three equations in a ring
coordinate system.

The continuity equation is:

dp, [0t +8(rp,u)/(rdr) =0 dp,, | dt + p,,[6(ruw)/(z6r)] =0

or (2.2-6)
where “7 ~mass density.

Argument the above:

Take a shell like volume element in ring target, with its cross-section center being the center ¢ of the ring target

cross-section. Its volume is ¥, the internal surface area is S, and the shell thickness is 67. Let ¢ be the

velocity of the fluid flowing into ', and “u pe the mass density of the fluid; The total mass flow rate of the

fluid penetrating the inner surface S and exiting the outer surface S+4S s
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AQ=(py +Ap,) (w+ Av) (S +A5)p,uS  omitting second order and above small quantities to obtain

AQ = p,SAu+ P, uAS + SuAp,,

On the other hand, the total mass of the fluid in volume ¥ =675 s ©u/" =£u0rS

AQ’ =(-0p, [00)SrS

, then the change in total mass

per unit time s Since A9=A¢" js required, there must be

0y SAu+ 0, UAS + Subpy = (0py [013ES. Baced on this equation and using the surface areaformula (2.2-5)2,

(S"J+ rp,u) _0 ajo_m+ o(ru) _0
ot ror can be derived; By using the Euler operator(2.2-4)2, @¢ "' 10r  can be derived.
The momentum equation is
ou/ot +u@u/or)+ 2, @plor)£=0 . duldt+p,” @p/or)+ =0 (22-7)1

where 7 ~pressure, " ~body force; For implosion, £, 7, and ¢ are all radially oriented. For implosion,
gravity can be ignored and there is no other form of body force, so =0, resulting in

ou/ot +u@u/or)+ o, @plor) =0 . duldt+p,” (@p/or) =0 (2272
Argument the above:

] . o p,,]d—U+Vp—pmf:O .
According to Xu & Jin, et al., (1981), the general form of the momentum equationis ¢ . For this
equation, use gradient (2.2-1)2 and Euler operators (2.2-4)2 to derive equation (2.2-7)1.

The isentropic energy equation is
2 2/3 _
[d(e,2/ 2,"*) ) de =0 (2.2-8)

Where “s ~sound speed.
Argument the above:

4 e p,,,z/j)
According to literature (Jialuan Xu, Shang Xian, 1981) there is 9t , Where 7 ~degree of freedomof

particle thermal motion; Treating plasma as a single particle system, thus Z=3 should be taken, so that
equations (2.2-8) obtaining.
2.3 Parameter Discontinuity Interface in Fluids

2.3.1 Existence of Discontinuity Interface

There is an interval Ar distributed along the flow direction. If A7 is small enough, it can be approximated as
the the streamline shape within A7 does not change over time, meaning that the flow is stable.Therefore, the
fluid parameters, should not be an explicitfunction of ¢, and within A7 it can be considered as 7=const

orp,u)/(ror)=0 and udul/or + p,,,_l oplor =0

Thus, within A7, equations (2.2-6) and (2.2-7) 2 become and

using r=const and the former, it can be inferred that “»“=°°"S*. Based on this and the latter, it can be
2, _

inferred that “nt TP=ConSt,

The previous discussion suggests that there can be "' and ‘2 that meet “172<7 | and their

u (i) ’ o(11) ] () ' uy(ry) , Pya(ry) ,

corresponding and and 72" | making “m!1=Pm2  ang

2 2 _ .
Omt +P1=Lp2l2 *P2 - There can be ' that satisfies 2’51 When “17"5 and 27’5 | although the above

n#Fuy Py #Pp2 D1#Ds .
b

two still hold, there can be , and ; This indicates that there are discontinuities in the

fluid parameters “w u and P on both sides of and is the discontinuous interface.

The fluids on both sides of “s are flowing in the same direction, and there are two possible directions for ’s
movement: One is the same as the flow direction, the second is opposite to the flow direction. Due to the flow of

the implosion fluid from the high-energy region to the low-energy region, the upstream side of sis the

high-energy region and the downstream side is the low-energy region. “> moving downstream indicates that
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the high-energy region is expanding, which is in line with the physical meaning of implosion, while “s moving
upstream indicates that the low-energy region is expanding, which is not in line with the physical meaning of

Ts

implosion. Therefore, the movement direction of should be in moving downstream.

The fluid must flow in from one side of “s and out from the other side, and the inflow side is called "front" and

the outflow side is called "back". Mark "“front" and "back" with "1" and "2" respectively, let the propagation

u

s and the direction of “

sis set to be positive. Therefore, there must be “s=“1>% and

speed of 5 is

us 2z >0 , that is, the propagation speed of the discontinuity must be greater than the fluid speed, This forms a

trend of continuous expansion of the high-energy region.

For implosion, there exists a parameter discontinuity at the boundary between DT ice and gas at the initial time;
After the implosion occurs, the discontinuity will propagate ahead of the DT ice -gas interface, forming a
disturbance wave ahead; The forward disturbance wave immediately emitted a reflected shock wave upon
reaching the center.

T,

Establish an accompanying reference frame on the discontinuity “¢, denote the velocity in it as v, where

_ 2. _
Ppli=const ang Pul”+P=CONST are represented as

V=1 gng PV +P=J2 (2.3-1)1,2
In the equation, J1 and /2 ~constants.
2.3.2 Formula for Calculating Discontinuity
In a rest frame the propagation velocity “s of the discontinuity is

ug =ty = J1 /Py =ty =1/ Py (2.3-2)
Argument the above:
=7 substituting this into formula (2.3-1)1 obtains “s =% =1/ Pm ,
and similarly, it can be inferred “s =“2 =1/ Pnz

In the accompanying reference frame, !

/1 can be represented as
T =y = )1 £y =1 £y (2:3-3)

Argument the above:

2 2
Equations(2.3-1)1,2 can be written as “m"17%m2'2=/1 gng "L FATPmVa 02 pequiting in

py=pi=J11=J1v2 gnq 1 =+[(py - /)0, —1/,0,,,2)]1/2; But according to formulas"1=%Ys ugzu>0 oo
- i /2
2.3-1)1, the~~71<0 s there should be /1 = 172 = 20/(/ 25 =1/ 2,) T
Regarding “! ~“2, there are
uy =y =[py ) 0,) (o £y ) (=, 0,01 (2.3-4)

Argument the above:

—uy = J,(1/ 2y

According to equation (2.3-2), there is ! =1/ 2gg) , substituting formula (2.3-3) into this formula

obtains ¥ 42 =[(p1/2,) (o2 /21 -1 (1= 0,1/ 0,1 .
u >uy

Due to the right side of formula (2.3-4) is greater than zero, there is : Because the square root on the riaht
side of the formula must also be greater than zero, there must be 72771, #m2>Pm or= P2<PL - Lua<Fu
However, due to the fact that the "2" side of the discontinuity s is in the high-energy region compared to the
"1" side, it is necessary to take “2”"Land “727“n1 to comply with the physical meaning; So can infer:

In implosion, as the fluid passes through the shock wave surface, its velocity decreases while both pressure and
density increase.

If the following formula holds
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Ppo >> Py , Dby >> Py (23'5,6)
It is called a strong shock wave; If “2 0 , the following formula can be derived by using the above formula and
(2.3-4)
|ul| ~ [HgTZ pﬂlz/pml]1/2 (2 3_7)
Similarly, if “1~ 0, there exists the following formula
|U2| z [RgTZ me/p/nl]l/2 (2 3-7)

2.4 Solving the Equation of Isentropic Ideal Fluid Dynamics

This article refers to literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008) and explores the derivation of
formulas in the ring coordinate.

2.4.1 Variable Substitution of Equation System

The dimensional analysis method was used to perform dimensional analysis on the equation system, introducing
dimensionless variables as follows

§=/r)le, /o (2.4-1)1

. “nto express the

And introduce the dimensionless parameters U(¢) C(&)  ¢(&) corresponding to v,
fluid state as follows

u= (ar/t)l/@) Cs = (ar/t)C(f) Ly = p”m(]”/]”o)KG(f) (24_1)2 34

where 70 and ‘o ~the position vector and time corresponding to the reference point, ¢ and & ~

undetermined constant.
Determine the reference vector “° and calibrate the reference time ‘o for streamline r=r(a, t), since its

Lagrangian coordinate @ satisfies =7(a t=0) sg that for the streamline with a=0, 70, =0)=0 pggs;

Which means that streamline r=r(0, ?) reaches the center of the implosion 7=0at the time =0, so
(r=0, 1=0) corresponds to the endpoint of implosion; As the reference time,it must be set at a moment before

reaching the center of the implosion, therefore, the reference time must be tp<0 .

For the reference point (1, 0) , according to formula (2.4-1)1, $=L: 1t can be proven that the average value of

the disturbance velocity drfdt = u; propagating along the curve ¢=1 in the interval (6, 2t<0) is
0

0 = -

ug = 071’0 J‘Ué‘dl’— to

to

e =lar, [t,)C(E =1) (z,,t,)

According to formula (2.4-1)3, there is , and if the function

C=C) satisfies the condition

at reference point

cE=1)=1/a (2.4-2)3

|

Cso = —
Then there is

~

o thus “ = %o that is, the average value of the disturbance velocity propagating along
the curve ¢ =lis the sound velocity = = 7/t originating from the reference point (£,85)
This article selects the starting radius "7 of implosion on the inner surface of DT ice as the reference vector,

That is
=r

Tho = 1o (2.4-2)1

o

In this way, the reference time ‘o can be calibrated as
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[ :1”0/6‘50 (24-2)2

- t 1" - i )
£=(rfrleo /1 draw a curve 7/70~4% i the coordinate

(r,t,)

The following will describe: when ¢ =1is taken,

. - . . t . .
plane; For any streamline f—f(a’t), if the point (Ta:tao) on it and the reference point are on the

same curve ¢ =1, then point (Z30:2a0) must be the starting point of implosion for streamline "= r(at) .
Attention: since the refere~~~ point is the starting point of the implosion, and at this starting point, the fluid is in
the same state, therefore, “s¢ is the same everywhere.

(7,2 Lo :pmo(ro/ro)KG(l)

In addition, at the reference point ““¢’ o) , according to formula (2.4-1)4, there is

deriving

, thus

¢(1)=1 (2.4-2)4
The following text intends to substitute formulas (2.4-1)1,2,3,4 into the equation system for variable substitution.
Equations (2.2-6), (2.2-7)1 and (2.2-8) by variable substitution it becomes:

dU]d1né+W 1) (d1nG/d1n&) +U(k+2)=0 (2.4-3)1
W -1 (@U]d1nd) +[C2/(5/3)] (@ 1n6C2/d 1n &) + UW ~ 1 @)+ C* (k +2)/(5/3) =0 (2.4-3)2
d1nC?/dInE—dInG/dInE+[U(3— k) -3/a)/W -1)=0 (2.4-3)3

Argument the above:
Firstly, the following calculations are made based on formulas (2.4-1)2,3,4

65_1”5 §=l 0P, _ -aép, dInG  0dp, _ﬂ+p,_,,(,5dln0 %_;u+—acfu duv
E_t’arr’at ¢t df& or r r df ot ¢t UdE
Ou _u Qd]n[] ocg ¢ ac,gdInC %_cs+§cs dinC
or r r . d 0ttt dg o or r 1 di (24.3)4567809,1011
op, +6(r p,ﬂu)zo op, +u6 0, @+M20
Secondly, according to continuity equation (2.2-6) 9¢ 107 , there is 0t or “or r

Substitute equations (2.4-3)6,7,9 into it to obtain (-arfut)dInGld & +(k+2u)] & +dU[Ud £ =0 substituting
(2.4-1)2 u=arl/t jntq this equations obtains dUdné+U =DdInG/dIns+Ulk+2)=0

Thirdly, according to momentum equation (2.2-7)2, this equation can be transformed into
ou, Ou 2c,0c, cSZ 00y _, 02:@

S
o o 5/3 or "G/3p, or using the single particle gas sound velocity formula “n . Substituting

@ au r du dlnGCz . u? u
formulas (2.4-3)8,9,11,4 into this formula obtains = ¢ ¢ dIn¢ 5/3 dlng rot (5/3) ,
7 2
dU C2dinGe [/(U—l)+62k+2:0

+
and then applying formula(2.4-1)2 to obtain dlnf 5/3 dln 5/3
Fourthly, according to the energy equation (2.2-8), the Euler operator(2.2-4)2 is used to transform it into

e, =2/3)0, > N0 p, [0t +ud p, Jor)+ e, [ 0,7°) (G, [0t +ude, [or) =0

, and formulas(2.4-3)6,7,10,11 are

u_aydinG cuk v 1y ,dInCu_ay

substituted into these formulas to obtain # ¢ dlné r r t dlng r t  Based on these,
formula(2.4-1)2 is used to deduce (U—l)d[ln(CS/G) J/d1n§+[/(3—k)+(*3/a) =0 _
2.4.2 Further Evolution of the Equations System

The equations (2.4-3)1,2,3 can be further evolved into the following equations

duvldc = AU, O)] MU, ) (2.4-9)1

d1né/dC = AU(C), ClA4[U(C), C] (2.4-4)2
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In the above equation:

AW, O)=UW =1) U =1/ a)~C*[20 + (k —24)/(5/3)] (2.4-4)3
400 =CLW-1) U -1a)+U[ W=D+ 3= +BA+ b [50 -1 1] (2.4-8)4
AU, O)=C*~(U-1)? (2.4-4)5

Where 4=Va-1,
Argument the above:

3
Firstly, according to (2.4-3), there isd1nG/dIné =d1nC [d1ng +[UG=k=3/a)/ - , substituting this equation

into (2.4-3)1 to obtain (€/3)dl +( =DdC + CT5U/3-1/ald InE =0 | this equation let 5120/3, b=U-1

dy = Cl50/3-1/a) adU+bdC+d dIng=0 o i

dv_ C* dinG C* dinc?, U(UJH%(HZ):O
a

5/

, then

U-1) , .
dlné 5/3diné y diné

Secondly, according to equation (2.4-3)2 there is . Substituting

(=D dU+3¢dC+HUU-S)+c? [34-3U/ @Dk, }d1ng=0
equation(2.4-3)3 into this equation obtains a (5/3) U-1) , and let
A=1/a—-1 ay=U-1 by=3C  do=UW -1/a)+C*[3-[31+ k)/[(5/3) (W -] then 20U+bpdC+dyd1ng=0
obtained.

Thirdly, Calculate using the two formulas derived above:
ajdU+bdC+d\d1né=0 | dy _aydlU+bydC+dyd1né=0 | dy . from this obtain dU|dC = (bidy — byd,)[(ayd, — aydsy) ~ In this
equation let AT, C)=bydo—byd, , M, C)=ayd,—ayd, thus, duldc = AU, )] AT, ©) is obtained.
=p - - = d =C
A=h h= b= d=Cl dy=U (W=D [3- 3K
Regarding @2 ~ 291 substitute the previously setting? —1,3¢ 5U/3=1/al ¢ (6/3) -1 jnto
j— —_— — — 2 p—
this equation, and take A=1/a=1q derive 40 0)=0W =D U -1/a)C20 +k 21)/(5/3)].
dy=UW -+
a
AZ = szl = — 3/1 + k
. d : : e i =CT+ ] Cz[g_m i
Regarding ~ 92 | substitute the previously setting 3,U-1 and 3 a ~Y into

AU O =CLW =D U -1 +ULW -1 +A3-C% + @A+ k)50 -1 1]

Fourthly, calculate using the two formulas derived above: A9 +AdC+didIne=0, a, aydU+bydCrdydine=0 o
a’lnf/dC = (31[72 —82b1)/(32d1 —Hldz) , Iet A(U, C) = albz —azbl and Az([/, C)Zazdl—aldz haS been

setted earlier, thus, the original formula becomes dIné/dC = AV(O), CY4U(E), C] .

this equation, derive

from this obtain

Regarding “~1%27%" gupstituting the previously setting ! =03 a=U-l g A=l b= i
equation, derive AU O)=C*~U-1)?.
Equations (2.4-4)1,2 must be solved numerically to obtain the solution function
U=ulc V] (2.4-5)1
and
z=2[c,?P] z=In¢ (2.4-5)2

1 2 R
where € and >~|ntegral constants.

2.5 The Solution of the Equation System and Its Related Formula
2.5.1 Deriving the Relevant Formula in Implosion
According to fluid mechanics theory, the volume elements in a fluid move along a certain streamline in the flow
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field, and the position vector of the streamline can be expressed as 7'=7 @ 0 where a=r(a0) js the
Lagrangian coordinate of the streamline; Due to the introduction of substitution variable ¢,7=7 (@ ©) can be

r=r(a &)
expressed as the following parametric equation {t:t@ . If the function 7=7(2¢&) js obtained, the motion
law of the implosive fluid is determined; It should be pointed out that according to formula (2.4-1)1, 4

corresponding to t=0 is ** =% so the Lagrangian coordinate 2=7@0) can also be written as a=rasy)

The streamline represented by function - =7 (@ &) s divided into two branches: one starts from the starting

point of implosion S and reaches point (@ &) , and then the other branch of the streamline starts from
point (2,8) and intersects with the reflected shock wave.When discussing the % and ¢~ planes in the

following text,it will be pointed out that the streamline originating from the starting point S is located in

the lower half plane of -~ corresponding to the upper half plane of ¢~Uwith U20: The streamline

(a, &)

originating from
C~Uwith U<0,

is located in the upper 7~ half plane, corresponding to the lower half plane of

(IAHO ’tao )

The streamline expression originating from the starting point of the implosion is

Ha,&)=adl-vET VP oe)T? (2.5-1)1

B=2-31 in the formula, for the inner surface of DT ice, its starting position vector “#¢ is the reference vector
‘o and its Lagrangian coordinate is “#° , then the above formula becomes

ry =r(ap,, &) =ap,ll —U(f)]_l/ﬁ[fl/aC(gg)]_S/ﬂ

(2.5-1)2
where "% ~inner surface radius of the DT ice.
Formula (2.5-1)1 satisfies the boundary conditions:
1”| =10
¢=l1 (2.5-1)3
To achieve this, the above conditions (2.4-2)3 CE=D=1/2" must be met.
Formula (2.5-1)1 must also meet the boundary conditions
r =a
‘fszw (2.5-1)5
where “=~*~ the ¢ value corresponding to =0
To meet the above two boundary conditions, the following formula must exist
a=r,[1-00) 1/ a®}V? C(e)=0 U(E,)=0
a0 and o ol (2.5-1)6
gwl/“c(gw) -1 o . .
and , Which is the formula (2.5-7)2 that will be derived later.

Argument the above:

a[/dln|t| =dlnr

Firstly, according to formula ¥ =dr/dt 4pq (2.4-1)2, can be obtained.

a -1
. déldt=\t,/t| r, (uraft
According to formula (2.4-1)1, / | /| 7w raft)

d £ldt =(a/olt, [ [W-Dr/z,)

is obtained, substitute formula (2.4-1)2 into it to

obtain

d1né/la(-1)]=d1nl . . .
né/la n| |; Substitute the above formula into the previous formula

dinr/d1ng =U@/U(E)-1]

then substitute formula (2.4-1)1 into this formula to obtain

ab’dln|t|=dlnr i
to obtain

Secondly, according to equation (2.4-3)1, there is d/+U-DdInG+U(k+2)d1né=0  Djvide the two sides by
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(U_l)to obtain dU/(U—l)+d1nG+U(U—Dd[(1C+2)1H§]=0_ Substitute dinr/dIné=U/W-1) in “Firstly" into

this equation to obtain dU =D/ -D+dInG+x+2dInr=0 1 jn this equation will be mentioned later:

] -G k+2:C(3) . C(.S)
U<l and based on this, (U-er ‘e can be derived, where ~‘¢ ~constant.

2
Thirdly, the sound velocity formula s =&/3)p/ oy

5/3 -A

of a single particle gas is substituted into the adiabatic

2 -2/3/
O Cs P /y_A, substitute formulas(2.4-1)3,4 into this equation and use

[0, [ 5 51 DA

to obtain

1a 2¢ Kk m\—(y-1) _
formula (2.4-1)1 to obtain [ale/ )" rCP ") =

equation of

ZO

, hote that for the adiabatic
@
process A=const of the same streamline, therefore, the right side of the equation is a constant, set it to Cre ,

Va 20, .%m=2/3 _ ~(4)
[a@€/r T rCF R0 = 6 s derived.

. k+2 _ ~(3)
A=-0)-Gr**==c; of "Secondly" there is

6(5) _ [6(4)6(3) :Il/ﬂ

and thus

G(E) = C(3>r_(K+2)/(l —U)

Fourthly, from the formula , Substitute this

into the above formula and take where £=2-34 , then the formula for * = ra,8) can

5 /B gl/a ~7-3/8
be derivedas * =COn-0T P lag 1 :
5
Fifthly, determine c® in the above formula. The above formula should satisfy the boundary condition (2.5-1)5,

_ G -1/B Va -3/8 B
so there is a=C1-U(,)] loge™ C&) ] . Substitute formula(2.5-7)2 G C6)=1 derived
from the following into this formula, and note that according to formula (2.4-1)1: because there will be no

1/a

r=0at t=0 there must be ‘fw:w; According to formulas (2.4-1)2,3: since ¥ and s are finite values at ¢ =0,

= = =3/8 _ ~(5)
so there must be C(gw)‘o, Ue) =0 ang thus 2@ /F-c

obtains 7 =ac Y I—uT Ve

The above formula should also satisfy the boundary condition(2.5-1)3 formula, so there is
r= C(5>:

R B P 7, 1-0W 17

, substituting this to the original equation

. Substituting (2.4-2)3 formula into this formula obtains

r=dl-v@TVP L c@”

Substituting this into the original formula of 7 obtains

€(5> — rao[l_[/(l) ]1//3 and aa—?)/ﬁ :C<5> a =ran{[1_U(1> ]/ag}l/ﬂ .

Combine the obtained to obtain

The expression for function 2, (&) is:

_ 1/a Y16/ B (13 B
2,(&) = p,,Lac" CEOPP -0 Y0 -U))} (2.5-2)1

At t=0_the above formula becomes

_ 6/ 34/ B
0,(E) = 0,0 [1-0(D)] (2.5-2)2

From the above formula: the closer the () value is to 1, the greater the 25(8)
the compression.
Argument the above:

value, so then the stronger

. . =GR . .
In the process of demonstrating formula (2.5-2)1 there is equation ‘e according to this formula

G:C<»3>1”7(K+2)(1—[/)71 . . . . ] .
e can be obtained,substitute formula (2.5-1)1 into this formula and transform it to obtain

_ () [ _k+2y [ glla 3 (k+2)/ Bry 1 (x+2)/ B-1
G=(C} /a ) 7] (1-0] ; From this formula and according to formulas(2.4-2)2,4
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(3) _ _x+2, 3(k+2)/Bry _ I-(x+2)/p ) ) o o )
Ci =a”"a (-0} is obtained, and substitute this into the original formula and transform it to

obtain € =Lag PP _ /i1 - v Y2/
(2.4-1)4 and transform it ,obtain formula (2.5-2)1.

; Substitute this formula and formulas(2.5-1)1,6 into formula

)=1

_ 1a
At¢ =5 substituting formula(2.5-1)6, and substituting formula(2.5-7)2 = ¢)=1 gerived below into the

above formula obtains “n (¢ = 2o o fi-v 747 .

The expression for velocity U=u(@¢) gt fo <t <0jg

ua, &) = -leg|[z, /r(a, 1V e U(£) ]

CS 0

(2.5-3)1
The expression for velocity ua,¢) at t=0 js
. _ _\l/a-1
u(a,é,) =—aM |cso|(r0/d) (2.5-3)2
Starting time of implosion:
u(a,l) = —|050|[a[/(1) ] (2.5-3)3

where M =U(&E,)/C(E,)
Argument the above:

~Mach number,will be discussed in formula (2.5-7)1 below.

_ I/a I/a
Firstly, according to equation (2.4-1)1, there is |t| —(|to|/% ) (/&)

=— Vo a1
obtaing © =~ /leE" U@ ([
equation(2.5-3)1.

. Substituting this into formula (2.4-1)2
Substituting formula(2.4-2)2 into this formula obtains

_ -] 1/(171 1/(IU
secondly, At ¢=0je at ©~° formula2.5-3)1 becomes et =Aesollrp e £ 1 e, (é“’”.
Substituting formula(2.5-1)5, and substituting formula (2.5-7)1,(2.5-7)2 which will be discussed below, into this

_ /a1
formula obtains e £,) = ~aM e, [, /2] .

u(al) = —|cso|[r0/r(a,1)]1/”71 lal/(D)]

Thirdly, at the starting time =150 the formula(2.5-3)1 becomes Based

1) =— U(l . .
on this,can derive ulal) at/)] using initial condition(2.5-1)3.

According to formula (2.5-1)1, the following inference can be made:
Inference 1: according to formula (2.5-1)1 and boundary conditions (2.5-1)3, (2.5-1)6:for a given ¢, if the

starting vector “# of the streamline * =~ * (@ &)
thus this streamline is also determined.

CSO

is given, then its Lagrangian coordinate @ is determined, and

ry =1(ap, &)

Inference 2: There is a relationship between the streamline with a starting position vector of

%) and the streamline © = 7@ €) witha starting position vector of " | as follows
r(aho’ §)/r(a, é:) = ro/rao (2_5_4)1
as well as
aho/a:ro/rao (2.5-4)2

The above formula indicates that if the streamline *# = {ap, &)

the streamline © = 7@ &)
Argument the above:

at the inner surface of DT ice is given, then

of any given starting vector %0 inside DT also is determined.

For the given ¢, ho , @and the same 5, use the(2.5-1)2 formula=2.5-1)1 formula to obtain
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r(aho, f)/l”(a; §> = 1”0/1”30

apo /EZ =TIy a0

and according to the boundary condition (2.5-1)5 formula, obtain

2.5.2 Discussion on Content Related to the Function U=V[¢.C™] of Solution
The above formulas (2.5-1)2 and (2.5-2) for determining the law and state of implosion flow are all related to the

solution function ¢=0Lc.C"] , which will be discussed below.
2.5.2.1 Establishingthe 7~ Coordinate Plane

r=r(a &)

According to the parameter equation{tf@ : there exists a dimensionless coordinate plane r/ 7t/ as

shown in Figure 2, the trace of streamline r=r(a, t) can be drawn in it. Below the r/ 1yt plane is
abbreviated asthe 7~¢ plane.

t/t :
/to Fig 2.
s
the/to| | 1,7 ——
T/t | S 20\ anmo
o A /Yo
0 |
\
a4 — - ‘M
7
X Ex
|
\
s
Y
I
AN
| o/
—to/to | To/To
=1 | -
[ 7 .
DTgas DTice

&=
Give constg given value, formula (2.4-1)1 expresses a given curve in the 7~ plane. Given different values

&= (r/r0)|t0/t|a =const

for const then a curve cluster converging at the origin O can be obtained.

There will be intersection points between streamline r=ra, t) and curve cluster é=const _ |f

Sx

r=r(a, t)jintersects with a certain curve in the curve cluster at point M, and draw the vertical line of the

/T axisand %0 axis through point M,then the coordinates at their foot point are the “*””0 coordinate and
L/ coordinate of streamline 7=7(@ ©) , respectively. Therefore, curve cluster $=const s the parameter
r=r(a &)

coordinate line of parameter equation {f:f(f)

When demonstrating formula (2.5-1)1 it was obtained that dInr/ding=U/W-1) , for curve cluster ¢ =const
its left side becomes infinite. In order to this formula to hold true for curve cluster ¢ =cos¢ the right side must
also be infinite,so there must be/&)-1=0: Thys, U(©)-1=0 corresponds to curve cluster ¢ =const put for
solution function ¢ =U[§], ¢ #const 5o there will be no solution function Ulel=1,

Lo €770 PL-U) 1"}y
In addition, due to =Y #0in formula (2.5-2)1, if C()>% then U= becomes an

0,©)

indeterminateform, resulting in the uncertainty of value, which corresponds to the discountinuity of
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parameter at the parameter discontinuity interface; But if C() takes a certain finite value, then “ m(g‘):o’

indicates that there is a vacuum at that point.
In summary, the curve cluster ¢=const corresponds to U(©)=1 pased on this, the inference is as follows:

Firstly, if CE)>o  then corresponds to the parameter discontinuity interface,it will be pointed out in the

discussion of singularity in the later:this corresponds to singularity s
Secondly, if C(€) takes a finite value, then it corresponds to vacuum.
Regarding the parameter discontinuity interface, the following two will be involved:

Firstly, material interface~the inner surface "¢ of DT ice at the starting time of implosion,the density of DT
gas at this point is a tiny quantity compared to DT ice, can be approximated as vacuum.This corresponds to a

finite value of C() . This is consistent with the previously taken % as the reference vector, so CG=1)=1/a ,

Therefore, the parameter discontinuity interface here i.e. material interface and corresponds to c=tr=1
Secondly, the reflected shock wave.When the material interface propagates as a parameter discontinuity interface
to the center of the implosion, a reflected shock wave is immediately emitted out from the center, this

corresponds to g=&=1
Argument the above:
Regarding & :1, referring to reference [4]: for the incident wave (L) and the reflected wave (R), the wave

2
i =|Ropl and Y&k = Fp = Zpugp

2
. R . . . p=7
amplitudes are LRYL respectivelythe radiation power is ‘£~ 7% and

Ip

respectively; Where *and ~fluctuation amplitude, ¢ ~reflection coefficient, "¢ and " ~

amplitude change velocity, 71 and “# ~incident and reflection impedance; If the energy loss during

2 2
reflection is ignored, then there is Z1la = ZRUg que to energy conservation. Substituting ¢ =Puria o

2
this formula obtains 22 = Z&%ix"

Still according to literature (F.S. Crawford, 1981): impedance Z:f/u‘/’, where £ ~the damping force,

Y ~the phase velocity; Due to the incident and reflected waves being in the same medium DT gas, so that

2 —
Z0=7k | thus “L=7r"r pecomes [Fua =1

(1”/\;/1”0)|t0/t|a :(fl/f0)|t0/t|a

Ip= |Hue|TL Ip=1;
1

there is . Therefore formula becomes

there is by this, and this formula becomes =51 according to formula (2.4 -1)1;
But for implosion,the incident wave surface is the material interface ‘o, the reflected wave is the reflected
shock wave, and the tr=1 corresponding to the material interface is e =1 , therefore tr=lis
For DT ice or gas in the ring target, different layers can be distinguished based on the different position vector
T, When the centrally symmetric driving pressure acts on a certain layer, the pressure is transmitted in this way:
fluids between different layers move relative to each other due to compression, resulting in compression waves
transmitted from the outside to the inside and along the compression direction.

2.5.2.2Inthe 7t Plane, Representing the Implosion Process

Due to that the DT ice layer is a thin layer,the transmission of compression waves is completed in a very short
time, therefore can approximately consider as: all layers within the DT ice will be subjected to the same value,
radial driving pressure at the same time.

£ =1

Regarding the DT ice thickness or; , there exists the following formula

or; =0ry, rc/rco

or 01 =0Ti0 14/ Tho (2.5-5)1

Where e ~DT ice layer initial thickness; eo Te ~DT ice outer surface initial radius, outer surface radius:

Tho , Th ~DT ice inner surface initial radius,inner surface radius.

According to the above formula, regarding the mass density 7 of DT ice, approximately consider as: the
mass inside the ice layer is uniformly distributed, then the following formula exists

241



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

Puc = Pmco (1700/17()2 (25_5)2

where “m ~the DT ice density, (z, +ry)f2=1, ~the average radius of the DT ice layer.

Same principle, for the average mass of the center DT gas after the stagnate, and for the mass of the ring target
shell, there exists the following formulas

Pube = pmho(ro /rhe)2 , Push = Pmsho (Z_ﬂs/m /I_Ash)z (25_5)34

where “mho - Puhe ~center DT gas initial density, end density of stagnate;

density, shell initial density.
Argument the above:

Push | Pusho ~ring target shell

For or; regarding 52”,-0/51”,- :(rco _fh())/(r(: —J”h):(Z”L,()/l”(,)(l—fh()/l”l,(,)/(l—fh/l'c)

815 /807 = 10 o [ 110 =D/ 1552 /=D iseuss “eo/Tho i formula:  use  equation (25-4)1 here,

or

where 7(@or €)= 10 ang o =13 taken 1@ 8)=70a08) ypan there is Ta0 T7co  hence there is
7/ 7e = Tho/ o  thus deriving %7 =970 7o/ Teo o 017 =i 74/ Tho from the original formula.
For #r  if approximately consider as: within the DT ice there is no parameter discontinuity interface,and the

mass is uniformly distributed, then according to the law of mass conservation there is Pucle = Pcoleo , Where

Veo , Yo ~DT ice layer volume and initial volume; According to formula (2.2-5)1, for DT ice layer this formula

(I”C+I”}])/2=I_”C

is the

) — 2 2 p— p—
holds: Vc=2ﬂ2/1’(rc -1, )=2ﬁ2R(rC+rh) (rC—rﬁ):4ﬂ2}?[(rc+rh)/2]5rj . note that

= 2p= . . -
average radius of the DT ice layer, so Vo = Am T Or; , hence the original formula becomes

7 = 7 . - - - - - = 7 7 2
PneTe0T; = PneoTeo%70 -+ gbstituting formula (2.5-5)1 into this formula obtains £ PacoTeo 2",

For Pmoand “»sh | due to there is no parameter discontinuity interface within the hot spot after stagnate end,
and can approximately consider as: there is no parameter discontinuity interface within the ring target shell,so
the mass is uniformly distributed. Therefore, according to the law of mass conservation, formulas (2.5-5)3,4 can
be derived in the same way as formula (2.5-5)2.

Regarding the central DT gas, as shown in Figure 1, the interface between DT ice and DT gas is a material

interface with a position vector %, so which is a parameter discontinuity interface; Since the curve cluster
¢ = const corresponds to the parameter discontinuity interface, as shown in Figure 2, at the starting time of
implosion Lo , the discontinuity interface 5o will propagate as a disturbance wave from the implosion initial
point Z to the center point O along the curve 20 , and reach the O point at time ¢ = 0; At the same time as the
discontinuity interface v s emitted.the fluid element at the material interface "% also starts moving along the
streamline Z4 from point Z, and also reaching point 4 attime ¢ = 0.

The discontinuity interface S goes to a place, density of the front and rear sides of the place is inconsistent;
The %7 isa compressive wave, at the point where the b wave surface did not reach, the layer of the DT gas
had not been disturbed by compression waves, so remained stationary, only the layer where the 50 wave
surface reached began to move. As shown in Figure 2, before the 0 wave surface is reached, the fluid element
at point Z+inDT gas is still at rest; When the 0 wave surface arrives, the fluid element at that point begins to
move along the streamline 73k , and also reaches A point at time ¢ = 0,

The streamline 71 and 7 ** are expressed by formulas (2.5-1)2,1 respectively; As mentioned earlier,If the
starting position vector % is given, then the streamline ZAis determined; And any streamline 7ok inside
DT is also determined accordingly.

When wave surface Sp propagates to point O, a reflected shock wave J

¢

s is immediately emitted from the point

O, at this time the stagnate begins: shock wave ¢ will meet various streamline such as Zand 7% in
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sequence; Due to that the shock wave ‘is a parameter discontinuity interface, the implosive fluid passes
through the shock wave surface and rushes towards the center point O, causing a sharp decrease in velocity to

zero, thereby sequentially entering the stagnate; When the reflected shock wave {5 reaches the DT ice -gas
interface,the velocity inside the center DT gas is all reduced to zero, and the stagnate ends at this time.

2.5.2.3 Establishing the ¢~ Coordinate Plane

. . . o) . . .
As a solution to equation(2.4-4)1, function U=vlcc] represents a solution curve in the ¢~U coordinate
plane.

The range of values for Cand ¥

[ c(e) T9#

Firstly, according to formula(2.4-1)1: ¢ = 0 and since C appears in the term of formula

(2.5-1)1, therefore there mustbe ¢ = 0,

Secondly, due to <0, thus according to formula(2.4-1)2: there must be ¢'20 in the <t<0

U<0 inthe £>0 range.

range, and

ty<t<0

Thirdly, thereis 7 <lin the range.

Fourthly, in summary, as shown in Figure 3, the range of values for ¢ and ¢ are located in the common area

to the right of the ¢ axis and below the =1 line.

u U/ a) P
. i
P2
C+U=1
C=1/a

0

P1 a1, o)\ C

Fig 3. a=0.69

Argument the above:

Regarding U <1, according to formula (2.4-1)1, there is =" at r=0; when changing from (+=01<0) to
(r=a,r=0) changes from ¢=0to 52"0; So, before time =0,% is an increasing function; Hence dg>0 , that
dinr_ U()

is 91n¢>0 and for implosion dr<0 thatis d1nr<0: Thus, the left side of @1n¢ U(©)-1 optained in the
ty<t<0

proving formula(2.5-1)1 must be less than zero; Due to 20 in the range, hence U <lissure.

2.5.2.4 The Singularities of Equation (2.4-4)1 dUfdC = 4, O] %W, O
4, )

If %% s the unique deterministic function at point

inthe ¢~U Plane

70 in the ¢~U plane, then the equation has a
4

unique deterministic solution at that point; If the value of % at point is uncertain, then point s a
singularity, and the equation will have many solution curve passing through this singularity.

P,(C,U)

Equation dUde = 41, ) 4, €) has seven singularity, and this article involves the following three: % , & ,
and %,
At point flC=0, U'=const] 4 can e proven that A% = o this point is a singularity; If =1 then the

% singularity corresponds to the parameter discontinuity interface.
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Argument the above:

If there is U =1 at the singularity 7 , then formula (2.5-2)1 becomes an indeterminate form, this makes the

“n value uncertain,that corresponds exactly to the parameter discontinuity interface, and this is also consistent
with curve cluster ¢=const that corresponds to parameter discontinuity interface; Therefore, the parameter

discontinuity interface rorresponds to the singularity o
There is a singularity 72 in the upper half plane of ¢~ which has the following characteristics:

if a solution curve must pass through the straight line €+ =1in the upper half plane, then the solution curve
that conforms to the physical meaning must pass at the singularity & : When taking 4-24=0 the coordinates

Cpy=1
Upg=1-4

of 5 are

(2.5-6)

Where 4 must meet 0<4<1,

Argument the above:

_ 772
Firstly, according to formula (2.4-4)3 can inferred: there is 4/C=U"+[A=1+k =20/ G/ - (k-2/(5/3) on

the straight line €+ =1; In addition, % =0 can also be derived on the straight line C++0 =1,

Therefore, if equation P +[A=1+ Gk =20/G/30 ~(k=2D/(G/3)=0 s satisfied at C+0 =1 , then 4[4
becomes an indeterminate form, resulting in the existence of a singularity.

When 4-24=0and 1-4>0are taken, the above equation has a solution ¢ =1=4  and the corresponding point
online C+U=ljs (A1=2) so the coordinate of 2 is (A1-4),

Secondly, if the solution curve intersects with the straight line C+U=L at point & ; At this point Alio, Ay#0 ,
but at ¢=1-| according to (2.4-4)5 formula: A=0; Thus, according to equations (2.4-4)1,2, d/dC =0 gng

d&/dl =0 can be derived; From this, it is known that functions §=£0) and 1% have extreme values at

point % on the C+U=line.Therefore, C&and U are double valued functions of S in the neighbourhood

of point i However, the functions =€) and U=V that conform to physical meaning must be a single

Al;tO and

valued function of 96, so the corresponding solution curve will not cross line ¢+U=l at the points of
22#0 byt rather at the point of 217 and 2270
At point /4 (€=0,0=0 , according to formulas (2.4-4)3,4: 1

a singularity. 4 has the following characteristics:

~ the sinaularity A , passes through the straight line ¢+U=1,

A . . .
/4 becomes an indeterminate form, hence £ is

. . QY .
Firstly, when the solution curve U=vlc ] enters the lower half plane from the upper half plane of ¢~7 it

must pass through the singularity P4, this corresponds to the implosion streamline r=1(ay,,8)

crossing the
/1y axis from the lower half plane of 7~¢ into the upper half plane.

Secondly, in the neighbourhood of singularity h , there is a linear relationship between 7 and €

where M >0 ~constant, i.e. "Mach number"; The above formula takes the "+" sign on the upper half plane and
the "-" sign on the lower half plane.

Thirdly, there exists the following formula in the neighbourhood of singularity i

a

& C(E,)=1 (2.5-7)2

Argument the above:
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Firstly, when discussing the value ranges of ¢ and 7 it has been stated that in the fo<t<0

r:r(aho,f)

ranges: 020,

1 axis

and inthe >0 ranges: ¢ <0 Therefore, when the implosion streamline crosses the

. . 1
from the lower half plane of 7~¢ and enters its upper half plane, the solution curve v=ute ]
corresponding to this process passes through the ¢ axis from the upper half plane of ¢~ and enters its
lower half plane; At the intersection of the solution curve and ¢ axis, there should be ¢ =0; But as stated in

the proof (2.5-1)1, this corresponds to &=, [/(gw):o7 0(g) =0 ; Therefore, when the solution curve enters
[C(&,)=0, U(5,)=0]

(Ao =Ula
0), formulas(2.4-4)3,4 become =0 and

the lower half plane from the upper half plane of ¢~ it must pass through point

Secondly, in the neighbourhood of singularity A(C=0,U=

[AQJC:O IC/Ol
=0 after omitting second-order and third-order small quantities, respectively, resulting in
laU]dClo_y =U/C

U=0 Py (c=0,U=0)

Integrating this formula in the neighbourhood of point obtains

100 =1nc®C | with the constant of integration =M resulting in =M C"; So, in the first quadrant of
C~U the formula should take the sign "+", in the second quadrant should take the sign "-".
(AW, €) Jpg =-1

Thirdly, in the neighbourhood of singularity (€=0.U=0) formulas (2.4-4)5,4 become u=0 and
(Yoo =Cla [d1né/dCl,y = —alC
=0 , respectively, resulting in equations (2.4-4)2 becoming v=0 . By integrating

l/ac(goo) -1

both sides and taking the constant of integration as 1, S0 can be derived.

. . ( .
2.5.2.5 The Solution Function “=L¢.C™] and the Solution Curve

. . . ) . .
By using the solution function U=ULC,C™"] | 4 solution curve can be drawn on the C~U plane. According to

formula(2.5-1)1, this solution curve corresponds to a cluster of implosive streamline =1(a0,8) .
Since the implosion streamline starts at the material boundary, which is a parameter discontinuity mterface but

the parameter discontinuity interface corresponds to % , therefore, the solution curve corresponding to the

implosion streamline should start at the singularity 7

r:r(aho,§) f/fo axis

From the implosion initiation to before the stagnate, the streamline reaches the

ty<t<0

within the range, so the corresponding solution curve should first pass through the singularity % in

the upper half plane of ¢~ and then reach the smgulanty ; In Figure 3, the two solution curves mentioned

above are drawed: FoPy and P2P4 )

h”Py

Regarding the solution curve , if £=214=0 then it is a straight line /=MC from singularity % 1o

singularity f , Where
M =(1-1)/4 (2.5-9)
Argument the above:

Upg=1-4

Substitute the coordinates €72 =" and of the singularity Zat k—=24=0into the right side of

equation(2.4-4)1 to obtain dU/dC = U/C, substitute <72=" and “72=1=" ais0 into the right of this equation

= U 1-1 11
v_1-4 @11 U="2c+c®

to obtain ¢ 4 | thereby resulting in ¢ 4 | Integrate to obtain A , which is a solution

straight line with a slope of M =(1-1/4 %gf ¢ =0 jstaken, then

U=ca-2/2 passes through f point, so the straight line ' =M (' is the solution curve.
2.5.2.6 Summary

originating from the singularity

Discuss until now, the solution functions ¢ =¢[¢] corresponding to two solution curves ‘672 and 7274
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have been obtained respectively. Thereby the parameters r=1(ap,,¢) e (&) , and other parameters of the
implosion fluid can be obtained using such as formulas(2.5-1)2 and(2.5-2)1,2, etc, therefore describing the
physical process of implosion.

3. The Stagnate, Self-heating, and Ignition of DT

3.1 Foreword

The occurrence of stagnate,as shown in Figures 2 and 3, when the implosion proceeds to >0, the streamline
enters the upper half plane of 7~ ; The streamline then passes through the reflected shock wave and rushes

towards the center, causing ~ =0 due to the implosion velocity u<0. Thereby according to equation (2.4-1)2,
this causing “ =9, so results in the stagnate of DT.

At the moment £=0 when the reflected shock wave s emitted, the stagnate begins; As the reflected shock
wave advances, the velocity of any streamline that meets it rapidly decreases to zero after passing through the

shock wave, until the fluid element at the inner surface of the DT ice layer along the streamline 451 meets the
reflected shock wave. Since then, the flow velocity of all DT gases has decreased to zero, thus achieving

complete stagnate. The corresponding moment is t :%, the center DT gas with zero kinetic energy forms at

the moment, its energy will be converted into internal energy.

Self heating, if at the end of stagnate, the internal energy shows an increasing trend, i.e:
dE e |dt >0 (3.1-1)

where “te ~internal energy density of the central gas. This causes the temperature of the central gas to

continuously increase, leading to nuclear fusion .The process described in the above formula is called "self

heating".

Ignition, If at the end of the stagnate, the central gas occurs sufficient strong nuclear fusion due to self heating,

the gas mass formed in this way is called a "hot spot"; If the hot spot continuously heats up,and the fusion energy

inside it can continuously increase, causing the fusion energy to be transmitted externally, leading to complete

nuclear fusion of the outer DT ice layer, then this process is called "ignition™.

3.2 The Center DT Gas Energy Equation and Self-heating Conditions
3.2.1 Central DT Gas Energy Equation

The energy equation for the center DT gas during stagnate is

dEhe/dt:W(/ep_Wg_Wr_Wm (32'1)

dEhe/dt:Wf d

. L . . . .
where ~internal energy power density, “® ~the power density of ¢ particle fusion deposited
in the central DT gas, "deposition" refers to: when fusion occurs, ¢ particles with greater Kinetic energy escape
and enter the surrounding DT ice layer, leaving behind ¢ particles, which are "deposited" ¢ particles;

Ve ~thermal conduction power density, ¥ ~radiation power density, & ~pressure energy power density.
. Voo -
According to reference [1], the formula for "7 is

Wd@p(The):Wa(Tbe)fU[e‘zﬂg/aﬂSS] (32-2)1

W, = AGPMZVE(T)[erg/cmas] A, =8.064x 109 erg/g%]

In the above formula, according to (1.2-1)1,2formula and

laca particle deposition ratio coefficient.

The formula for Ta is

2 .
g, _L3l2-17, /5,u;ra <1/2 (3.2-2)2
1-1/47, +1/16070 , 11, >1/2

where " ~the "light thickness" of ¢ particles, i.e. the penetrability of ¢ particles. The formula for fa s
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ro(Ty) = 2. 035x10% oy, 13 T (3.2-2)3

where “mie ~mass density of DT gas at the end of stagnate, Thel KeV]

end of stagnate.

~the center DT gas temperature at the

Argument of formula (3.2-2)3: 01n4/on, = o(Inl(KyT,,)° /47 n,e°V%) on, = \f2n,
_ _ 3/2
Using formula @ = Lyo /Ly =Hopo 1o/ T Il A from literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn,

3
2008), the Coulomb logarithm 1nA in the formula comes from formula A=dmnedy

Ap =K gTy, [Arm )2

in Xu & Jin, et al., (1981),

~the Debye length, ”¢ ~ the electron number density; From this, it can be
d1n4/on, =1/2n,

where

lnA:1n[(KHTh0)3/4ﬂn696]1/2 n, >>1

derived that
dlnA/on, =0

, due to , this formula causes
n, =2.69x10[cn™]

; Calculate

% Therefore,

, S0 there is InA=mconst regarding under standard
conditions can be used, note that “#7k is the energy carried by @ particles during fusion 3 52[#eV] [see
formula (1,1-1)], thereby 1n4=2.261x10 s obtained, substituting this formula into the formula for @ obtains
Ty =2.035%10% 130/ Ty

The formula for Ve is

|We(ThE, )| = AE,T/]E,WZ /rhez lerg/cnm’s]

(3.2-3)1
4, =4.282x10%[erg/em-s - KeVT/?] (3.2-3)2
where the dimension of "¢ in the formulais #eV .
Argument the above:
According to heat transfer theory, the heat flux density of the thermal conductor is a=—%VI , where e~

coefficient of thermal conductivity, due to comparing with electron, the very small coefficient of thermal
conductivity of ions,it can be ignored. Therefore, the coefficient of thermal conductivity in the following text

refers to the electronic coefficient of thermal conductivity e In the above formula, according to the gradient

formula (2.2-1)2 of the ring coordinate, * ' = ©7/or)er s nolg, thereby, thereis ¢~ " orfor.

According to the above formula, it can be concluded that the heat conduction power density of the center DT gas

i Jo={La(5+48) =S A VIxs 50 == (0T/0r) (dS]dV) \ypere AS and AV are the change in surface area
and corresponding volume change. Using equation (2.2-5)1,2 and approximating 7(r) s a linear relationship
r=cr o =~Xe/130) Tho/The) can e derived,

In literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008), the Fokker Planker equation of plasma dynamics
was used to introduce the formula for ¢ . For equimolar DT there s

_ 3/2 512/ 4 1/2
X, = (/Y (310K g3, [, 1m0 , Substituting this and all relevant data into the previous formula

obtains e = 4282 101871797/2/17192 [erg/cmBSJ_

The formula foer is

|WI~(T/7@ )| = Arp/ﬂ/]ezrfzel/z [E'Z”g/CITISS] (32'4)1

4, =3.058x10%(erg-cn® [ g® - s- KeVV?] (3.2-4)2

where the dimension of  reis LAeV],
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Argument the above:
According to literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008), the radiation loss of DT fusion plasma is

7, = 64/3v2) (5K 41V [ e In,?

mainly bremsstrahlung, with a power density of . Substituting the

|| = 3.058x 10% p,,.°1,, 2

electron number density “¢ of equimolar DT and other data into it, can be
obtained.
The formula for " is
|Wlﬂ (T/ze )| = AIII (pm/za /pmco)l/z [plnheThe3/2 /]”/1(9J [erg/cm35] (32_5)1
In the formula
4, =4. 240x10%(erg/(g - KeV)P/? (32-5)2

the dimension of T#ejs [Ael],

Argument the above:

¥ is the work done by the central DT gas pressure to the external, During the period [0, 24,] of stagnate, the
DT ice layer on the outside contracts inward, while the reflected shock wave on the inside expands outward,;
There is a layer of DT gas between the former and the latter; But because the reflected shock wave is a strong

shock wave, there is 2 ~~ 71 therefore, it can be approximated that the DT gas pressure 2 after the reflected
shock wave directly acts on the inner surface of the DT ice layer, causing resistance to its inward contraction.

Pig P2dV=P25dry \where Vand S ~respectively represent the volume and

W, = pySdry, [Vdt = pyuy, SIV

The work done by pressure

surface area of the center DT gas, and the corresponding power densitv is
W, =2

Substituting formulas(2.2-5)1,2 into this formula obtains [l = 2ozl .

In the above formula, “%is the flow velocity in front of the reflected shock wave during stagnate, which can be

calculated using formula (2.3-7).The original formula can be writte as

3/2

|W’”| = 2}?5’ (pm/zo /plnco)l/2 p[[]]]eT/]QS/Z /Z"/]e

using the ideal gas law,substituting the gas constant of equimolar DT

7 |=4 (pm/m )1/2 p/nbeTh63/2
into this formula, thereby Pneo The  and
3.2.2 Deriving Self-heating Conditions

Substituting equation (3.2-1) into formula (3.1-1), and then using formulas (3.2-2)1, (3.2-3)1, (3.2-4)1 and
(3.2-5)1, the following inequality can be derived,this is the self heating condition:

A =4.240x10%[erg/(g - KelV)P?

m

are obtained.

A(The)(pmherhe)z + B(The) (pmherhe) _C(The) >0 (32_6)1

where

1/2 3/2

A(The) = A(IV 7(The)fnz - Ar"The , B(The) = Aﬂl(pmho /pfﬂCO )1/2 The , C(The) = AeThe7/2

(3.2-6)2,3,4
3.3 Ignition and Ignition Criterion

3.3.1 Physical Process and Ignition Conditions of Ignition

If the center DT gas has reached the self heating condition at the end of the stagnate, keeping its temperature
continuously rising, causing sufficient fusion energy Yo to be generated inside, forming a hot spot. And through

the outer surface "% of the hot spot, the energy is transferred to the DT ice layer in the neighbourhood 47,
causing the internal energy to rise and undergo fusion, thereby forming the outer propagation surface

T = The AT of the fusion, while the hot spot shrinks inward.

=TIy, +dr

The fusion energy inside the wave surface %! also transfers some of the energy to the neighbourhood
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dr | forming new wavefronts 742 = 7m T AT Thi =Thiy+dr

spreading fusion wavefront is formed.

..., If it continues like this, then a continuously

W

To continue the above process, sufficient fusion energy must be generated at the end of the stagnate, and the

fusion energy Ya should be trend of increased, the fusion energy of outward transmission should be also
increasing; This is the "ignition" process, the ignition conditions can be expressed as

[dWa(T)/dt]T:Tﬁm >0 (33_1)
where [fus ~the temperature required for reaching fusion.

When the fusion energy is transmitted to the neighbourhood dr, the substances outside the original wave

Tpivl =Ty +dr

surface "%/ enters @ and becomes the substances inside the new wave surface , thereby

increasing the mass inside the new wave surface 7%+ = 7hi + 9"

3.3.2 Time Related to Fusion and Conditions for Completing Fusion

Inertial constraint time ‘27 | in the process of the fusion wave surface layer by layer spreading outward, the hot
spot always provides fusion energy; With the continuous external transmission of fusion energy, the colder and
denser substances outside the hot spot will enter the hot spot layer by layer, forming an inward contraction wave
surface that is transmitted layer by layer, causing the hot spot to gradually decrease.The fusion wave propagates

outward from the end time ‘% of the stagnate, the heat spot disappears at tr . The existence time
Ente =thr ~Lhe of the hot spot is referred to as the “inertial constraint time ". According to literature (Stefano
Atzeni, Jirgen Meyer-ter-\Vehn, 2008), the inertial constraint time is

th/‘e = rhe/cshe (33_2)

Cshe = [(S/S)Theﬁ)g ]1/2

where ~the sound velocity within the hot spot.

The complete fusion reaction time Lrus refers to the time during which all DT within a certain volume can
participate and complete fusion, and its expression is

trus =250, [ DM o5 Ty (3.3-3)

where "ho ~ the initial mass of the center DT gas.
Argument the above:
At a certain time neighborhood ¢ at the end of stagnate, the average probability of equimolar DT occurring

2__
fusion reaction in volume V is 2" VU(T/%’)“/M; If all DT in ¥ must participate in completing the fusion

2 —
H072175(T/79)tV/4 =1 t2 25/”1) /[p/n/)thoVU(Theﬂ

reaction, then is required, so it can be derived that

2 —
hence fus =2 / Lonie 1070 The)] gr01d be taken.
The condition for all DT to participate in and complete fusion within the inertial constraint time is

is required,

1/2 -21 1/2 1/2
rhep/nhefhe(pmce /p/ﬂbe) / >[2.26x10 /M/N’T/ie ] (pmce /p”’he) ! (33-4)

where “mce ~the mass density of DT ice at the end of stagnate, the The dimension is #eV

Argument the above:

In order for all DT to participate in and complete fusion within time thte | there must be t”fe/tf”SZI;

_ 1/2
Substitute formulas(3.3-2,3), sound velocity =[6/37,e ] , and (1.1-2)2 into this formula to obtain

r/yepm/zefhe(pmce /‘Dmlze)l/2 2 {25[ (B/B)Rg]l/z ”]172}/(mhokélfhel/z)(pmce/pmhe>1/2

into this formula to obtain formula(3.3-4).
3.3.3 Ignition Energy Equation

, and then substitute all relevant data

Derive ignition energy equation
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Iy

In the propagation of fusion wave surface “%7, wave surface ‘%’ outputs energy to its forward neighborhood

Thi 1o Thi+l = Thi +dr

dr; Developing from , the energy equation within the wave surface "7+ js

up; depmy;)/dry; =W, —|”’1-|)Vh1 — DpiShilni

(3.3-5)1
The energy equation corresponding to the increase in mass in  dris
Ehillpi dm/u’ /drlu’ = [Wﬂ(l - fﬂ) + We ]V/U’ (33_5)2
“n1 in the above formula~the velocity behind the wave surface, its expression is
Upi = (RgT/ﬂ' p/ﬂ/n’/plnhj)l/2 (33_5)3

in the above equations, % ~ pecific internal energy within the ‘7 wave surface, "%/ ~mass of the DT

Vai Iy

and °# ~the volume and surface area enclosed by the “#7 wave surface,

0

within %7 wave surface,

Phi ~pressure on the "/ wave surface, “7 and Thi ~pT density and temperature within the "%/ wave
Lupi - - f :

surface, ' ~the density of DT ice in front of the "/ wave surface.

Argument the above:

Firstly, wave surface "%/ developing into wave surface “ar+1 = 7hi +r

Ve =Waep + Mg = according to the first law of thermodynamics.

, the energy equation within wave

surface “#i+lis
Regarding Yo' the internal energy increment within the “#/+! wave surface is d(gﬁf”]hf), and thus the
_ dleymp;) d(eymp,;)

V/ﬂdt Vhldl‘flf

g = Lbi

, but Yni 5o there is

We = uy;

&

corresponding internal energy power density is

Regarding Wd@”: the dr obtains fusion energy that is introduced from

1"/]1'+1:]"/71'+d1"i W(I

b1 and the fusion power density in

s "* whilein "7+ the fusion energy will continue to be transmitted outward.

If the fusion energy shows an increasing trend, within “#7+1 can still maintain the Ya value after energy
transfer.

b=,

Regarding oty : due to that heat conduction should occur at the interface that is relatively stationary with

the thermal conductive medium, but the wave surface “%7+! is rapidly propagating forward, so the thermal

conductivity power density at this location should be disregarded, i.e. Ve =O; But there is outward radiation,

7, <0 W, =-W,

hence , resulting in "¢

Regarding " - this is the work with a value " = PyiSpittn Vi done outward by a fluid with a pressure of

Pri anda “47 rate of flow. up; d(eymy )] dry; =

In summary, the energy equation in the neighborhood ¢ ahead becomes W =Wy Wy = PhiShittni .

Secondly, if the mass increment in the new wave surface “#/+lis Allhi the corresponding internal energy

€piAmy; We =it dmpi [Vyidry;

increment is
Amy;

, make the internal energy power density
W, (1= 1;,)

. Corresponding to
4

e

outputing to the neighboring @ in front through #7, and
Epiliy; diy; [dry; =
AEEARY A/

is the fusion power density

input into @z in the form of thermal conduction; Therefore, the energy equation should be

t =0 due to the disturbance not

Thirdly, the DT ice in front of the fusion wave surface “#*! has a velocity
reaching, After #7+1 sweeps away, the fluid velocity 77 behind it can be derived as

o o /2
i = Rl Pupi | Pan)) using the(2.3-7)’ formula of a strong shock wave.
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Further changes in the ignition energy equation

The following ignition energy equation can be further derived from equations (3.3-5)1,2,3

(¢/T,) dTy; [dt) = Koty — K, K~ 4/3 (3.3-6)1
(‘[/P,,]/H') (dﬂm/u-/a’t):/(g(l—fa)+ﬁle*2 (33-6)2
dW, [dt = (2W, [7) (K, - K,~10/3) (3.3-6)3

where dimensionless quantity in the equation
Ka = War/pm/zjglzj , KI' :|WT|T/p”7hj£/”‘ , Ke = Wer/pmhjghj (33_6)4,576

7= 24 [uni ~characteristic time, its expression is

= [r/u' /(ﬁgT/u' )1/2] (pmjc /pmhj )1/2

Where

(3.3-6)7
Argument the above:
mpy; dep; [dt =Wty =Wy =W Wyy = PpiSpitip

Firstly, is obtained by changing equations3.3-5)1and (3.3-5)2; The
left side of this equation uses "4/ =Pumsiang v =1-OKeThi wnie the right side uses £ TePmnilhi
4V, Iy
€pi = gﬁng Wty =W =W Wy = €4 Pupi # 7= Uﬂ
2 and (2.2-5)1,2, can convert it to hil%hi - | et A and
/A .
K, = s k.= | 1”| K, = ! idfhl :[(ozfoz_]{r_](e’_é
Puhifhi Puhi®hi - gnd Puni€ni | then Thi 9t 3 can be derived from the

original equation.

drm- = Uhl‘dt

Secondly, substituting Mhi = Pubi’hi - gnd into the left side of equation (3.3-5)2 obtains

my, ; dVi;  dpupi
Epilpi J — :ghi[pmhi d/;] +#/HV/7{]
Thi , and then substituting equation (2.2-5)1 into this equation obtains
Ehitlpi ‘;”’“ = oyl P (24 —— —d’jjhf) LDt 1)+ K, 2
Thi ¢ Puni @ \which is then transformed to derive Pmki 9t
Thirdly, by using equations(3.3-6)1+(3.3-6)2, 7/ 7hiPuni) ld Ty pu)/dt]= Ko —K . ~10/3

is obtained through
Ty = (Wa/k4‘4a )1/2

transformation; Substitute formula(1.1-2)2 into formula(1.2-1)1 to obtain # , and then
substitute this into the previous formula to obtain e [dt =@M [0) (Ko — K ~10/3) .
. . p]”l, .
up; =(RyT; Luni y1f2 7= Thi ’ :ﬁ(#)1/2

Fourthly, substituting(3.3-5)3 formula Pmni - into Yhi 5o & hi o is obtained.
3.3.4 Deriving Ignition Criterion
The analytical formula for the ignition criterion is

pmherherhe(p/uce/‘Omhe)l/z -L 27/7@2/[7/793/2 73'4] [g' /(eV/Clﬂz] >0 (3 3'7)1
The approximate formula for the ignition criterion is

Pppelnelne >1.60Lg - /{eV/cmZ] (3.3-7)2

The dimension of '#<in the formula is eV . The approximate ignition criterion equivalent to the above

formula is

For > 1.226x102(4] [ en®] (3.3-7)3

251



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

where %7 = Prelhe i the formula.
Argument the above:
According to equation (3.3-6)3, in order for the ignition condition(3.3-1) to be valid, it is necessary to satisfy

U{a _/(7-_217:@ X >0
3 " . Substitute formulas(3.3-6)4,5 into this formula,and apply formulas (1.2-1)1, (3.2-4)1,
(3.3-6)6, (1.1-2)2 and hi =3RyTy; 2

& _Bpmhj [(Rgrm’)S/Z /F/u‘] (pm/?j/pmhj)l/z}

to this formula to obtain

2 2 2 1
R Ay 7 .. >0 .
Wit Kl = AP T Ti=Tws ”° If the required temperature for

fusion, ie.  Ini=The=Tps

1/2 32, 2
thereby Pypelpel he(Ppee /pm/ye) / >0R," The /(Aﬂk4The

is reached at the end of the stagnate,

3/2
—4) is obtained by changing the above formulas;

1/2 2 2 _
Substituting relevant data into this formulas obtains PneTheThePrce [ Pure) "~ >1- 2o /(be‘ 3'4).

s/

Ignition zone 4

12 gKeV.
[ CmZJ
o

)

pmce
Dt
[aV]

PuneTheThe

4,07 5754 16 The[KeV]
Fig 4.

The graph corresponding to the equation corresponding to the above inequality is plotted in interval
A< The <16Kel ¢ Figure 4 according to literature (Stefano Atzeni, Jirgen Meyer-ter-\Vehn, 2008), the
pmhcrhcfhc<%)l/2 =y

Trus =5~15KeV"y Puhe is used as a function

temperature required to achieve fusion is

T/]EZX

of in the graph,and the y=ylx) graph is drawn ~ curve amb According to the figure,

Tf]é’ ( BLce )1/2

mhe reaches its maximum value at point b;In addition, according to literature (Stefano Atzeni,
Jurgen Meyer-ter-Vehn, 2008), for fuel with approximately equal pressure due to thermal equilibrium during

ignition, there is Pune [ Pace =0- 1 . Substituting this data and The =16KeV"into the right side of formula (3.3-7)1
PopoTnelhe > 1. 60

Pupelhe

obtains

ZR T - - ey [ = .
Ph="glhPuh into  the definitional formula %7 =Phe’he  to  obtain

R

Substitute the ideal gas law

507 = Rg : p/nherhefhe

, and then substitute the ignition criterion(3.3-7)2 and ¢ values into this formula to obtain

Fop > 1. 226 102047 [ cn?]

3.4 Regarding Temperature The

The above, whether it is the self heating condition(3.2-6)1, ignition criterion(3.3-7)1, or the condition(3.3-4) that
enables all DT to participate in and complete fusion within the inertial constraint time, all depend on the center

. 2/3
DT gas stagnate temperature The ; In the following text, there is(6.2-1)b formula Tee = ArPace /Rg for the

DT ice temperature during stagnate, which can be used as an approximate estimate of The ; In fact, for the colder

The >Thc

and denser DT ice surrounding the central DT gas, there is , SO taking The *The is a conservative

valuation.
3.5 Summary

In order to initiate nuclear fusion after the end of stagnate, must meet self heating conditions, and the conditions
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for all DT to participate in and complete fusion must also be reached, as well as the ignition criterion must be
met; Among them, the self heating condition is formula(3.2-6)1, the condition for completing fusion is formula
(3.3-4), and the ignition criterion is formula(3.3-7)2.

The equation corresponding to formula(3.3-4) is

1/2 -21 1/2 1/2
r]Jcpmthho(pmcc /pm]zc)/ = [2'26X10 /Mhorho ] (pmcc/pm]zc)/ . When the values of rhe’ pmce/pmhe , and The

M/m

have been calculated and is given, the right side of the equation is a fixed value.Therefore, in the coordinate

system of Figure 4, the equation is a straight line ¢d parallel to the horizontal axis; In this way, the range of
ignition values can be achieved~ignition zone, should be located in the common part above curve @ and

straight line cd |
4. Explosion Induced by Discharge (EIB) of Ring Target Shell

4.1 Foreword

The driving force of inertial confinement fusion discussed in this article is an external strong pulse magnetic
field acting on the ring target. The pulse magnetic field causes a strong induced current in the ring target shell,
causing a sharp phase change in the ring target shell and causing an EIB. The generated plasma undergoes a
pinch effect due to the Lorentz force.

As earlier in "2. The implosi " ioned: i ine 7= 7@ &) i

. plosion of DT" mentioned: if the streamline at the inner surface of DT
ice is determined, then the flow field inside DT is also determined, which determines the energy accumulation
during the implosion stagnate, and thus determines whether fusion can be triggered; So the pinch effect of the

target ring shell caused by electric explosion should also be constrained by function r=1(ay,, §) .

4.2 The Occurrence and Resistivity of EIB

Under the action of a pulse magnetic field, the Joule heat generated by the induced current /" causes the ring
target shell to rapidly heat up, resulting in a phase change: solid state—liquid state—gas state—breakdown. At
the same time, the resistivity also changes accordingly. As the change in resistivity closely corresponds to the
phase change process, therefore, changes in resistivity can be used to reflect the physical process of EIB.

There are several methods for expressing changes in resistivity, and this article intends to use the "Tucker
specific action model" among them (refer to literature (Yexun Li, 2002)); This model suggests that due to the
completion of EIB in microseconds, the energy losses from heat conduction, convection, and radiation can be
ignored, thus can be considered that explosion is only an adiabatic process in which resistance generates Joule
heat.

This process can be divided into three categories: unchanged of state, change of state and breakdown
process.unchanged of state ,only increases temperature and resistivity; change of state, the temperature remains
unchanged and the resistivity continues to increase; When the breakdown occurs, plasma is formed, and the

resistivity drops sharply; Below, J=L23 jsusedto represent three states: solid, liquid and gas.
4.2.1 Expression of the Law of Resistivity Change

When the unchanged of state, the J state resistivity is expressed by the following formula:

8)-glt;,)

0;(8)= 0o (4.2-1)1
In the above formula:

1/le(t,;)-5(t;,)]
AJ] :(pje/pj())/ ’ (42-1)a

According to literature (Yexun Li, 2002), & @ in the above formula is referred to as the specific action, which

is defined as

g(t)=j]2dt
(4.2-1)2
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Where 7o, “Je~ the starting and ending resistivity of - state, Lio | Lie ~ the starting and ending times of
J state, /@ ~ current density; ¢“) should be zero at startup, therefore, there is® (610)=81,=0
Argument the above:

2 =c P - .N .= . I . R .
The energy equation for the unchanged of state is L/®s;] Hfdt_cfpf’”sfwr, but ky=#; L/Sf, which is

. dr=(p;[cp )Tt . LS o . R;
changed to obtain 0 /e , in the equation, “/ ~ state diversion cross-sectional area, "7 ~

J state resistance, </ ~specific heat capacity of J state, 2in ~mass density of J state ring target shell, L~

diversion length, 7 ~the resistivity of J state metal. Moreover, the resistivity of solid or liquid phase metals

p;=p;,A+a;D)

, Where % ~the temperature coefficient of
dT:(pj/cJ-me)]Zdt

generally varies linearly with temperature, i.e.

a0; :pﬂ’afdf; Substitute the previous equation
In(o;/o,)=(p a ]cp, )J.szt+c<“>
equation and integrate it to obtain il2io %5/ , this equation must
2 . .
P, =P P, =0; t) = dt _ 1/l ;)-g(t;,)]
SatISfy 77 J|t:tj0 and Je J =t e lIet g( ) J.J , AJ/ - (p_ié‘/pjo)
)

J state resistivity, hence into this

, thereby can be derived
ﬂj(g) _ prAJjg(t)—g(fja

Change of state: the resistivity when J state is transformed into & state is expressed by the following formula
(&) =00 [ 4,0 [ JF5© (42-2)

in the formula

A =0, = 0,10, [at) - 801} Fy =1y +ale) (42-2)ab

where “# ~the starting resistivity of £ state, tko ~the starting time of & state.

Argument the above:

(JSJ‘/()ZRJ-A,QIZ = ijdlﬂk

The energy equation for change of state is , in which "7 ~the diversion cross-sectional

; . R . ; . H
area when 7 state and 4 state coexist, ¥ ~the total resistance when - state and £ state coexist, =’

~

the latent heat of state transiting from J state to & state, "¥ ~mass of substance of 4 state; This leads to

2
dt =(H ; 7S o )dS . . . .
J H i ] 2 S ) % where “kn ~the density of & state, °* ~diversion cross-sectional area of  state,

£k ~the total resistivity when J stateand # state coexist.

. R, . . . .
Regarding 7%, the coexistence of two states is equivalent to the parallel connection of two states, thereby
o Ry =RR )R +FR o Ryu=pullSy R, =p;LIS; =p, L
resulting in ~ &~/ k(R +Ry) . Additionally, due to '/ ~ Xk /S L TR /S, Rk = Pi Lfsk and
S5k therefore Pt = PPk [loj =30+ Pig i) ron ha derived, where £/ =°J /S 12220
szf = (Hﬂ(ﬁk,,]/pijjk )dSk

and
and perform the integration for °/, and let

1/4; ti,)=1;
and /Jk+g( Je)=Fi , can exported

(-¢. = A P — gt =, =
Pl =85 )* Prof i = Pro i e~ . take P/7P7% and Pk=Pro gpproximatelv in the calculation;
Pk :pjp](/[pj(l_gﬂf)+pk£ﬂf:| thus deriving pjk(g):pje/[ﬂAjk Fﬂ(_g(fﬂl

Substitute the above eauation into
(0o = 23] (04, Lt — e ;)] = A

Substitute this equation back to

The Tucker model suggests that when the liquid—gas state transition ends, there is no longer low impedance
substances that are connected in the conductive channel, the resistivity quickly reaches maximum, and no longer
increasing. If the energy is large enough at this time, breakdown will occur, resulting in plasma discharge.

The breakdown stage can be considered as a continuation of the gas state stage. Using formula (4.2-1)1 of the
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_ g()—g(ts,) )
gas state stage ,its resistivity can be written as (&)= aoks " Due to £0>8%0) and the sharp

decreasing in resistance after breakdown there is 23 <%0 0 the expression for the resistivity of the breakdown
stage should be written as

-Lg(t)-g(t;,) ]

£3(g) = 03,/3 (4.2-3)1
In the formula

Ay = (1730 /pge)l/(gh"7g30> 836 =830 [B]UZ — B3 (g30)2]|:1n (,030/,036,) ]/87[030 (4.2_3)2 3

2

2
where B u ~the given upper bound of magnetic fields Bar

2
and By , eis the resistivity of the plasma

after breakdown, which can be calculated using the following formula

03, =2.407x107 1n[5. 334x10° M., / £,,7 1 [Q- 1] (4.2-3)4

In the formula, M’ﬂof, Z are the molar mass, atomic number of the ring target shell metal material, and P s
its density in the standard state.

The argument for formulas(4.2-3)2,3 will be presented in 4.5 Appendix I1I.

Argumenting (4.2-3)4 formula:

According to literature (JialuanXu, Shangxian, 1981) the resistivity of the plasma after breakdown:
oy =, 1nA/[32\/2—ﬂ%2</fe&he)3/2][9'fﬂ], where the Coulomb logarithm "'~ InC(a/n,) (6o Kylipe /92)3/2];

When proving equation(3.2-2)3 earlier, it is proven that there is In4=const regarding " ; Therefore, can use
_ o7

Moy i the standard state, substitute it into 1n4 | then substitute it into 3¢, finally, by substituting the
0y, = 906X107331n[3 287x10%7 M'"U’(KHTS”G)B][Q m)
3e _72 . - .
values of e, " and "7, (KgTspe) “n can be obtained, where

Kplshe ~the temperature of the ring target shell at the end of the stagnate, according to literature ongminZhang,

Weibo Yao, 2018), the electron temperature of the plasma generated by EIB of a metal wire is generally

Ty _ -16
Kyl =10"LA]=1.381x10 L7 , substituting this into the original formula obtains formula(4.2-3)4.

4.2.2 Experimental Data

Pjo  Pje 3<tjo) g(tjc)

The relevant data and in the above formulas must be obtained through experimental

measurement.
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Table 1 lists Tucker's measured data, which is sourced from literature (Xinggen Gong, 2002-07):

Table 1. Measured data of six types of metal wires in Tucker

Metal melting beging melting end vaporing beging exploding /
. B
s Q/ g/ b/ Qs g/ L/ Qs g/ L/ Qs g/ Diameter %/
ow G5 ao alm ™ mom (gD a0 alm ™) mew @) adafm ™ eaw s ad’ata ™ / mm

Ag 86 245 0.61682 159 356 0.71771 273 710 0.90132 8590 3425 1.12290 0.12 540

Cu 99 459 0.80492 189 663 0.94228 263 1409 1.24008 6200 5909 1.73000 0.10 350

Al 112 623 0.25238 231 1021 0.32055 415 2981 0.48561 3930 9782 0.65776 0.12 139

Au 121 124 0.42816 260 189 0.50180 493 472 0.64950 112401897 0.83157 0.12 460

Ni 592 647 0.17233 796 974 0.21156 834 1812 0.30173 6660 5492 0.56007 0.12 85

W 903 995 0.24270 1161637 0.27831 1236 1042 0.34175 2300 3936 0.75059 0.12 41

This article intends to use the data of Ag wire in the table as the estimated value.
4.3 Using the Ideal Magneto-fluid Mechanics Equation to Express the EIB process
4.3.1 Introduction

The premise for discussing the EIB of the ring target shell in this article is:

Firstly, due to the thin shell of the ring target and the fluid generated by the EIB is constrained by the pinch
effect, can considered that the mass density of the shell is uniformly distributed radially along its cross-section.

Secondly, due to the skin effect, it can be considered that the induced current Q1 is concentrated in the thin layer
on the surface of the ring target and evenly distribute; Thereby, the pinch force will act simultaneously, equally
and radially on all layers within the cross-section of the ring target shell, causing its fluid element to move

towards the center along a radial stable streamline, So that is a steady flow, and thus the position vector r(a,0) of
the streamline cannot be an explicitfunction of ¢.
Thirdly, there exists the following formulas from the same principle as formula (2.5-5)1

Orgy = Orgp, rs/]/rs/m or Olsp = Olgpy I, /rcn (43_1)1

as well as
Push = Pmsho (Fsh() /fs‘h)2 (43_ 1)2

T,

o sh - Tsho ~the outer surface

Where &Sh, o ~the thickness and initial thickness of the ring target shell,

radius and initial radius of the ring target shell, e, ‘> ~outer surface radius and initial radius of DT ice, “»,

P (FS/I+F€)/2:

Tsn ~the average radius of the ring target shell.

The EIB discussed in this article is a ring target shell flow process driven by a pulse magnetic field B dr(t), the
expression of this process requires the use of ideal magneto-fluid mechanics equations including equation of
ideal fluid dynamics and Maxwell's equations. Regarding the Maxwell's equations used here,according to
literature (JialuanXu, Shangxian, 1981), since the fluid in question is a good conductor and its characteristic time
of field change is much greater than the particle collision time, displacement current, convection current, etc. can
be omitted and referred to as the "quasi static equation". Thus, the form of Maxwell's equations is

VxE=-c"'B/0t gng VxB=47J/c. additionally, the generalized Ohm's law J = +c™uxB)/#&) needs to be
used.
4.3.2 Magnetic Field Involved in EIB

msho ~ring target shell density, initial density,

dr(t)

Driving magnetic field B . According to the theorem of frozen-in field: the closed circuit of an ideal
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conductive fluid cannot undergo relative motion perpendicular to the applied magnetic induction line; The ring

target shell after EIB can be approximated as an ideal conductive fluid, so the pinch velocity “sh of the ring

f B 4,(¢) ug, =0 B 4,(®)

target shell will not cut the magnetic induction line o , that is, there is relative to , S0 the
generalized Ohm's law becomes E :p(g)J; However, due to the presence of opposing electromotive force in the

ring target shell, J will not tend to infinity; If the ring target shell is made of a good conductor, that is,its
-1
resistivity 2(8)~0 then there must be E =0 Therefore, according to Maxwell's equations Y *E =—¢ aB/ot .

there is OB/0t~0 gq Bar~const js ghiained. const s a constant regarding ¢, which should be equal to

B4e(0) ¢ t=0 but in reality, B (1)
Bdr

value constantly changes with ¢; This can only be explained as follows:

the external magnetic field 2 detours outside the area enclosed by the ring target, wile the magnetic field

B x(®) within the area enclosed by the ring target is constant with respectto ¢.

According to another expression of the theorem of frozen-in field: any closed curve moving with an ideal
conductive fluid, the conservation of magnetic flux passing through the area enclosed by this curve. Based on
this, if the area enclosed by the ring target is S, the magnetic flux passing through S should be Ber® =const,
Since the magnetic field B ar within the area enclosed by the ring target is constant with respect to ¢, so there
must be S=const  that is, the area enclosed by ? is constant. Therefore can inferred that the ring target shell
is equivalent to a circular current carrying wire with a radius of R

Bar(®) generates an induced electric field Ear in the ring target shell, and the ring

Induced magnetic field By,
target shell generates a self induction electromotive force due to self inductance, which corresponds to the self
induced electric field E"; The total electric field acting on the target ring shell should be E=Eg+E ,

E generates current J, as shown in Figure 1, J generates an induced magnetic field Q10 surrounding By,

-1
The Lorentz force ¢ J*BI generated by By and T is the driving force for ICF discussed in this article;
However, due to the skin effect, it can be considered that Jis concentrated on the surface of the shell, so only

Bs at the surface "% of the ring target shell needs to be considered, therefore this By must have the same

circular shapeas "

There is a relationship between the driving magnetic field ©

Bdr(t)and the induced electric field Ber') as

follows

E 4:(0) = e o(— R/e)d[ B, (0)]] dt (432

Argument the above:
E dl'(t) = Edl

B4 (t) and E 4, (2) B 4. (6) =B, (0)e

(¢ . N .
(Ve o in the cylindrical coordinate
VXE 4, =c ' 0B g, /0t and

can be represented as z and

Bar(®) gng Ear®

system (R, 2) of Figure 1; should satisfy Maxwell's equations

because the ring target shell is equivalent to a circular wire with a radius of E, thereby can derived

Bar(t) = e o= RI)dL5y ()] dt in Lagrangian form.

4.3.3 Deriving the equation of magnetic field motion

J=%6 and B1=5/20 i the

The induced current J and Induced magnetic field Bj are represented as
ring coordinate system of Figure 1, respectively; The equation of magnetic field motion in Lagrangian form
exists on the surface “s# of the ring target shell

0B ; [[4mp()08]1 = [8(ryy B ;) [ (101 1210101, B ) [(1:015)]) O} (4.3-3)

The dimensions of the above equations are in the Gaussian system.
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Argument the above:
Using the curl(2.2-2)2 formula of the ring coordinate system, write the Maxwell's equations as

_ ol -l =
OF[oryy =™ 0B, [ O and Ton OrgpB)org, =47/ . Using these equations and the generalized Ohm's law,

can obtain 98710t = [ p(e)/Am) @l 1y~ ey B )/ 51”517]/ Ory) = By Ougy[0rsy, —ugy, 0B [ors,
The continuity equation (2.2-6) can be used to change the above equation to

(B | royonep)]dt =1c* plg)fan Pusp ] 0000 B P01 5407) - oo formula (4.3-1)2 for “ash in - this

A, B)]dt = (& (@) 47) {1 801y B ) (rpdry )} Ors)
)

equation and note Tono | Ton = Tsno/ Ton can obtain

Convert % in the above equation to the Lagrangian form “s% = Zop(aspt) ghen B7 (1t

the Lagrangian form B (agy0) ; Note that the "Introduction" already states that due to the steady flow of the EIB

is also expressed as

fluid, the position vector 7(#%) of the streamline cannot be an explicitfunction of ¢ , thus

0B [0t = (c*ple)] 1) (010 B)/(rp@r))fora) ot e derived.

(0B |0g) (deg/dt) = (& p(e)4m) (0la(ryy B ) (rydrey)) [ Orsy

The above equation can be further changed to . In
% _ oy
this equation, it is known 9¢ from formula (4.2-1)2, and then according to Maxwell's equations

Ory B8 ) (rsp0rsy) =47 T e in ring coordinate system,

in 0B | [[Amp(8)0g1 =01y, B ) (101 )T oL 1y, B ) [ (rg0r)] |0}
4.3.4 Solving the Equation of Magnetic Field Motion

9 2
J*=Le/Am) 0y B ) (ryporsy)] is obtained, so resulting

The solution of the equation of magnetic field motion is:

8
B,(g) =8x Ip(g)dg +8,(g;,)

£ (4.3-4)

where €7 ~starting value of & (unchanged of state /% =72 change of state stage %7 ~ 7).
Argument the above:

Firstly, plan to use the method of separation of variables to solve the equation of magnetic field motion. Let

B 3 =-FB 2)B . . .. .. . . .
o 8)= =B 15 g (&) for this reason. Substitute it into the original equation to obtain two equations

ngdng /(4”p(g)dg) = /‘LZ and [d(r.qhﬂjr )/(Fs/zdrsh )]_2 {d[d(rsthr )/(rs/zdrsh )]/(B‘/J'drsfz )} = _/12

B, dB j, [(4np(g)dg) = 1* B 1,dB 1, = Ak p(g)dg

Secondly, solve equation , change it to and integrate, obtain

g
B, = +A[87 Ip(g)dg + B (gjz )2 ]1/2

solution £jo

[d(rshB]r )/(Fshdrsh )1_2 [d(rshB]r')/(rshdrsh )]/(B]rdrsh) = _/12

Thirdly, solving equation . It can be changed to

(PsiB ) o rtd (PGB ) 1B dxy o xd ,dx, 2

wr | Gy dny e o o )

sh shOJr " sh sh Iflet =% and =*2  then it changes to 1 Dt ' , and
%_X‘ X3_2X;;‘b(3=7/12)(2
If let 1 then it changes to . . Taking the derivative of *! on both sides obtains
-1
d d .

i(X3_2 dexs) Zx. 2 2y - 2 J:_lZ(Xl/fshuz)X?)
Xm Xm ’ Lsho dln(Xl/rsho ) dln(Xl/rsho )

, Which can be changed to obtain
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—1 2 2
dxy [ dxs” —
X3 ln( X )=X5 4/ 5

. . . = - . 2 2 %5 _
In this equation, If again let = *4and Lsho then the original equation becomes # ‘st € [xi =0
. (13)
c12),,67 " %

The above equation has solution, its form is as *4~

(13) -1 :
D[ ,C Xa_[,1213h02/c<12>]exﬁ“ ¢ ]:o_ At ¢ —1/2 and 12 =24,

X5/2

. Substitute it into the original equation and

change it to both sides of

the above equation are equal, so the solution is 4 = 247s#o®
- . - X =x ln(X/r 2)=X X, =2Ar, eX5/2
Restore to the original variable: accordingto 3 4 and 1/ Lsho 5, make 4 sho become

-1 -1
3 _2’1‘/)(_1, and according to diy [ = X3 e 3 =22x become Xm/‘/X—l_ZMXZ; Integrating it

21,72 =22x, + €19 : - o .
1 E ; Note here that since the original equation is a second-order equation, only two

C<12> — 2113‘/70 and 0(13) _ 1/2 ,

obtains

integration constants are needed, and now there have been integration constants

Xll/ = ﬂ,XZ B = 1/

2
so C ) is not needed, thus obtain Based on this, is exported from “s# ~*1 and

rShBﬁ" = X9

Bty 8)==8 1, (1) B 1, (g)

Fourthly, in summary, the solution of the equation of magnetic field motion

8
B(g) =8x I p(g)dg + B (g ;)

becomes &

B dr(t) .

4.4 The driving magnetic field is the driving energy source, which drives the ring target shell to contract

inward. Therefore, in order to achieve stagnate, form hot spots and lead to fusion, must to ensure that the

Bdr

changes in © follow a certain pattern.

In solid state, solid-liquid state, and liquid state, due to the incompressibility of the solid and liquid, the ring
target shell has not yet deformed; In solid-liquid state, the gaseous substances produced will expand,but the
expansion is limited by the Lorentz force; On the other hand, due to the rapid reaching of the maximum
resistivity at this time, so the current is reduced to the minimum, which makes the Lorentz force insufficient to
cause the ring target shell to shrink, thereby it is approximately considered no deformation; In the breakdown
stage, plasma has formed; Due to the sudden increase in current, a strong Lorentz force is generated, causing the
ring target shell to pinch DT; Therefore, the breakdown stage of the ring target shell corresponds to the implosion
of DT.

Before the breakdown stage, the ring target shell has not yet deformed, the expression for the driving magnetic
field at this time is

B, &) 7L<L5f o )2 jp<g>dg+3d, (¢,
o (4.3-5)1

In the derivation of the above formula, the following formula is also obtained

}E’

—2
Barlg 1) =Ly, | 12R)B (g ) (6352
Note that the above formula only holds before the breakdown stage. The breakdown stage corresponds to an
implosion; The ring target shell is pinched inward at this time, and the driving magnetic field expression is

Lsp

- Lor,
Edr(Ts/z)——.i 03(8)By(&)ry dryy —bhozbhgs(g”— IBs(g)dfsh

A7 I Ugpo K Axr oo K
sho Zsho ™z, sh oo (4.3-5)3
where “sho ~the starting speed of the ring target shell, £ ~coefficient of self-inductance of ring target; The

dimension of above formulas are in the Gaussian system.
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Argument the above:

_ -1
Firstly, the generalized Ohm's law should be represented as J=e UShB-f)/p(g)

E=Ey +E

in ring coordinate

system. has been mentioned earlier, formula(4.3-2) is substituted to obtain

E:_(R/C)d[gd"(m/d”E . In the equation, £  corresponds to the self induction electromotive force

_ 2 ,
Ey =20’ = () D)1y ])/dt Substitute this and formula(4.3-1)1 into the £~ formula to obtain

F = (= Rle)d[ B, (0))]dt + (LSt [ 2t hﬁ)d(rsfj)/dt_

0B for =9 Therefore, from the
(0/4”)3]/1"517 =J

B = (L1, [y (e 1) e , thereby obtain

According to formula(4.3-4), fls not an explicitfunction of 5%, hence

6(1@/75])/(&/76 /7) 4”]/0

Maxwell's equations in the ring coordinate system, is obtained;

pe i d[ B, @)] Lo, d(rgBr)

Apply this to obtain ¢ d dzern 4% 40 the above formula, substitute back into the generalized
dB,.(t) drg, —ZC role) - Léry, d(rgyB)) dry, L, B, ¢ B E
. dry dtp B dry dt . Trr,
Ohm's law formula to obtain AZono K ' , substitute 47 st into it
o(g)B LSty 1
LI ho— (B += By,
AR TgpUgy 4”1-5170]? r

again, obtain
Secondly, discuss “*#“s# in the above equation. As mentioned in “4.3.1 Introduction”: can considered that the

ring target shell undergoes steady flow in an EIB, therefore, “#“s" is not an explicitfunction of ¢, so there is

G[rshush] -0 d(rs/iuslz) — a(rslzush) + a(rshush) dt d(rshush) _ a(rslzush)
ot ,then according ta %% Orsh ot dry thereis st Orsh
Therefore the continuity equation(2.2-6) can be written as d yop [ Onsi = (~d(rptisy)] 1) (dt]dry , but should
h/dt u Ugp < 0

note sh: for implosion , is the velocity flowing into the surface of the fluid element, however

the positive direction of “# in the continuity equation points outward from the surface of the fluid element, so

d‘alllsh d[f /1< U5b> ] — Pumsh Lsholsho
TsplUsp =

should be written as st Tshtsh ; Integrate it to obtain Pusho where Ysho ~the
starting speed of the ring target sheII' Substitute formula(4.3-1)2 into this formula, pay attention to

Topo | Ton = Tsno o , 50 Tshtlsh = Tsho U uspo 13s” is obtained. Substitute it back to the original formula to obtain

2 b
dBy = +ﬂ(g)51fshzdf_m ﬂd(f /751”—5]5]%/7
4]71”}70 5/70/? 47””9/10/? 7
Thirdly, before the breakdown stage, since the ring target shell has not yet deformed, so " =75  thereby the

B, = (LSry, / 47k )dB .

—2
above equation becomes . Integrating it, 2% :_(L&Sh"/ RN obtained, and

Byl ) = Loty [ 427 B, (5 1)

then result in . Substitute formula (4.3-4) into the previous formula to derive

P Lo
Bdfz =3 ( ’s ho )2 J. ple)dg + By (g ]Z)
T

8z

In the breakdown stage, since the breakdown stage corresponds to implosion, there should be ‘3¢ = 7sho
. B =5 , .
Integrate the formula of ““¢ in ™ Secondly ", and apply formula (4. 3-5)2 to 74830)= 87 &sh0) 15 optain
2 Lop
LS
Bdr(fh)—+ J.ﬂg(g)gg(g)lfghzdlgh AT Eg(g)Jr— .[53(g)d1”
4”11 sho S/7()R 471'1” /70}? oo

Tsho

Notes on formula (4.3-5)1,3

The above driving magnetic field(4.3-5)1,3 should be connected end-to-end in sequence, namely

260



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

B, (g..)=R B, =B,(g, , . : .
(8 je) = Bar(80) and ar(8xe) f””(gﬂ’), where ©70 8k ~the starting & value of 7/, & states, /¢,

ke ~the ending ¢ value of /', k states; And thus should be able to establish a connection between the

Bar(g10) value and the Bar(83,) value. The Bar(83,) value can be calculated using formula(4.3-7)2c below, and

Bdr (gln) )

the starting value of the driving magnetic field can be calculated using the Bar (&30 value.

2 2
Furthermore, according to formula (4.3-5)1, Bar (&)js an increasing function of &, so B (&30) should

belong to the peak of the driving magnetic field before the breakdown stage.

Further evolution of formula(4.3-5)3

According to Figure 1, if Bar increases in the negative direction as shown in the figure, B3(s) should be in
the positive direction as shown in the figure, so formula(4.3-4) should be written as

&
By(g)=[87 j ps(&)de + Byl gy, T2

&30 ; Substituting this and formulas(4.2-3)1,2 into formulas (4.3-5)3 obtains the
following formula
Top Top

By (ry) =G[-Cy J.S (g)A(g)fshszsh + J.S ()dry, ] -CyryBy(g)
Lopo Lsho (4 3- 6) 1

In the formula

Alg) = ASSf(gfggl,) S (g)= \/1+ [53(5’30)/(:1 ]_1’]2 -Alg) (4.3-6)2a,b

as well as
- —2
G =F Broy,lelty,) —alts,) oy, /o3 WP C; =0y, [ ry,uy,)  C = L51”s/m/ Arrg, k) (4.3-6)2c,d.e

where “sho ~the starting speed of the ring target shell.

Formula (4.3-6)1is an integral about %, but Al8) is a function of & . so must to derive the function

Lo = 5n(8) The expression for this function has been exported, as shown below

T’ =1 =C 10 {[By(83,)°Cy +1-(030/ £3,)" )/ LBy (83,)°C (030 £3,)") (4371
In the formula, Z=‘¢ ~430)/[8(te) =8(t)) s 3 variable with range of values of 0<z<L: and there are also:
2
c ‘030’4330
Cy=——"0 23, 9 Ay — 2 1ns;
3 Co=————1In(=2) gy 2op,2M07l Ay, = Byl(gy,) —>+1
472'1;/70 |Us/70| ' 87[030((93@ —ggo) P3, , 31830 Ju A3, , ° © 87Z'ﬂ30 (4.3'7)2a,b,c,d

2
where B ~given upper bound of magnetic field, and 30 must be solved by the following equation

2 2 2 3
A330[C pBo(rsho —Lspe )/(4ﬂTslzo

Ugho )1 = In{(dg3, = P30/ £3,) [ (dg3, = 1) 230/ 03, ] (4.3-7)2
2 2
Note that according to formula(4.3-6)1: Bar(830)" =[Ca 0B (830) I
Argument the above
- 2 _
In the " Firstly" of argument of formulas (4.3-5)1,2, by [Amrg =] has been derived, substituting -/ =dg/dt

(L)Z 512/% = LTshlsh dg/drsh
derived from formula(4.2-1)2into this formula can lead to 4~ ;Inaddition,
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3 2
o = oo oo Tt has been derived in the “Secondly”of argument of formula(4 3-5)3, and substitute it into

2
the above formula to obtain the differential equation di iy = (/A 123,153, 1By : Solving this equation

a2 2 Lsho |u5}10|J'
. sho sh (0/4”) B (g)2
obtains
A 1
I5 @
. &g . . .
Calculating % / of the above formula: substitute formulas (4.2-3)1,2 into formula (4.3-4) to obtain
2 ~(g-g3,) g
By(8)* = (8, [1n Ayg) [1— dgg™ J.—dB (1 o oo = Bl )2 103
2 A o g 330 — 33830
1+5;(g3) . Substitute this into & and let 8725 then can
:T dg 1/(87”7%0 | 4330 — 433 o) |
_ By(e)? A (fygy — gy &85
obtain £ ’ | 330 70 |
. - r, 2o 2 Py, 03, >1
Substitute the above formula back to the original formula of “s#o ~“sh | note that as 3¢/ "3 and

C4 ¢ 030/4330/47[ Tsho |Usho

|A330—1|:A330—1 and ‘A330/A(g)—1‘:A‘SBO/A(g)_l, and |et y

830 =830 >> L can prove

2 2 -1 ~(g-g3,) —(g-g3,)
then the original formula becomes “sho ~sn =C4 In gy = g™ Y U, =™ )

The above formula also needs to satisfy %h(g?w):rsh@. After substituting the above formula, equation

2

Cy (g — g ) =101 Agg,, - A337<g35 7g30)]/ (33, — 1)/4337("”35 )

can be obtained. Substituting formula (4.3-7)2a

2 2 2
¢ ‘OBU(rslm — Lshe ) =1n ABSU _p‘Se/ﬂSo
(430 =1) P30/ 3,

A3,

3
4727”3/10 Usho

into it and using formula(4.2-3)2, an equation about 530 can be

obtained. After solving the equation to obtain the 30 value, substitute %30 into formula (4.3-7)2d, and
BS(gBQ)Z _ B]u2 A330 -1

substitute formulas (4.2-3)2,3 into this formula, finally obtain 430

Firstly, can derive the expression for the unit mass Lorentz force as follows

f.‘]B = —[1”5/75] (g)2/477,0”15h01”5h02]er (4.3-8)1

Secondly ‘- the breakdown stage, namely during the implosion of the ring target, as the driving force, the work
done by ““# during the implosion is:

I, Ly
Eyy = J.|E/H(Fc)|dQ |Fp(z,)] :”ﬁjbﬁzdr
T , 7 (4.3-8)2,3

where Lsh = f(1+5rho/r€0)

4.5 Appendix

The driving energy Eaa during the implosion has the following approximate values

gy = Tepo [ Topo) Vno B3 /8”) (4.3-8)4
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2
where st ~the initial volume of the ring target; The average value of B (f)during the implosion in the

formula is
— 1 Ehe
B = [ Bt ae
8he — 830
& (4.3-8)4°
Before the breakdown stage, change is from the solid state to the liquid - gas state. As the ring target shell has

v

2
not yet deformed, its volume is "o ; During this period, the energy density Bar /8” of magnetic field

2 _
Bar (&) increases to Bar(830) /8” at €~ %30 50 at this moment, the energy outputed from the driving magnetic

_ 2
field reaches Za1 ="snolar(830) /8” . After this, the implosion process corresponding to the breakdown stage is
entered; So at this moment, the energy outputed from the driving magnetic field is

by = Vshogdr(gf%o)z/gﬂ (4.3-8)5

The total driving energy should be

Eyq =B+ Egy = Vo [87) 1By (8300 + (g [ Fupo) By (4.3-8)6
Argumenting formulas(4.3-8)2,3,4,5:

Vop =S that is

f]BpmshSS/zdr . Th

In the breakdown stage, inside the ring target shell, take a annular volume element

concentric with the ring target, then the Lorentz force exerted on the volume element is e

Tsh
Frp = J-fmpmshsshdf'
Lorentz force on the entire ring target shell is % . Substitute formulas(4.3-8)1 and (2.2-5)2into

this formula, and substitute formula(4.3-1)2 into this formula, paying attention to 7+ 7  then

Top
Py =—nk J.ESZdr

t is obtained. Substitute this

e is obtained.
Lsho
Ego= Iﬁj/b’|dffq/;
F . . S .
The total amount of work done by force ~“/# during the implosion is Tishe ; The following
approximate calculation can be made for a2 during the implosion, within the interval [KC’TS’?], the average
Iy, — Tsh [

2 || = 7R j 53%:% Ig3zdr:,,ﬁ<rsﬁ C1)By(r)?

value of By(r) is Q6, thereby resulting in; Te &
2
Furthermore, during the implosion, within the interva [g30’g’1@], the average value of B8 s
E: ! g_i#z’g(g)zdg — . _
Ehe = 830 ) . 2 F ()| = 7Rkory, B
& -Use % to approximate )" thus |2 sh3

Orgy = (Fsh / Lsho )é‘rsh

into the ‘a2 formula, and according to formula(4.3-1)1, ° is obtained, so resulting

— _ 2
RS, 2 2, I 25 R )
o~ sho By e, (1- 5/75'2) Eoo Zsho A7 Tepo BTy b’gz
. Tsh ; i >> T, T i
in sho sho - Additionally, due to’c@ 77 “ee | thereby Tono 87 is obtained,

Tsho :(rs/zo +rco)/2 .

where In this formula, as the initial volume of the ring target shell is

2 25 2 25 2— 5 _2 —
Vsto =27 Tipo K =27 106 B =47 To RSTsho therefore, obtain “d2 = Zsholsho s /179/70 ‘87 from the original
formula.
Thirdly, argumenting for formulas (4.2-3)2,3
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Ehe

Vz 1
(g pe) = _[pg(g) dg=—22(1- -
11’1/433 Aggghe 830

Integrate formula(4.2-3)1to obtain &30 ; The dimension of this formula is
8he
% W(g/m): J-ﬂg(g) dg
em” | indicating that the physical meaning of £30 is the energy density at & ~&4e: As &he
corresponds to time t’w, o} "gpe) is the energy density at the end of the stagnate ; But the energy comes from
2 2
the magnetic field Bs) ; According to formula(4.3-4) the Br(e) /8” value shows an increasing trend, so
2 83
B
) ) %= J‘P(g)a’g+5’](g30)2
L _ T

5@ hould reach the upper limit of Br gt #=8Uh) =80 \which is &0 ,

830 Lo

J.p(g)dg W(gp)= Iﬂg(g) dg

€ _ H—(é’m)—ggﬂ _ 2 _ B (o 2

while 4 in the formulais £ thereby (%so/1n43) 14 1=, [sm - Byles,) /8”.

_ 1/(840=830)
According to formula (4.2-3)1 there is Ayy = (030 [ £3) 017

P,

. substitute this into the above formula, and due

Ehe — &30 (B, = By(g3,)°1 [In (03, / 03,)/ (87 23,)]

to “30 7 3¢ thereby leads to

Fourthly, regarding the coefficient of self-inductance £ of the ring target in formula (4.3-5)2, refer to literature
Xisen Pang and Yu Ke, 1994-03), can be calculated approximately according to the coefficient of self-inductance
of circle conducting wire with a radius % and a wire radius "o , its formula s
L= o RR ~1330)L @k~ K 25 k] + R[4 , where *° ~ permeability of vacuum , # ~ the magnetic
permeability of the wire material, £, £ ~value of complete elliptic integral of the first kind, second kind,
K2 = 4R (R = 1) [ @F = 1))

Fifthly, Bar can be represented as a function B = Bor @)

{r = r(ay,, &)
t=t()

5. Stability of Implosive Fluid
5.1 Origin of Fluid Instability

of ¢ using formula(4.3-5)3and parameter equation

As shown in Figure 6, the fluid is divided into two parts by the /' =/ face in a confined space, the density is

Pl and © P <Pu2  and the fluid moves with an acceleration of 2 =% (er 2a jg

fa =4, (r)e

m2 respectively,

perpendicular to the V=4 face, so there is a unit mass inertial force * in the volume 7 ; In

f

addition, there is also the unit mass Lorentz force B8 in the ring target shell, this E+fs =T jsthe body force;

Since = and UB are not related to ¢ and ¢ according to formula(2.2-2)3 there is V(G + 1) =0

%-ﬁ-f]'B :_V[/f.

, SO there
is the potential energy Ut that leads to

Because '’ is the potential energy per unit mass, the potential energy of the two fluids per unit volume are
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Pyl <Py Uf'pml < Uz‘"01172

UrPuigng UrP nZ respectively. Due to , SO there is . Therefore, there is a potential
energy difference on the ~ -4/ face, which makes the /—/ face unstable. If the force f points towards the

0

“ul fluid, once there is external disturbance, the “72 fluid will flow to the direction of decreasing potential

0

energy along the force £, thus, /=~ protrudes towards “#! fluid, forming a " pike" shaped protrusion, at

the same time, in order to fill the gap caused by the "spike", the ¥ —/ face also retracts towards the “n2 fluid
to form a "bubble" shaped depression, thus the & —4# face will form a concave convex disturbance surface. If
the increase of this concave convex causes the ¥ —4/ face to be damaged, instability will occur.

In summary, if the body force f points towards a thin fluid, instability may occur; According to (Atzeni, &
Meyer-ter-Vehn, 2008), this instability is known as the "Rayleigh Taylor instability (RTI)". For the implosion
discussed in this article, RTI may occur in the following three situations:

Firstly, the ring target shell shrinks inward until the starting of stagnate. At this point, ®2 points towards the

center of the ring target shell cross-section, making & point in the opposite direction of motion; While force

fip points toward the center, but as the driving force 55 there should be > f”, so that the resultant force

f at the outer interface of the ring target shell points toward the center; But the density of the substance outside
the shell is much smaller than the density of the substance inside, therefore, £ points towards a dense fluid, thus,
there will be no instability at the external interface of the ring target shell.

Secondly, at the starting of stagnate, as f at the internal interface of the ring target shell also points towards the
center, that is, from the ring target shell to DT ice, the density of the former > the density of the latter. Therefore,
the internal boundary of the ring target shell, instability may occur.

Thirdly, from the starting of stagnate to the end of stagnate, the velocity of the the center DT gas is all reduced to

zero,®a points in the opposite direction of the motion, making f point from DT ice to DT gas. Pay attention

to the center DT gas there is no fp present, so disturbance will occur at the interface between DT ice and DT
gas; Due to the need to form hot spot, so must limit the peak disturbance at this time, to ensure that the hot spot
is not damaged.

5.2 Disturbance Face and Its Neighboring Fluid Conditions

As shown in Figure 6, disturbance ¢ occurred onthe V=V face thus forming interface S¢ ; Now establish the
coordinate system at the intersection H of the axis of symmetry of the disturbance wave peak and the ¥ —#

face; With ¢ asthe position vector of S¢ face, and thus the 5 face equation is §=¢gt) , and its implicit

Se w0 ==&, ) Se=¢-E.4.0)

. Ky .
. When a series of values for”¢ are given, forms a

S¢

equation is

family of equipotential surface related to
The fluid in the neighborhood of the disturbance face can be approximated as an incompressible and irrotational

. . . . .U =VU
fluid.For the disturbance velocity uc, there is a potential "¢ that causes Uy =V

equation exists

¢, and the following

2 _
Vil =0 (5.1-1)
Argument the above:

Firstly, the fluid in the neighborhood of ¢ face is approximately incompressible flow. If the change amount
that < occurred during time At s AS and the change amount of position vector = of the face V-V s

Ar then A< should be limited to tiny quantity compared to A7 namely A& <<AT .

Ar=c,At ¢

Ar can be represented as

s s the sound velocity under the current fluid condition. Therefore, within the same A? | there is

défdt =uy << cg A& << Ar

due to , where “/ ~disturbance velocity.

Furthermore, the fluid density “n in this topic should not be an explicitfunction of ¢, otherwise Cn will
change only due to ¢ changing, but the pressure, volume, and temperature remain unchanged, hence
6pm/5l‘:0

o =12 dp, +Q@(ru;):

0
. o . . d 2 19 .
s into the continuity equation (2.2-6) obtains Loes T ; if in the

In addition, substituting €
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do, 0 ,ruy
s z it P rr 20
neighborhood of face “¢, regarding = can considered © ¢St then there can be Cs
Uy U—Zzo dp, ~0
Due to <<¢, there is ©s , SO infer d¢ ; Applying Euler operators(2.2-4)2 to this equation

dpy[dt=00,[0t+udp,[0r o 0p,[0r=0y e 100pu/0L=0.

obtains In addition according to the continuity

dp,[dt+p,V -u=0 dp,[dt=0 dueto Pn %0 V-ug=0

equation , since can also be inferred.

From % [0t =0 and 00, [0r=0 above, in the neighborhood of face /-4, O can be approximated as a
constant for spacetime, so this fluid can be approximated as an incompressible flow.

Secondly, the fluid in the neighborhood of 5¢ face is an irrotational fluid

The fluid in the neighborhood of 5¢ face satisfies the following three conditions of Kelvin's circulation theorem
can be regarded as an ideal fluid, this has been mentioned earlier.

2 O s only a function of pressure 7, in the small space to the neighbourhood of the 5S¢ face, can be

~const

R . . . R 4
approximated as an isentropic process, then resulting in p/ P

£=-VUr mentioned above,

(3) There is potential energy for the body force acting on the fluid; According to
therefore this point is established.

So, then according to the Kelvin's circulation theorem, the velocity circulation of the fluid is conserved with
respect to time; Because the velocity circulation of the fluid at the starting of the implosion is zero, thus, the
velocity circulation in the subsequent process remains zero, so there is Vaxuy =0 ; Based on this, the existence

uy Vuy ~0 ViU, =0

of potential U leads to :vyg’ substituting this into obtains

2 _
5.3 Solving Equation Vile=0
5.3.1 Introduction

In a closed space, waves can only form the standing wave with unchanged positions of "crest - trough pair”;

Therefore, the "spike - bubble pair" generated by the disturbance <inthe ring target shell must be distributed in
the form of standing wave, and their function is

f(w,gﬁ,t):g(l//,éb)gr(t) (52_1)

where S@>® and 5t are two unrelated functions, ¥ represents the spatial distribution of the

amplitude of the "spike-bubble pair ", ¢ ®

27 7
The solution U of equation Vil =0 should correspond to disturbance ¢, therefore U should also have a
form similar to equation (5.2-1).

In the above article, the coordinate system has been established at the intersection H of the symmetry axis of the

disturbance wave peak and the ¥ -/ face. Now only discuss this crest of wave separately, and the conclusions

represents the variation of the amplitude over time.

obtained can be extended periodically; Using ¢ as the position vector of S¢ face, the length in ®? direction

. . L, = . N . =¢R
is measured according to ALy éA"’, the length in ®® direction is measured according to Ly M; In

addition, as mentioned above,the ring target shell is equivalent to a circle conducting wire with a radius of /?, SO

VU = 0(ER 0 [08) (&R0 + o(RoU oL, [(Rot,, ) + 8% [ oL,* =0

equation can be written as

2 2 2 2
00l [06)/(802)+0 Ug/ Oh, +0 Uf/ 0Ly =0 using the Laplace operator(2.2-3) in the ring coordinate system.
Plan to wuse the method of separation of variables to solve the above equation, so let
Uel& Loy g t) = COUgr (g oMy L) for  this, and  thus  the  following  equations
U™ d (&l /dg“)/(édaf):Z(mk)Zl U ™ AUy fa,” =P 4 U U, Jdr” = kY’

m=123-

are obtained, where
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5.3.2 The Solution of the Equation

d*U 1
— k)’ = —(mk)?

The solutions of dh, sy and Yo "% with respect to wave number #k are as follows:

2
Tl 1

é;”/k) = cos(mkL, +a,,) Uélgk) =cos(mkly +atg) = [ Ty :”}?/7‘7

(5.3-1)1,2,3
where "o ~starting radius of DT ice inner surface, by and Ly are the arc lengths along the circumference
2TTho and 27R | "rZZand "R >2 are a pair of minimum coprime positive integer, making Rf 30 =g [, ;

L,’ : . = =
The arc length ¥ along the circumference 277 must be measured according to by / d Z’/’/ Tho =9 , Where
4 ~central angle.

Argument the above:
Substituting formulas (5.3-1)1,2 into the original equation can verify that it is the solution of the equation.

27/mk is an arc length period along the circumference 7% or 27F | so 2ty [/ k) g 2R/ mk)

are the number of periods along the circumference 270 and 2R , respectively. In order for the "spike -bubble

n p

pair" to be distributed in standing wave form, positive integers - and

27ty [/ mk) = n,.

must exist, making
and 2][}P/(g”/”]l‘)znfl’; Can choose "7 and " as follows: reducting R4 into a pair
of minimum coprime positive integers " >2and "% 22 resulting in Rl 130 =gy .

Measure the arc length Ly along the circumference 277 according to by [r=Ly [1ho =9 , this can make the

number of period along circumference 277 same as the number of period along circumference 27Tho
du,
The solution of cde e U with respect to wave number k is as follows

x n
yR) = 09I o fo ke + > @2k oy
nxn!
=l (5.3-2)

where €Y ~constant, 7 =123

Argument the above:

d(dUg [d1ng)[dIng =2Amk,)* &2

The original equation can be transformed into T let In¢'=2"then it becomes

2 2 2 2z _ _ . . . .
Uf’/dz 2mk) e Ugr 0; Apply operator d0/dz =D to this equation, the original equation becomes
2 _ 2,2z _
L7 ~2mky"e™ Wgr =0 Solving this equation using the method of operator obtains equation (5.3-2).

. . V=0 - .
The general solution of equation 3 that satisfies central symmetry and convergence is
g Zcﬂl(t)y(lﬂk U(mk)y(mk) - -
m=1 , the average value of this general solution has an upper bound <. ~<* will be

used as the estimation of the solution in the following article, and for simplicity, it is still referred to as the

solution, and still recorded as Ug. The equation is
U&,y,0,0)=C(OUsp(&,p, 8)

(5.3-3)1
in the equation

Usp(&p, ) = e_‘/gkf 1n(§/§go)cos(k[,y, +ay,)cos(kly +ay) (5.3-3)2

Argument the above:

U(llzk) U(lll/r)U(mk)U(mk)
Superposition the solutions ¢ $0 "<t of all wave numbers to obtain the general solution
= @i ulPud

m=l ; Substitute equations (5.3-1)1,2 and (5.3-2) into this equation to obtain
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U= ZCme_‘/E'”ké[ln(Z\/Emk(f) + Z[(Z\/Emkf)" /n xn/1+c197. cos(mkly, + e, ) cos(mkLy + ay)

m=1 n=1

e P o2k + > [2N2mke)" [x )+ 991 = b,
n=1 in the above equation is the disturbance peak with wave

number k ; If the average disturbance force 7 causes the disturbance to reach the peak value hy , then the
frh
&Hm

work done by force s

mn

Due to there are ™"~ or ™% peaks on circumference 277 or 27R for the disturbance with wave number

171171.104}1

nor ”mﬁf{hm

. From this, can see that under the same disturbance

hy should take the

mk | and thus the disturbance energy is

energy, the larger the wave number 74, the smaller the peak h”'; Therefore at #=1,

maximum value Iy .

The previous equation expresses the superposition effect of many disturbances. The result is that the spikes and
bubbles of various peaks fuse with each other, resulting in a decrease in the peak of the higher peak, while an
increase in the peak of the lower peak, thereby tending to an average value. The value can be calculated using the

14
L_'g = lim(i) E Cply COS(IH/{L.// +aw)cos(1ﬂkL¢ +0{¢)
H n—w n )
weighted average =1 , thereby there .

- 1Y
U <Cihy HILTOZZCOS([”M'W +ay,)cos(mkly +ay)
=1

The above equation involves the peak at point H in Figure 6. Due to symmetry can discuss kly +ay, and

mkly + o only within the interval [0'”/2], within this interval, cos(mkly, +a,) and costmkly +ay) are

decreasing functions for . Therefore there is costmkLy, + a, ) cos(mkly + ay) < costkl, +a, ) coskly +a¢), S0

u U_'g < Cyfy cos(
Zcos(m/d,/, +ay,)cos(mkly + ay) < n-cos(kL, +a,)cos(kly +ay) B Yeos(hL )
there is -1 thereby can infer *fv & costhly vay)

o0

V240"~ (2424)"
2 <2

nxn! nxn!

Further discussing Min the above formula, there is ! due to% <<! resulting in

< ! [1n(2\/§/¢;)+z<2‘/—ﬂ+ 1) (24)"
Vaks nxn! ! -
= . Can prove that ~~! convergences to a constant, and if the

U_g < Cl[e_\/gkg 1n(C(16>k§)]cos(kLv, +a,,)cos(kly +ay) .

e

. . . 16 .
constant term is uniformly written as ¢ >, then there is

uy =VU [Ug]zfergs/g]

. . U . .
Determine c1® in the above formula. From ¢ know that ~¢has the dimension

[, /S] =[erg/g]

namely . This indicates that the physical meaning of U?/S is: Ys per unit time is the unit

mass disturbance energy, so if there is no disturbance, then there should be U?/SZO; So, if there is an initial

. . . U /sleer =0 .
manufacturing error Sco , then in order to achieve g/ =l , ie.

— —V2kE | ¢ A(16) 16) -1
U, < ¢ile In(C kg')cos(klw +aw)cos(kl¢ +a¢)]§=§g{} =0 ~there must be c :(ké’go) .

_ ke
In summary, there is an upper bound UsGop P =e In(¢/ o costicy, +a, )eos(hly +ay)

e <Gl Gy 9) , S0 as a valuation, it can be approximated as Ue=Clsp Gy )

5.4 Boundary Condition and Initial Condition at the Disturbance Interface
Motion Boundary Condition

that makes

Mark the subscripts of the fluid parameters in Figure 6 as follows: corresponding to “m2 add "+,

corresponding to Pl add “-”; The point T+ in the neighbourhood of point # on the 5¢ face forms the

o, p

St face. In the disturbance, since S¢ is the interface between fluids “#2and “!, so neither fluid should cross
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the °¢ face; So the normal component Y2 * of the velocity “#* of the fluid element at point Mi, must be
equal to the normal component “/7 of the velocity "M of the fluid elementat # point on the S¢ face, that

is Ui ==t gy W =) =0y _pormal unit vector, therefore Mwx i) =0 g required. Based on
this, the following motion boundary condition can be derived
gy @Gy, ) 0L,) + 1Oy, §,] 0Ly =0 541

vy =d §dt =ugee gy 9+ UL 04 the coordinate system H.

The above speed “¥ is represented as
Argument the above:
n=V—S§ (e —UJI)'V—SC:O
For equipotential surface there is |VS§| , S0 there is | 5| , thereby there is
oS, oS, a5y 0S¢
NS

g g
—+ul,/i~VS§———uM~V5§ =0 . . _—
ot ot , this equation should have 9t 9% and VS Ve oy Ml

Se=¢~Ewp0)

oS
ﬁ'FuMi .VSi _6_5_11‘” -VS=0

thus can be written as ¢ ; Apply Euler operators(2.2-4)1 to this equation to
ds ds oS,
a5, 0 6o —4:—{+uﬂov5§:0
obtain 9¢ and 9t | accordingto the second equation, ¢t 0t is obtained.

SeEw b 0=£-E.4.0)

Substitute the implicit equation of face °¢into the above equation to obtain

Ae=Ew b D]\ Vie— ey, 4,0 1=0

ot , and then in the coordinate system H use the ring coordinate gradient
Vzie +_6 e, +t—e u 8§(y/,¢,t)+u 6§(y/,¢,t):0
o oL, Y oL, ¢ Vo Y] . . »
v ¢ leads to v ? , this is the Motion boundary condition.

Dynamic boundary condition
As shown in Figure 6, during maotion, the fluids on both sides of interface S¢ always come into contact with
each other without separation. Therefore, the resultant force of fluid interaction at face 5¢ should be zZero,

Ps P +0-=0 \nhere Ps ~the surface tension of face ¢, where ©- and “* ~the fluid pressure acting

ie.
onthe “»! sideand “72 side of face °¢ atthe point /| respectively. For implosion, s can be omitted due
to Ps <<Pe P~ therebythereis ©+ TP =0

From this, the following dynamic boundary condition can be derived
duy [0t +V(uy? 2~ £=0 (5.4-2)

where T=% * 1 ~body force, fa ~inertia force per unit mass, 1B~ orentz force per unit mass.

Argument the above:
Due to the tiny amount of the viscous force compared to the internal pressure of the implosive fluid, it can be

2 a7
. . . - U_/ot 2 Up=C S
omitted; According to Bernoulli's principle 0 g/a i / +0[0y +U; , Where # ~fluid internal

VU

pressure; Us ~the potential energy of body force f, namely ~ "7 :f; Or the equation can be written as

p=0,[C"D-00, Jot-u,’ [2-U,)

ou, 2 ou, 2
(17) s+ Uyy s—  UYy-
CE =L o,s( + )+ 0, ( +

ml m2 ot 2 ml ot 2

an
b+ [0,5C3 " +p

Substituting the above equationinto #- =° obtains = (@s2 +2m)lr =0 ,

due to in the neighbourhood of point# so there are ayﬁ/at_)wf/at,aUg_/atat_)an/atand Ui =t
2

Uy- Uy herefore there is 61/g/8t+ uy /2 +Up = [ﬂ,ﬂga(rm + p,,,16£17>]/(ﬂm2 +0,1) .

In the neighbourhood of the disturbance face, because can be approximated as an incompressible fluid, so in the

| R Const o4 Py = const (0,07 + p,,,ICg?)]/(ﬂmz +0,) = const

above equation, there are O , thereby there is
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2
If Pn2>>Pul then const =17 o [0t +uy f2+0, =c1D

, thus deriving

2 (1)
Perform the V operation on both sides of the above equation to obtainv<aU§/at)+V(u”’ /2)+Vyf Ve ,

and apply formula (2.2-1)3 and Ve =uy to this. Thereby, the dynamic boundary condition for disturbance is
ouy [0t +V(u,’ [2) - £=0

derived as
Initial condition, regarding (5.2-1) equation S 0=5, 85, there are the following initial condition:
sy, )1, 0 =¢co lew. )], o =0
L::O * g (t,) =1 LZ:;:/Z/( [g(l//»¢)]kLy,:(//0 =2rsinlx/(4kzy,)] (5.4-3)1,2,3,4
In the formulas:
v =n(l+1/2n,)/2 (5.4-3)5

where Sco0 ~the initial manufacturing error of the cross-sectional radius of the ring target, ‘oo ~the starting

time of the disturbance; For implosion, the starting time of disturbance is tO; For stagnate, the starting time of
the disturbanceis ¢=0,
Argument the above:

Due to the initial manufacturing erro Sco

Cgo

of the cross-sectional radius of the ring target, so the disturbance at

; This S50 should be the vertex of the disturbance crest or trough.If
$oo =LEW, 8,011 01,0

t=t,,

. t s
time ¢° has an initial value

corresponding to the disturbance peak at time tgo, let by :0, Ly :0, then there is
[Py c0=Cs St

Substituting equation(5.2-1) into this formula obtains Ly=0 and =1

As shown in Figure 6, since the disturbance amplitude reaches its peak at Mtp points of by =0 and Ly :0,

then the amplitude should decrease when leaving this point. At the 1/4 cycle from the Mtp point along the

circumference 2”/?, this should be the intersection of the crest and trough, the disturbance amplitude at this
[y, p)l, 0 =0

point should be zero, hence Ly=rl2k

As shown in Figure 6, since the width of the crest or trough of wave along the circumference 277 is the half

cycle along the arc length. Therefore, regardless of the value of kL"’, the arc length He along the
circumference 277 should always be equal to 1/4 cycle. If /G is the chord length corresponding to HG then there

eyl -, =16 _ _ : =
is sV Pl =, , where Y¢is the ¥ angle value corresponding to point G; The G value can be

determined as follows: if the arc length HG corresponds to the central angle ¢ of the circumference 277 then the
He=2rsi . e,y _, =2rsin(9/2) .
h Ho=2rsin@) oo there js SV Pt v =2SINWID. g o e circle
, S0 there is [g(l//,(iﬁ)]ﬂw:(,,k =2rsinlz/(4hzy,)] .
7/2+8/2=r(l+1/2kry,)/2

=x(1+1/2n,)/2

27y,

chord lengt , its central

angle is 9=r/(2kr,)

As shown in Figure 6, V0~ can be inferred from A#4CG | substituting formula

(5.3-1)3 into this formula obtains V¢

5.5 Basic Formula for Calculating the Crest Value S of Disturbance From the General Solution of b
5.5.1 General Solution Must Comply With Motion Boundary Condition

Meeting the motion boundary condition requires ¢ to satisfy equation

(6&/or,)sin(kLy, +ay,)cos(kly +ay) +(0E[0Ly) cos(kl, +a,, )sin (kLy +ay) =0 its solution is

iy, d,0) =, (O)-§ B(r) = Ar)sinlyy — kL, )/sin[a¢(r) +kLyl} (5.5-1)1

In the equation:

A(r):[ﬁ—l]sina¢/siny/k’ B(r):(2r/§go)sin(ﬂ/4krho), ay(r)=arctgl B/(B-1)] (5.5-1)2,3.4

Argument the above:
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Uy =VU

¢ obtains three equations G 805/’/%:“54, G100 /0L, “ley,

Substituting equation (5.3-3)1 into

and ! e [0l = Y¢ substituting the latter two equations into the motion boundary condition (5.4-1) obtains

OUsp 08  OUgsp 05 _
ok, ol oly oLy , and then substituting the general solution(5.3-3)2 into this equation

(ag/agpsin(k[y, +a,/,)cos(kl¢+a¢)+(8§/8L¢)cos(klu, +ay,)sin(kL¢+a¢)=0; And also substitute the

obtains
05 sin(kLy, +ay,)cos(kly +ay) + a—gcos(kll/,
L, v oLy

above equation into equation(5.2-1) to obtain equation +ay)sin(kly +ag)=0 about sW>?)
Using the method of separation of variables to solve the above equation, the general solution obtained

isg(l//,¢) =4S, s1n(klu, +a,/,)/s1n(1(L¢ +a¢)+l)§g0 sm(kL¢ +a¢)/sm(kLV, +a,//)+C, whered. B, C ~constants.

This solution should satisfy the initial conditions (5.4-3)1,3,4 formulas.
Substitute  the  general  solution sw.9) into the initial condition (5.4-3)4 to obtain

in(y, +a,) in(kl, +ay)
go%Jr g@.%w:grsm%kﬂ )
Sl g SIWe +ay i To make this equation independent of the value of
inlyg — kL,)
kL. + _ g(r, Wr¢>:7A§§0%+2fSin(4kﬂ )
¢ "% canonlytake ¢~ "% and 2=0 thus Stmay + iy Tho s obtained.

Substitute the above equation into the initial condition(5.4-3)1 to obtain

A=L@r/{5,)sin(z/4kny,) ~Usinay [sinyg ; And substitute this formula into the original equation to obtain

sy, @) =&, =L @r/¢ ) sin(nf4kny,) - Usinay sinly, — kL) [sinyg sin(ay + kly) +Q2r/¢ ) sin (nf4kry,) }

the
formula should meet the initial condition (5.4-3)3, and thus derive
2r . V4 2r . V4
o, =arctgl sin( yal sin( )—1]}
’ ggo 4/{1”/70 / C;go Lho

In  summary, substituting the formula of sy ®) pack  to equation  (5.2-1)  obtains
§(ry,d,0) =6, (0)- £, 1B(r) = A(r)sin(y —k[u,)/sin[a¢(r) +kLyl}

5.5.2 General Solution Must Comply With Dynamic Boundary Condition
[Ugjgzgg) = Cl (f)ng (C@,0,0)
The disturbance crest corresponds to the general solution y=0.4=0 . In order to make that

the general solution satisfies the dynamic boundary condition, ()

following equation

in equation(5.3-3)1 must satisfy the

dCy ()t —2C,0)* [¢ .+ £(r) =0

(5.5-2)1
Varg,,
where C//(t):Cl(t)~Cosay, cosa¢/§goe ’ .
The Tpe The
! 9y ® dr——L j Cy@)? 2 gyt jz"(r)dr =0
The =15 dt The =15 ggo The =15
Integrate the equation (5.5-2)1 %o %o i , where
_ The . The ) - The
Fo_ 1 jf(r)dr=o Cyt) = ! j Cye)? 2 ar dey@ __ 1 wy®
The =1 The =1y ggo dt Lhe — 1y dt
o , 7o and % are all the average values
T (A 2 2
related to 7. Below, dcy©fde and 7" are still recorded as %7 /dt and C7® , and thus the original

equation is transformed into

dCy ()]t -2C,(0* [y + £ =0 (55.2)2
Argumenting equation (5.5-2)1
2
d
E(ugge G U@ g+ U g+ V(%) +

Icosyec—I'sinye =0

Firstly, the dynamic boundary condition (5.4-2) can be expanded to in the
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coordinate system H. When proving equation(5.5-1), obtained three equations: G100 06 =g ,
G10Usp [0k, =ug, Land OUsp 0L =9 substitute these three equations into the previous equation, thereby

2
dc, ou ,
_ ﬂ%d§+lau"/ dé = —F cosydE d—; a” dl,, 55 dl,, = £ sinydl,
three component equations ¢ 9¢ 2 08 , by by and

2
(dC, [dt) @Usp JoLy)dLy +@uy* [2015)d1Ls =0

2
1 ou
+77‘”

are obtained; Add the three equations together to obtain
(dC,/dt)dU gp +a’u‘,/2/2 = f(~cosyd¢ +sinydl, )

Because the discussion of this article is about disturbance crest, and the by ,L¢ values corresponding to the

[cosy(d&/dUsp) —sinyldL, [dUsp)],—o =[dé[dUgp ], = A
4=0

Ly $=0

disturbance crest are by =0 and
0. 5lduy> [dUgp )0 = P,

9=0 can be set, so above equation corresponding to the disturbance peak can be written as
dc,@®)]dt =—F(r)P - P

A =[de/dUpl, o

=0 thereby , and

Secondly, calculate 9=0 in the above equation. For this use formula (5.3-3)2 to calculate
dUsp _OUsp , OUsp ﬂJr Wgp dly dby _ 9&
% o5 oh, do oLy dg , and then use formulas (5.5-1)1 and (5.2-1) to calculate d oy, and
dﬁ;(ﬁ)%
d oy (Note: Here L“’, LV’,and 7 are independent of each cther) in this equation. Then, substitute this
and equations(5.5-1)2,3 into the original equation, obtain
~2k¢,, _£ 1 . i 2
[dgsp ]szo =2 cosa¢{[—\/5k§go1n(§/§€0)+1]cosaw + £ Ine/¢a)sinyy (Slria"/ + ‘e a¢)}
R c(Ol2rsin(E)—g,] COVk 18V o
4krp at =0 and
B lim [£,,1n(¢, /&)]=0 ] 3
Ly = There is ¢=7° due to % <Uand '9%=07% o after calculation,
2k,
}jlz[df/dUSP]LW:O x (e % cos, cosay
Lp=0 is obtained.
By =0.8lduy” fdUsp], o = 0. 5ldug’ +ug,t +uedd) JdUspl, o
Thirdly, calculate 9=0 9=0in equation dC(&)fdt =R~
oUgp e Usp _ o s _,
. . 1 =Ugy ! oL, =y Y .
When proving equation(5.5-1), three formulas — % : and ¢ were obtained,
substitute these three formulas into the previous formula,
2
du 2, d [0Usgpy OUsp.o ,0U
[C], o= O —— (=) 4+ ()2 1 (2222,
obtain s 0 dUsp 0 oLy, 0Ly Zs:o.
[d(@Ugp /&) /d//SP]l,,:O =2 BUgp [08)d(0Usp [08)]dE),,oldE [ dUsp],, g
Regarding 9=0 9=0 %<0 in the above equation, since
gzgg(’is present at ¥ =0and ¢:0, and in the numerator omit the tiny quantity containing S0 <<1, then
[oUsp /65‘](/,:0 = Cg(,fleﬂ/akg“ cosa, cosay [d(@b’sp/aﬁf)/df]w:o ~ —§g0_ze_\/§kg§" cosay, cosay
=0 and 9=0 can be derived by
[dUgp g, — = Q;:IJ\EMM cos @, cosay
using formula(5.3-3)2. Substituting these two formulas and £p=0 calculated
[d(@[/sp/ﬁf)z/dl/gp]wzo = —2§g07267\/5k§“ cosa,, cosay
earlier into the original formula obtains ¢#=0
9 Py g (Lsryy
. dlgp 0L, oLy " T hS . - .
Regarding in the original equation, where
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d_0Uspyo _(20Usp d_Usp, dLy Wlgp
[ - (ﬁ )].,,:0—[ —( ) =0 [ZZ5E V/:OZO
Wsp Oy~ g0 by dhy Ohy dsp 40 thare js © 6w ot W=0 and #=0 % 0 can pe
d AU "
. s (ETS[)Z]"’:O:O . %(a;b/ Fly0 =0
calculated using formula (5.3-3)2, thus =% “v 40 can be derived, and 7" ¢ ¢=0 can be

(dl0Ugp 0L, +(@Usp 0Ly 1)dUgp ), - =0

derived similarly, thus 9=0 can be derived; Substitute the calculated
_ 9, -2 2k,
formulas into /2, then obtain B="20{¢g, e coSdy oSty
Fourthly, substitute the derived A and %into the original equation dcl(t)/dt:_f(f)ﬂ_%, and let
dc (¢
e, G0y GO 02 2 rr)=0
S0 € oSy COSALIEI =51 then equation 50 is obtained, this is equation
(5.5-2)1.
2 T

Solve equation (5.5-2)2 dCy D)/ dt =26, © /g“g0+f_0’ Its basic solution is:

= —o(t+C, ) ~o(t+C;,q)

¢y =J7C., 2‘[e t+Cra) | 11[[em @+ —1]‘ _ 57l
! O=VB/Se (55-3)1,2

where Ciet ~integral constant.

Argument the above:

—_ 2 —
= . . . = Cy=%y 2)lz+ 1
Let dCy [dt | then the equation is transformed into ZH L =2y /‘/’}0 , namely Goo/2 Lo+ 7] ;

Discuss the symbol of this equation: according to (5.3-3)1 equation Uf:cl(t)l/sp((’g’w’qj), note that the

dimension of velocity potential Usis Lerg-s/a] , its meaning is: the unit mass energy of a disturbance during a

certain period of time, this energy should not be negative, so G Cy(©)

= £1/2
negative. Thereby there should be Cy = Seolz+ 1] '

Take the derivative on both sides of the above equation, it can be transformed into

, hamely , alsow should not be

1IS/Q’godzf:a’Z/(Z\/Z+1?)

. . . . — AT _w(t+cz'c ) _w(t+CiL‘ ) _ 2 . . =1f8f R
integrating this equatlon,Z—Me 1 /[e -1 s obtained, where already set @ /Cgo . Since
the disturbance amplitude only increases over time and does not decrease, so when integrating,

dC[](t)/dt:Z>0 |S taken

= 4fe—a)(z+cm)/[e—w(mcjd) _ 1]2

e

Combining
Cy =0 51¢,,

Regarding £ in the basic solution

with  equation (5.5-2)2, thus the basic solution

is obtained.

The body force f=% + s includes unit mass inertial force f=-8, and unit mass Lorentz force fip . Where

& should be discussed in two stages: firstly, exists in the ring target shell from starting of the implosion to
starting of stagnate; Secondly, exists in the DT gas of center from starting of stagnate to end of stagnate.

In the first stage, due to implosion, the overall system is in a speed increase state, and 72 can be estimated as
follows

fﬂ :|ga| ~ [|u(a, §oo)| _|Uco|]/|t0|
|u(a,§m)|

(5.5-4)1

Where “eo ~starting speed of the outer surface of DT ice, is calculated using the(2.5-3)2 formula.

In the second stage, due to stagnate, the overall system is in a speed reduction state, and 72 can be estimated as
follows

7, = |a,| ~|ua, &) [tne (5.5-4)2

(a,£,)] . .
where |u : | is also calculated using the (2.5-3)2 formula.
The formula for calculating the Lorentz force per unit mass is
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fJB z772'}?513/70 332/2/115/7 (55_4)3

where sh ~the mass of the ring target shell.
Argumenting formula (5.5-4)3:

Regarding the unit mass Lorentz force, according to formula(4.3-8)1, the unit mass Lorentz force on the entire

—= Lsp - Lsp Tsh
— R -k ry -1, — 1
ij = i J‘ESZdZ" = i I‘Sb—( Iggzdf 33(1”)2 = .[B3<I")2df

: ) v sh % *Msh Lsh — e g Tsh —1Ic ¢ .

target ring shell is T T , Where ‘e is the average
Ehe
B‘g = jE;(g)2dg
B (I”)Z L. Ehe =830

value of ™3 ; When deriving formula(4.3-8)4, the average value 830 was used to

. 2 Foy = — 7Ry B I .
approximately replace By(r) ,thus /2 = 73 [ sh - can be derived.

B 1 The
ij = I I, J‘f:]BdI' f
. . he ~to ¥ . . . . .
Substitute the above formula into , note that "% only exists in the (Zsper Zoho) interval, so
1 Tshe J—
_ — R B. _
fj]ﬂ = A J.é‘rshdrsh IF _ _”ﬁ)érs}za 332 rs}ze/rs/m +1

. (rslle ~ Tsho )Msb ; JB — I 2

there is Tato . According to formula(4.3-1)2, Hsh can be
= 5 2
. ‘ ) . [ ~—aRéry, B /2/1/

derived, dueto “h0 > “she therejs /BT T HONsho 3 [ < Msh

5.5.3 According to the description in 5.5.1 and 5.5.2, the basic formula for calculating the crest value of

. . L, = L, = .
disturbance §,|.e. the value Sp at v Oand {4 0,can be derived, as follows

(&+C;0y) —a(t+C; )72
&y = (oo /DIn{Cippe™ T [1—e” 0P (5.5-5)

where Cie2 ~integral constant.

Argument the above:

dé&/dt|=|u :ﬂu 2+u 2+u . . . C, oU = ¢, oU =
Because| §1dt| =l =g +ug,” +ugy . substitute the three equations 1° v /06 Ugg €10 e /Oy =ty

CLoUgp oLy

and ~Y9¢  btained from proving formula (5.5-1) into it, and integrate it to obtain

ol oUg, oUg
OUspo  OUspo  ,0Ugp s Mo« SP y2 SP Y2 SPY2 741,
§=jq<z>\/< S;”>2+< L (S e $p [I 1 >J< o ) +<%> +(G A

0 L, =0 L, =0 . _
0 Oy ¢ AtV “and ? 7, thereis 4 =0 -

lgp _ e_‘@{g" olgp

[ : Jy=o cosa, cosa¢/§go [ = lyeo =0 [60571 lyoo =0
Substitute ¢=0 , w0 9% 0 gbtained from proving formula
V2k¢

Cy0)=60)-cosa, COS“”’/ Sco® already set above, into this formula, thereby

(5.5-2)2, as well as the
¢, =J.CH(t)dt

obtain
In addition, according to the formula (5.5-1)1 there
§p=[§]LW:0=gt(t)-§g0{/5’—/4[sin(y/k—k/y/)]/[sin[aqj+/r/,¢]]}[u/:0
is Ly=0 %0 and substituting formula(5.5-1)2into it can
obtain gp:gf(t)gg"; Combine this formula with the previous formula, and substitute the basic solution
= —o(t+C,,)
6 (1) /% [
(5.5-3)1into it, thereby derive e -1

. . = . w=[87/¢, >>1
In the above formula, because S50 is a tiny amount and 7 is a huge quantity, thereby /g“g( , and

(t+Cpp) .
¢ '">>1: Therefore, the previous formula should

ép =6t (Z)ggo

according to umerical computation, there is @t >>1 so e

b ¢ ()= ’F/ZggaID+E_W(ch“)]/[l—e_QJ(HCM)]dt
e

; Integrating it, and substituting into , thereby
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_ oot Ci)py ot G2
the basic formula for the crest value Sp = (§€0/4)1n Ciee [1-e ¥ is obtained.
5.6 Determine the Integral Constant and Corresponding Formula in the Basic Equation

5.6.1 During the time interval Lo=t=9 the body force f points towards the center of the ring target shell, the

formula for expressing the disturbance at the interface of the ring target is

£, = [Dlnle 'le, ) 1]2/(0 )2ty _[|u(a 1)| /2/fé’g0 —1]/[|u(a1| /2/f§g0 +1] (5.6-1)1,2

Argument the above:

t,

Firstly, at the starting time "¢ of the implosion, the disturbance starting speed “5¢ at the crest should be the

)1 . . . . = .

starting speed |u(a >| of the implosion; When deriving equation(5.5- 1)1 GO sp |08 =g was derived, so
[Cl (t)aﬁsp/ag]wwzo =|u(a,1)| [ausp/agj,,, 0= ;’g,) fk{ cosay, cosay

there must be =t But =0 has already been

Cl(ta):é/go f 2Hoe

Vake,,

u(a, 1)|/(cosa,/, cosay)

Cylt,)= |u(a,1)| due

derived above, thus there is ; Thereby there is

to Cy(t)=01(0)-cosa, cosa¢/§g06'

Substitute the basic solution(5.5-3)linto the above formula,and note that ¢

7 ~o(t,+C;p)
fz;go l+e @ ! =|ZI(&'1)| Cjcl_
2 1 Q*W(TU +Cier) ’ . w

, from this,

(l Cjc>
@ 551 has already been

|u((z 1)|1/2/[§§0 +1

. . u(al)‘/2 ¢,
mentioned above, so there is | /76e0 -

obtained; Substituting  this  back into the basic  formula(5.5-5) of S ,  then
&y = oo /DI (Cieall=Ce™ TP [,e7 )

¢ = w2/ 74, -1/ luaD| 2/ Te,, +1]

Secondly, according to the initial conditions(5.4-3)2 and & =60l
Car = (Lo [DIn[C0n(C, -1 [C,] -elc /(c 1)

can be

is obtained, where have set

, the previous formula becomes

, thus obtaining Cie . Substituting this formula back to the

et ot=t,) 2 a)(t t,)
original formula obtains &0 = (§g0/4)1n [Che “11/c, -1 3

5.6.2 At the starting moment =0 of stagnate, the disturbance starting speed “S¢ at the crest should be the

stagnate speed |U(a’oo)|; So, from the same principle as the previous derivation of formulas (5.6-1)1,2, the

0<t<

formula for expressing the disturbance at the interface of the center DT gas in the time interval the can

be derived as follows
£,(0)=(¢, /DInle™ @ (C,e7 172/ (C, -*1 € =luta o2/ 7, ~1)/uta) 2/ T, +1] (5.7-1)1.2
5.7 Stability Criteria

As mentioned earlier, the following two places must limit the disturbance crest: firstly, on the interface inside the
ring target shell at the starting of stagnate, in order to avoid instability, must ensure that both the ring target shell
and DT ice layer are not damaged by disturbance. So the stability criterion is

£,(0< 61"5;](0) &,(0) < or;(0) (5.8-1)1,2

Secondly, at the end of the stagnate, on the center DT gas surface, in order to avoid instability, must ensure that
hot spot is not damaged by disturbance. So the stability criterion is

Splhe) < The (58-1)3
6. Energy Gain
6.1 Foreword

For nuclear fusion devices with practical value, the energy released by fusion should exceed the driving energy;
For inertial fusion devices, its application value is measured by "energy gain"; According to literature (Stefano

Atzeni, Jirgen Meyer-ter-\Vehn, 2008), the energy gain Cais defined as
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Go=Epys|Ey (6.1-1)
where ¢ ~driving energy; This La causes the ring target to pinch, resulting in an increase in the internal

energy of "DT"; Prus ~the energy released due to fusion.

NaEnGanm(1-1b)
4. output

En | 1. driver | NaEn=Ed | 2. target |Efus=TNaEnGa|3. exchanger|NaEuGalh
Na Ga Nih

5. loop NaEnGaNnfn

Fig 7.

Inertial fusion devices should be combined with other necessary devices to form an energy system, only then can
work properly; Figure 7 shows the energy flow diagram of the inertial confinement fusion energy system, where

En s inputted into a driver with the conversion efficiency of " and the output is

=E,G,

the input energy

L :Uf’Ef”; L4 and the gain Ga follow formula(6.1-1) Ltus ., can write the energy flow thereby as

L :'ZdE'”Gﬂ”mfb, where 4 ~the conversion efficiency of heat exchangers, 7h ~Feedback quantity; Thus,

=146 7h s obtained, namely Ga =1/ Man}

£, <025 my<01~033 ooy My <04 o ouen

G, =30~100

In literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008),
then from the above formula can calculate that; the threshold that energy gain must reach is

6.2 Exploring the Functional Relationship Between Ca and Driving Energy £
6.2.1 Introduction

According to the principle of conservation of mass, the total installed amount of DT fuel W =Wty i the

ring target should always be maintained as a constant, where e DT ice mass,Mﬁ ~mass of the center DT

gas,and Meand " also being constant. When given a s value, there should be a functional relationship
0a=0aFa: W) peteen Ca and E"; On the “a7Ca plane, a curve can be drawn using function

Ga =CalEg, M) , and the following understanding can be given to this curve, as shown in Figure 8:

Ga

Nj
Gal, / N

| e 2

Ga (Eq, M2)

Fig 8.

Firstly, for a given total mass Ws of DT fuel, due to differences in the size of the ring target structure, causing

£ , but there is surely a minimum value Ea in the Fd value; Due to

Géi :GH(EL{" ME)

the different values of driving energy

Ea being a minimum,there is surely a U-shaped bend of the curve at point Ny Car) , and
the tangent of the Ga =CaEg, M) curve at point Q8 is parallel to the Ca axis.
Secondly, when changing the given value of ME, the position of the GalE M) curve on the “¢ 7 Ca plane

276



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

f G, (Ey, Ms)

will change, resulting in a cluster o curves.

= . . Eg N .
Thirdly, as shown in Fig 8, for a given Ea=Fag value, a straight line 7 parallel to the “2 axis can be

Gﬁ<Ed) MZ‘)

E N -
drawn.  “ 7 intersects multiple curves within the cluster, the Ca value at the intersection point

Niis GarPae M) pue to the different > values, make the intersection N different, resulting in different

Gaj g M) values, thus obtaining a set of 2 values; But in physical meaning, for a certain driving energy

Can i Gaj g Mz ); Let

(s Gon)

Edg, it is impossible to obtain an infinite gain Ca S0 there must be an upper limit

G,

the intersection point corresponding to “27 is Nfﬂ, changing the value of Eag , the coordinates of

N will change accordingly, thus draw a trajectory line i ; The Ca value at each point on this curve is all the
G

aln

upper limit value
Fluid parameters after stagnate, according to literature (Stefano Atzeni, JUrgen Meyer-ter-Vehn, 2008), for strong
compression in ICF, Fermi fluid may be involved,where the average particle spacing is smaller than the de
Broglie wavelength; According to literature (JialuanXu, Shangxian, 1981), i.ethe following discriminant

h/(mkHTh)1/2 > nn71/3

formula holds , where % ~Planck constant, #~particle mass, K5lh ~the temperature

n

inside the center DT gas after the stagnate, "~ ~particle quantity density; For the DT ice of equimolar, the

= 2.5 L. .
M p’”/ mp, so for electrons, the discriminant is

kpThe

number density of electrons and ions both are

1/293
Poc [2.5m,) [h/(mEkBTh)/ P> ; At the end of the stagnate, the estimate of magnitude orders for e and
are: can reach 10°Lg-em T ang 10°0£)=1. 4x10"[erg] respectively; Based on this, can calculated that the left
side of discriminant >1, indicating that there indeed is an electron Fermi fluid after the stagnate.
Based on the above, the calculation should be carried out in the quantum domain, but the results obtained above
were all obtained in the classical field. Here, plan to make corrections to the relevant fluid parameters.
Literature(Stefano Atzeni, Jiigen Meyer-ter-Vehn, 2008) provides the following approximate calculation: still

using DT ice the mass density “ne calculated after stagnate, introduce Pdeg g express the pressure of electron

P _ 5/3
Fermi fluid,for the Fermi pressure “ic of DT ice after stagnate there are two formulas Pacg = ArPne

A A, =217x 107 [T /)] (g em®)??]

,
S . ar
and /¢ = “rPes \where "'t ~constant, for equimolarDT ' ~ constant;

Accordingto (Atzeni, & Meyer-ter-Vehn, 2008), in the current target design, the average value of I s 154

.. . r =a,.A-p0 5/3 .
The combining of these two formulas results in “7c = “¢"¥“me thus obtain
(@A )_3/5 r 3/5
Pye =\drAy Pic (6.2-1)a
= pl, L _app P
According to the ideal gas law Tee _p”/ﬁgp’”ce during stagnate, substituting 7 =9rArPee into it can
obtain the DT ice temperature during stagnate
A 2/3
Tce - afAfpmce /Rg (62'1)b
6.2.2 Deriving Eitus
Etss can be calculated using the following formula
Epus = Npus@pry =N pro@prs =M sqpr (6.2-2)

where s ~the number of "DT pair" that actually undergo fusion within the inertial constraint time, Yoy ~

I"=Ngg

the whole fusion energy of a single "DT pair", [Noro ~the combustion efficiency, Vo1 ~the total

number of "DT pair" participating in fusion, 727 ~the unit mass fusion energy of "DT pairs".
Regarding /"
According to literature(Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008), for inertial fusion where most of the fuel

will be burned, there exists the following approximate formula (Fraley. et. ai, 1974) , wWhere
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He = puc(te=13)  Puc DT jce mass density, ‘e ~DT ice outer surface radius, "% ~the center DT gas radius,

27, .
#5L-em"Jis referred to as "combustion parameters".

a Hc:(Mc/Vc) (rc_rh)

Among them, “¢can be written as , the volume enclosed by ‘¢ in the formula is based

= 2 2_ = 2 P —_— - -
on formula(2.2-5)1 is ' =277 % oo there is e =, /25", F) (=1, r,) .In this formula, 74/ g expressed

as ry/ 1. =1,]1,, =const M, =const

according to formula (2.5-4)1, and due to , thereby e s the decreasing

function of ‘c.

Fz - - - - - -
Y+ g ) ,I" is an increasing function of e , so when ¢ decreases due to implosion,

z[1/(1+HE/HC)]Hﬁw:1

According to

" has an upper bound; So when

. r.
¢ corresponding to * ¢ is Meu \when

_— . r
I will increase; According to L7, 0

. . . I .
‘e decreases to a certain value, /" will reach its peak ' “, seting i

reaching peak,can prove that /" has a asymptotic value
_ 1/2
r,=0.5(,,/Hg) (6.2-3)
Argument the above:
According to (Atzeni, & Meyer-ter-Vehn, 2008), the energy Prus yeleased by a single micro fusion must be

10
limited to “rus <%10 ], k<10, The fuel loading amount "+ als0 needs to be limited to ensure that micro
fusion is carried out several times per second in the reaction chamber without damaging the equipment. This

E e <8x10% 17 My <1.60[g]

article takes and limits . Estimating that the amount of fuel involved in fusion

accounts for 0.3 of the total fuel installed. Known that complete combustion of mg] DT releases 337 MJ of

<, =FEp[0.3x337ls =0.5

fusion energy, the peak value of ' is So there must be

Ly =H JH) O+ Ho [ By sy, = Hey | Hp) A+ Hey /Hp) = 0.5
H.,=Hp

, thereby when /" reaching its peak,there is

Based on the above, can infer that: when !  approaches its peak, there can be an asymptotic form
_ K K =
I=0.5(,[Hp) (0. 51,/ 115)" Yy, >, =LHe o+ Hp)ly, i, hold, Where ¥ ~ Undetermined
— K =
constant; determine & : let Helllg =y then there is [0 551,51 =Ly /4 3)), this formula is a
indeterminate form regarding . By taking the logarithm of both sides of the formula and using the L'Hépital's
rule, £=0.5 can be obtained. From this, can infer that: when /" reaches its peak, there is a asymptotic value

,making

1
Fu =0. 5(HCU/HB)2

Regarding Mg , its value can be approximated as
~ . -2
Hp =769 g-cm*] (6.2-4)
Argument the above:

According to Stefano Atzeni, Jiigen Meyer-ter-Vehn, 2008), 5 can be calculated using the following

HE :86'7170]‘/‘75(7}16)

formula: , where 7 ~the isothermal sound speed in the center DT gas at end moment Lhe

Tyl KeV]

of stagnate, ~the DT temperature in the center DT gas at end moment of stagnate.

Substitute the average reaction rate formula (1.1-2)linto the above formula, and let y:Tbe/kS and

2.13
ks =8\[5kym ki [k = ey V20 10<7, <64.2KeV . o
> 3%p 5/ ! then there is/s =% "¢ “Inthe =~ he™ " domain the following will

) o ) Ho=k l/Zekz(—lny)2‘13
discuss the formula, here the original formula should be written as /2 =57 ; The reason for

setting the discussion domain in this way, according to literature (Stefano Atzeni, Jirgen Meyer-ter-Vehn, 2008),
the temperature of ICF increases from 0.54eV to 10AeV" during stagnate and combustion, and can then reach
100/£eV The discussion domain set here basically covers this region.
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Hg A (g/cm2]

27.4

10. 0. 8.15
|

’ |

0 1 20 108 64.2 The[KeV]
Fig 5.

. 2k o
Substituting all relevant data into '8 ~“57 , the graph can be drawn as shown in Figure 5, the

graph has a minimum value “7swin =722 of Hp g The =40.8lkeV]

Ty >3.00x10

. From the graph, can see that at

the graph of g approximates a straight line parallel to the The axis in the interval

122<lp <815 . Tpe following article approximates the 5 value as HE:(7'22+8'15)/2, namely
Hy~769g-cm ]

The formula for Q1 is:
sV10

Hoo =L, flas 1 By [P0 1y ] (6.2-5)
Argument the above:
The peak Meu should correspond to the end moment of stagnate, and according to the definition formula, there
is e :pmcerce(l_rﬁe/rce); Discussing ‘¢ in this formula: due to the pinch of the ring target caused by the
driving energy Eﬂ’, ultimately leads to an increase in the internal energy of DT, so %4 can be written as
La=8cPuccle +E1Pmel b \where the specific internal energy is “ :1'5‘709//"”06, &4 =1-5Dh0/ Pune , there

~p.. =ph . A = r = £
should be 7he=Pce =Pic when reaching thermal equilibrium, hence “¢ =1-97ic(V ) =150V

= (B4 [35* Rpl, )V

. Using

formula(2.2-5)1 to this formula, ‘e is obtained.

Substituting the above formula and equation(6.2-1)back to the original formula eu then obtain to
By =008 fea M) By f35 B0 1y 1]

The formula for s is

e =B Dty Jar AT 11y 1) (6.2-6)
Argument the above:

The total installed amount of ring target fuel is /= =Pnecle* Puncln = que to Puce >>Puke  there is

s zMC:p'”“’VC, where "“is the volume of DT ice layer. Using the ring target volume formula (2.2-5)1,

= 2 5= -
s =272 pyos R 1= (i [ 1) o = (B 3 Rpl )

can be derived; Substitute formula (6.2-1)a and ° into the

Tee = (Ed /5,]72}?1011'0(7)1/2

above formula to derive formula (6.2-6), where
In summary, can conclude that Q1 at the end moment of stagnate is

obtained from proving formula (6.2-5).

Eysu = («7{(;/‘77"9/10)(@8/5 /53/5)27/10(1 2122

8/5_6/5, 1/2, 910 7/10
where s =apr 352950, A3 Z=Ipof T

Argument the above:

(6.2-7)

At the end moment of stagnate, # reaches the peak HC”, causing /" to also reach peak Tu g9 according to

formula (6.2-2), make Erus a1s0 reach peak Etusu :F“MZQW; Substitute formula(6.2-3)into this formula to

obtain Zrusu =0-5Msapr(He, /H5)1/2.
Substituting formulas (6.2-5) and (6.2-6) into the above formula obtains

279



http://apr.ccsenet.org Applied Physics Research \ol. 16, No. 1; 2024

apr e IR The y /gy _ (The y2
35/4(ﬁﬁg)l/zf?l/4(af~Ar)9/lo 7 pie L0 rm)] (1 (Tce)]

Efysu =

: Discuss “Z¢ in this formula: for this
the definition formula 7 =Phe’ke involved in ignition criterion (3.3-7)3 is used, where “#¢ should be the

Vi =% r -
Fermi pressure ¢ of DT ice at the end of stagnate, hence ’776_’177/"10 ; According to

_ 25 £ \1/2 _ 3 25 £ \1/2
reo = (Eg [37°Rof.) that is obtained from proving formula(6.2-5), there is Thel Toe = Gor | p1] By 37 Ff,) ,

£ 205 )
thus Pie =307 %) "R/ Eg) (the [ 120)™ g obtained; Substitute this formula into the original formula, and let

q 1 g%

= or r]], E = d
Fs 38/5 65,7 2, 9102 710 Z=r—e o Tusu He L 910 535
g Tr 9D and ce  then obtain r

20— )2 42)

6.2.3 Deriving the Maximum Value Can of Ca When Givened the Driving Energy £
The expression for Can 5
— 9/10 51\3/°
G, =(3.938x10°/a,”'%) (£, R)¥5 (6.2-8)1
The dimension of “ in the formula is [erq].

The structural parameters of the above formula must satisfy the following formula
Iy[Teo = The[ 1o = 0. 396 (6.2-8)2

Argument the above:

Substitute formula (6.2-7) into formula (6.1-1), obtain the expression of Etusu corresponding to peak Ca as

_ 9/10 5v3/5 7/10 1/2 2
6,2 =G4, ") Gy B 20 (1= 2 1= 2 ) When £7is given, this formula is only a function of 7. So to

_ 710 1/2 9
, the extremum of 1(2)=2""0-2)"°(1~-2°)
£(0)=0 #1)=0

G,(2)

obtain the extreme value of must be calculated; the

£fi(z)20

and .and there is 0<z<1 within interval
1i(2) .

therefore there must exist a maximum value of : To obtain this maximum value, calculate dfi(2)[dz =0
=2z, =0.396

function £i(2) has the following values:
to
obtain equation 327”°+52-7=0 solving this equation obtains a positive root The/Teo
to equation (2.5-4)1, 7,/ 1oy =0. 396

formula of %% optains Can
obtains equation (6.2-8)1.

, according
can be further derived from this formula; Substituting it into the original

_ 9/10 513/5
=(0. 343%/% ) By F) , substituting the value of ¥ into this equation

6.3 Estimating the Ring Target Size Range and Driving Energy Value Based on the Expected Gan Value

The initial volume % of the ring target shell

2
If the upper bound of By is Bf“, then the upper bound of its energy density is B /8”; Due to the magnetic
field act on the ring target shell, so the upper bound of the driving energy provided by the magnetic field can be

2
. < . . . .
estimated as ¢ =Vswo B / 87 . Substitute this formula into formula (6.2-8)1 to obtain

G < (3.938x10°0/a ') 01y, B, [k

, thereby for the expected gain value Can there must be

Voo > 870) B,2) (@216, /3. 938x 10767/

(6.2-9)
The initial volume 7 of the ring target DT ice layer

< i i
My <1.600¢] , S0 that micro fusion can occur

Vg <1.6[g]

As mentioned earlier: must to limit the loaded quantity of fuel to

several times per second without damaging the reaction chamber; So #7ee must be met, therefore

=0.224[g-cm™]

due to #rmeo , must have

Vip <7.143[cm®] (6.2-10)

The required ring target volume threshold was estimated based on the expected Can value using formulas
(6.2-9,10),this can further determine the structural size of the ring target.
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7. Examples
The following is an example to verify the feasibility of the proposed programme in this article.

7.1 Firstly, using numerical methods to solve the first order differential equation (2.4-4)1

= . . ) . P .
dU[dC =40 O %W O yhe numerical function U =U1C,C"] corresponding to the curve 6’2 of solution

can be obtained, while the curve %2%4 of solution  has been proven to be a straight line 2 1n the previous
text; When taking @=0-69 draw the curve of solution graph as shown in Figure 3; In the solving,
U(C =1/a)=U(E =1)=0.9827036 is obtainat €= 1/a_

7.2 Determine the Initial Parameters of the Ring Target and the Size During Stagnate

The initial volume of DT ice layer should be constrained by formula (6.2-10) Vig <T. 143{cn’] , the initial
volume of the ring target  shell should be  constrained by formula (6.2-9)

9/10 —615/3 6 e
g,7(,_(87r1’?/15’]u ) (a, G;im/3.938><10 )/ af=1,5, B, £2.650x10 [Gs] and Gop 275 . the following

Ip =0. 2[0111]

. take

structural parameters are obtained under this constraint (as shown in Figure 1): K is taken

first, and then the initial dimensions of the ring target are calculated as ¢© ~ 0. 5050 o] , Toho =1.005[cn]

v, =6.812cn’]

and % =1.605lca]; The initial volume of DT ice layer is , and the initial volume of ring target

_ —4
shell is /st =23 92Len’]. . The DT gas loading amount is "/t =6 336x10 '¢] the total DT fuel loading
amount is M2:1'527[g].

_ -3
At the starting of stagnate, using formula(2.5-1)6, apo = 2. 191x10™ o] can be obtained, subsequently

~ -3 = 73 = -3
1) =7.702x10 " [em] 7.(0)=5.533x10""[em] (61, (0) =2. 169x10~[cn] obtained, and using

0ri(0) = ()=, opioicoqy Or(0)=3. 34210 [em]

_ -4
At the end of stagnate, the hot spot radius Zhe =1. 392x107" [en] can be obtained using formula (2.5-1)1.

7.3 Determining the Driving Magnetic Field

2
Since the peak value of the driving magnetic field before the breakdown stage is Bar (g30),

B, <2.650x10°(Gs] Biy(g3,) . Balgy,)? ~6.733x101%[Gs 2

based on

can estimate as . Due to that between each driving

By(8 o) = By-(84,)

magnetic field segment should be connected to each other end-to-end, namely and

By (&re) = Bur(8 ) Bar(830) Bar(810) \alues to obtain the

B, (g1,)* =51209. 95[GsT*

. Thereby establishing the relationship between and

appropriate starting value Bf’f(glo)for the driving magnetic field. This article obtained

Then, using formula (4.3-5)1that describes the driving magnetic field before the breakdown stage, obtain
respectively: the functions that drive the magnetic field in the solid state, solid- quuid state, liquid state and

1 ,Lor, 2p
Byz(g)=~{—( 5/;0 L (\lFlz Gl A28+ P81+
2 }?

liquid- gas state are By(e) ~—16.583x1072 x g +51209. 951/2[Gs]  B,,.(g,,)2 1V

1 ,Lér,
L e (\/Flz’é’lo ~VFia82) 1 L(51 Zﬂ
2r Ve Byag(g)=-1 ? 7;”” 2 ( ,Fo; 890 —\ P38 +—,F125 ~VFiy 820+ P @3 — 82,)+ 11,8100+ By (g1,) ale
+ 21,8100+ Byr (810 Tk Vb Vg and
y

the driving magnetic field waveform curve 048D before the breakdown section was plotted in Figure 9a using
these functional formulas.

)2y, (g — g2, )+
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—Bar[10°Gs] Flgga ~
I 24.57
27
D
13.49
8. 778 C
6. 049 B
0. 2376 A
0 5.5518: 6.4598» 8. 112 10. 116 1078/s2en]
)
solid o o g
solid liquid| liquid liquid gas

Using the expressions(4.3-6)1,(4.3-7)1for the driving magnetic field in the breakdown stage, numerical

calculations are performed to obtain the numerical function By (2)

zZ :(g_g3())/(g3é’ _gSO)

regarding 4 , where

, and the waveform curve DE of the driving magnetic field in the breakdown stage is
drew in Figure 9b using this function.

~Bar[10*Gs]
“[1s0 N3

10. 19g»

10. 118 [10%g/s*cn] &

=0 Fig9b. Breakdown =

The curves 0480 and 2F in Figure 9a,b are connected at point Bar (830

Edr (glo

) , forming the driving magnetic field

waveform curve starting from ) . The driving magnetic field Bar =By (8) obtained above is a function

regarding ¢, the function of the driving magnetic field regarding time ¢ can also be obtained using
{ r=r(aé)
§: a

formula(4.3-7)1 and parameter equation ol r")/ @

discuss this.

7.4 Performance Parameters of the Ring Target

. To save the length, this article does not further

. : ) _ t,|=5.882x107°[s]
According to calculations: after the implosion, enters stagnate at moment | ”|

|te|=1. 562x107'Ls]

, and after the

starting of stagnate completes stagnate at moment . The total driving energy required for

2 121 ~ 72
fusion: first the average value By" =6. 606107651

Egy =4.023x10%[erg] Eo ~8.369x10%[erg]

must be calculated using formula (4.3-8)4’, and then

and can be calculated using formulas (4.3-8)4,5, thereby the total

_ N 13 3
driving energy o =£a1+ £az =1.239x107 erg]=1. 2390071 a5 pe calculated. The energy gain obtained by
fusion: calculated using formula (6.2-8)1, the energy gain is Ga =148

7.5 To Achieve Fusion, the Ring Target Should Meet Various Criteria

=1032g / cu®] Dopelhe = 0. 1437

After the stagnate, Phne can be calculated using formula (2.5-5)3,and thus can
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be calculated; And using formula (6.2-1)b calculate the hot spot temperature at the end of stagnate as

~ - 8 o, = — -4 _
Ty = 25. A1[KeV]=2.949x 10°[K] . Additionally, Onee] P = Prco ] Puto =0- 224/5x 107" = 448 can be obtained.
Substitute the above data into the condition for all DT to participate in and complete fusion within the inertial
constraint time ~formula (3.3-4), and self heating condition (3.2-6)1, ignition criterion (3.3-7)1, then the left

— -91 1/2
side of formula (3.3-4) becomes “melhelhe =2:26%10 [T

A(Tho)(ﬂ,”hol”/m)z + H(T/m) (p”,/ml”}m)—C(Thp) =6.561x 1021 >0

):3.651>0, the left side of

formula(3.2-6)1becomes , and the left side of formula

— 2 3/2
(3.3-7)1 becomes Zutehelhe (Prce Jou)V? —1.21,2 [0, —3.4)=71. 07> 0

From the above results: the conditions for all DT to participate in and complete fusion, self heating condition,
and ignition criterion are all met, that is: the ring target with the selected parameters can achieve fusion.

7.6 Stability in Fusion
7.6.1 Stability of Ring Target Shell and DT Ice Layer

4,,)| =2. 186x10° =u(al)=2. 10t . .
|U(d’§°°)| 86x10Len/s] and |uf°| u(a)=2. 305x10"lem/ ] can be obtained using formulas(2.5-3)2,3,

= 10 2
thereby the average inertial force 72 =3 320%10 [em/s7]

T =-3.506x10"[dyn/ g]

can be obtained using formula (5.5-4)1. The average

Lorentz force per unit mass can be obtained using formula (5.5-4)3; Thereby the
average body force from starting of the implosion of ring target shell to the starting of stagnate is obtained as

F=|7,+ 75| =1.81x10"[dyn/ g]

£,0)

Calculate the disturbance peak of the ring target shell at the starting of stagnate needs to use

_ _ -6
formUla(5.6'1)1,SUbStitUte f:1.81><109[dyn/g1 , |t0|_5' 882x10 [S] and U(ayl):2. 305><10/1[CIH/S] into this
formula, and take the initial manufacturing erro of the surface radius inside the ring target shell as

-3 _ -3
oo <1x107 L] £,(0)=2.052x 10" [cm] Comparing  this  with  the

5r:(0) =3.342x 107 (]

, thereby  obtain

_ -3
thickness /s (0) = 2. 169x107 em] o 4y ring target shell and the DT thickness of the
ice layer at the starting moment of stagnate: If the initial manufacturing erro of the surface radius inside the ring

-3
target shell is 6o <110 [”””], then the stability criterion (5.8-1)1,2 O <8O g Sp@ <m0
satisfied.

7.6.2 Stability of Hot Spot
Using formula (5.5-4)2, the average body force inside the central DT gas can be obtained as
=1, ~1.399x10®[dyn/ g]

égp (t/ze)

Calculating the disturbance peak at the hot spot at the end of stagnate needs to use formula (5.6-1)1,

7 15 - -10 L&) =2.186x10° . .
£=1.399x10"[dyn/ g] ~ tpe =1.562x10 (s and juta &) x [a“/S], into this formula,

Coo <9x 1074 [

substitute

and take the initial manufacturing erro of the surface radius inside the DT ice layer as
&, (the) =1.324x10 [em]

, thereby

obtain

_ —4
Comparing this with the hot spot radius Tpe =1. 392x107" cn]

$op <0.9x107° L]

at the end of stagnate: if the initial

manufacturing erro of the inner surface radius of the DT ice layer, then the stability

criterion (5.8-1)3 S is satisfied.
7.6.3 In summary, the ring target of the selected parameters can maintain stability in fusion.

(t/ze) < The

8. Conclusion

So far this article has derived the relevant formulas required for ICF driven by a strong pulse magnetic field, and
used these formulas to calculate an example. The results show that the selected ring target parameters can meet

various detection criteria, thus stably achieving DT fusion and obtaining a high energy gain of Ga =118 . There
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are still the following issues that need to be further solved in this programme:

Firstly, the peak value of the driving magnetic field is relatively high, reaching 177.3 [T] at the end of the

breakdown stage. At present, this belongs to the ultra strong magnetic field.

Secondly, the manufacturing accuracy of the ring target is required to be relatively high, the initial manufacturing
-3

erro of the inner surface radius of the DT ice layer is required to reach Seo <0- 9107 Ln]

But there have been reports that the current world record for stable ultra strong magnetic flelds is 45 [T] held by

the United States, while the world record for non stable ultra strong magnetic fields is 2800[T]held by Russia.

China is building a "world's strongest pulsed magnetic field device" that can generate 110 [T] magnetic flux

density.In addition, there have been reports on micro nano 3D printing devices based on the principle of new

surface projection micro lithography technology.So, the above issues can be solved with the development of

high-tech.

The proposed programme in this article has obvious advantages compared to existing programmes. The current
programme proposed of using high-energy short pulse laser or high-energy particle beam pulse heating is
difficult to achieve uniform energy flow irradiation on the target surface, so resulting in instability during
implosion due to asymmetric flow, this causes tearing of the target, making fusion impossible to complete;
Therefore, the current solution needs to make the driving device more complex, such as using the hohlraum
target and so on. However, the pulse magnetic field used in this article can act symmetrically and uniformly on
the ring target. So in implosion, ring target can perform symmetric flow without instability.

Furthermore, the existing programme will form a coronal region due to the gasification of the spherical shell
during implosion, which is particularly severe for hohlraum target. This coronal region will affect the
transparency of the radiation energy flow, thereby reducing the input efficiency of the driving energy, which is
not conducive to obtaining high energy gain. But for the pulse magnetic field used in this article, there is no such
coronal region, which is very beneficial for improving energy gain.

In summary, after comparison, the following conclusions can be drawn: the proposed programme of "using a
strong pulse magnetic field to drive ICF" in this article, It is a feasible and promising for development technical
method.
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