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Synopsis

Rocket motion of macroparticle heated by energetic

pulse in a spiral magnetic field is studied.
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§1. Introduction

It is well-known that a macroparuicle with velocity

of order 10" km see" is able to produce a temperature of

^10 keV by the impact of the projectile on D-T ice pellet.

And the temperature 10 keV would be sufficient to ignite a

thermonuclear D-T burn. By the recent innovation of Winterberg

with the use of black-body radiation as a power amplifier the

required minimum velocity could be reduced to ̂ 50 km sec"

which might be brought within the reach of present high-

voltage pulse power technology.

In order to accelerate macroparticle up to 'vlOO km sec

several methods are proposed at present. They are i) Light-

gas gun , ii) Rail-gun accelerators ^ , iii) Traveling

wave accelerators , iv) Plasma-impulse accelerator , v)

Acceleration by ablation and vi) Electrostatic accelerators

The experimental works already done are for the rail-gun

accelerators and the acceleration by ablation until now.

First of all, we shall briefly review these two acceleration

methods.

In the rail-gun research there are three well-defined

experimental results.

Marshall, Barber and coworkers using 500 MJ Canberra

Homopolar Generator as a current source, produced velocities

of 6 km sec in a 12.7 mm cube of polycarbonate plastic

(mass=3g) driven by an arc in ;a 5-m gun whose copper rails



were 19.1x3.2 mm copper strips.

Brast and Sawle used a 28-kj, 142-yF capacitor bank to

accelerate arc-driven nylon macroparticles with masses between

2.4 and 31 mg to velocity as large as 6 km sec"1.

Chapman, Harms and Sorenson used high-explosive compression

of magnetic flux into the breech of a rail-gun to accelerate

0.21 g to 9.5 km sec , using accelerating magnetic field in

the range of 200 T. This means that approximately 500 g of

explosive (̂ 2.4 MJ) produced the ^10 J of projectile kinetic

energy. The attained velocities in these experiments are

about one order of magnitude lower than the required minimum

velocity suggested by Winterberg .

When a strong laser pulse is incident upon the base of

a projectile in vacuum, ablation products are ejected at high

velocity, producing a reaction force which accelerates the

non-ablated mass in the manner of a chemical rocket. If we

consider the case of constant exhaust velocity relative to

the projectile, the total system momentum remains constant

and one have the simple rocket equation as follows.

M
v = u tn jj- , (1)

where v, M and M are the velocity, the instantaneous and
o

the initial mass of the projectile, and u is the constant

exhaust velocity relative to the projectile. From Eq. (1)

it is immediately seen that the velocity of the projectile,
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v, can exceed the exhaust velocity, u, by arbitrary amount

for M >>M although in a simple experiment up to now the
o

attained velocity is ̂ xlO1* cm sec" where TEA CO laser of

25 MW, 45 nsec pulse irradiated 0.15 mg M foil targets (
o

9)

0.75 mmx0.75 mmx0.25 pm) . The most serious objection to

acceleration by laser ablation, however, is that ot relatively

low propulsion efficiency. If 10-MJ projectile energy is

required, then the laser energy must exceed 5CK100 MJ.

The laser could in principle be replaced by a beam of

relativistic electrons or light ions, providing that the

beam transport, focussing and pulse-length problems could be

solved. In this case we note that ' the collisions may

become primarily elastic due to electrostatic charge build-up

on the projectile unless an open path of electrons or ions for

shorting out the space charge is provided. In case the weight

of the macroparticle to be accelerated is sufficiently heavy

the particle speed would not become so high by an initial

impulse of the electron beam irradiation although the ablation

products which are probably fully ionized are started to be

ejected at high velocity. Since the density of the products

is sufficiently high the irradiating electron beam, even if it

is not charge-neutralized initially, is quickly charge-neutral-

ized by the streaming ions after a time of order l/v , where

I is the distance between beam source and the macroparticle,

and v_ the thermal velocity of ions. The charge-neutralized

electron beam thus formed acts as the input of the energy
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flux for the macroparticle to produce rocket-like propulsion

by asymmetric evaporation. We, therefore, hope that the

required velocity of projectile necessary to ignite D-T ice

pellet by the impact may be possible in the near future using

ablation acceleration of projectile irradiated by the energetic

electron beam.

The problem still remained to be solved is how to

correctly lead the accelerated projectile to the target.

One mistake of the guide will destroy the wall of reactor

chamber. So-called ballistics of the macroparticle may

become important. One more important point is to keep the

positional stability of flying, non-ablated mass of the

projectile. A simple solution would be to give a spin to the

projectile like a top in order to utilize the gyro-effect

for stability. This could be done with the help of spiral

magnetic field

The purpose of the present work is to study the ablation

acceleration of a macroparticle in a spiral magnetic field

with the help of the law of conservation of angular momentum.

Section 2 discusses the basic equation of motion of ablatively

accelerated projectile in a spiral magnetic field. In §3 we

demonstrate an effect of spiral magnetic field for a macro-

particle acceleration. We use standard cylindrical coordinate

system (r,6,z), where z axis is chosen to be in the direction

of the acceleration.
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§2. Equation of Rocket Motion in a Spiral Magnetic Field

If the velocity of the projectile is moderately slow,

the spin can be given by a helical groove along an acceleration

channel of the projectile. In the case of impact fusion the

necessary velocity of the projectile is so large that the

drag force from liquid and gaseous layer between the projectile

and the rail of a sort of catapult would not be negligible.

This means that a driving force for a spin has to be supplied

to the projectile without material contact. Under this

restriction we should note that the ablation products with

temperature of order 1 keV are fully ionized.

The fully ionized ablation products, i.e. plasma, will

propagate along magnetic field lines, at least, to a zeroth

order approximation, provided that the magnetic field is

sufficiently strong. This gives us a hope that any rocket

which is ejecting a fully ionized plasma in an intense

12)magnetic field with rotational transform is able to have

a spin by the law of conservation of momentum, since the

ejected ablation products propagate spiraling down from the

rocket to sufficiently large burial chamber which is a sink

of the products.

If the velocity of expelling propellant is written by

u which is relative to the projectile, we have, because of

the above considerations,
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u = -U b, (2)

where U = |u|, b is a unit vector along magnetic field lines

and the velocity u is antiparallel to both the unit field

vector and the instantaneous velocity v of the projectile.

In an axisyinmetric field whose axis of symmetry coincides

to the axis of rotation of the projectile, the law of conser-

vation of momentum tells us, in our case, that

I . £ «- - o *, it«.
where t is the time and p the instantaneous mass density of

the projectile in a vertual casing with a volume V, i.e. p

is a function only of time, t, and the product pV is the mass,

N, of the projectile. Also, the law of conservation of

angular momentum is reduced in our case to, for the rotational

motion of the projectile about z axis.

2 ^ - dV = - rUbfl !§• dV. (4-a)
dt2 V 9 d t

These two basic equations, (3-a) and (4-a), are easily

reduced to the standard equation of rocket motion without a

spin in the limit b -+-1 and b + 0 .

If the magnetic field B = (0,—§-r,B ), Eqs. (3-a) and

(4-a) become, for a columnar projectile with radius a,
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and

M *ii = - 2 ™ 0 < 1 + £ > - 1 (3-b)
dt 2 d t e2

2 ) ' / 2d29 _ 8 U dl ( 2 - E 2 ) (l+e2)'/2 - 2
3 a dtd t 2 3 a dt

where 1= pr2dV and eEp Ja/2B (p and J being the magnetic
o o o

permeability of vacuum and the uniform current density flowing

along a guided magnetic field, B , along z axis). In the limit
o

e+0, Eq. (3-b) is reduced to the well-known rocket equation

„ d 2z dM „ ,-, ,
M = - -j^ U (3-c)

dt2 d t

dz M

with a solution gr-=U 5-nMi- This is exactly Eq. (1) .

And Eq. (4-b) becomes

g e. (4-c)
dt2 3 a dt

§3. Effect of Spiral Magnetic Field for Ablation Acceleration

The equations of motion, (3-b) and (4-b), are integrated

for V to be a constant to givt

dz - 2U d + £ > - 1 an ° (5-a)
d t " 2 U j Zn M~ ( b a )
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and

d8 _ 8U (2-e2)(1+e2)^2 - 2 I
o ., .

dt " " 3a I ln T~ ' (6~a)

where the suffix 0 means the initial quantity when the initial

velocities, i.e. — and -̂r- at t=0, are zeroj. From the solution
dt Qt

(5-a) we should emphasize that a spin of the projectile can be

given by a slight, helical, deformation of the guide field

without disasterous loss of the translational acceleration

since the coefficient, 2 [ ( 1 + E 2 ) ' 2 - l]/e2, is a weak decreasing

function with respect to e. Because the physical meaning of

the quantity I is the moment of inertia of the projectile,

the solution (6-a) tells us that the angular velocity increases

as the quantity I decreases. This situation reminds us an

ice-skating dancer on ice-sheet.

If the mass is known as a function of time, the velocity

and therefore the position may then be computed in terms of the

time. In particular, if the rate of expulsion of ablation

material is uniform.

M = H (1 - %) , (7)
o T

where T is a constant, the distance traveled in time t from

rest becomes

z = 2U <
1 + £ ) ~ * [t _ (t - TJ/inU - |) ] - (8)
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The instant the projectile has reached the other end of the

accelerator with length L, the expulsion of ablation products

will suddenly cease, since the intense magnetic field for the

beam transport could exist only in the accelerating channel.

In the region without the guide field the energy supply to

the ablation material becomes difficult. If the parameters

are chosen such that the travelling time along accelerator is

close to T, we have

In this case the velocity reached can be much larger than the

exhaust velocity.

For sufficiently large e we have

M - 3«•> 5- <»-»
0

and

d6 _ 8 U , I ,fi . .
dt - 3 a l n F • ( 6 b )

o

In this case, the translational velocity, dz/dt, becomes

minimum with respect to e and the rotational velocity, i.e.

spin, take its maximum for a given mass ratio, M/M .
o

If the shape of the projectile is kept to be columnar

during che course of the ablation acceleration, it is easily
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shown that

in g- - tn f-
o o

and

M

Then, the total energy, E, of the projectile can be written

by

E = 2 M U 2 U n | _ ) 2 [ { ( i + C 2 ) 1 / f 2 + I } " 2

| e 2 ( e 2 - 3 ) 2 { ( 2 - e 2 ) ( 1 + e 2 ) 1 / 2 + 2 } ~ 2 ) . ( 1 0 )

From the expression (10) we can easily see the energy ratio,

S, between the cases for e->-0 and for £->•«• as follows.

This means that if e is too large, the efficiency of ablation

acceleration becomes quite low.

§4. Discussions and Conclusion

We note that the projectile could be a possible
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obstacle of current flowing along a uniform guide field. If

the shadow of the obstacle exerts a miserable influence upon

the current distribution which is a decisive parameter for a

spin of the projectile, the rotational transform of the

magnetic field should be generated by the use of helical coils

which are well-known in the field of magnetic confinement of

12)
plasma . The helical field in vacuum is conveniently

described by means of a scalar potential, 0, expanded in a

harmonic series that satisfies Laplace's equation.

1
r 7 b I (nkr)sin n(6 - kz),
kn=l n n

where k is the helical wave number, n an integer and I_(s)

is the modified Bessel function of n-th order. In this case,

the rotational transform, i, per period of the field becomes

o

or, in a more explicit form near z axis.

Thus, if e in (3-b) and (4-b) is replaced by the product, kai,

we can discuss the dynamics of the projectile in a helical

vacuum field.

If the ablation products is mainly composed of the
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hydrogen with temperature of order 1 kev, the ejection

velocity U is U=50 km sec , i.e. the ratio between U and

(dz/dt) is about equal to unity, providing that the transla-

tional velocity (dz/dt) is close to the required velocity

suggested by Winterberg . In this case we have from (5-a)

a useful relation for mass ratio and the parameter, z, in a

spiral field as follows.

( 1 2 )

that is, the necessary mass ratio increases exponentially

with respect to the field parameter. The spiral field should

be employed with care to have only to stabilize the position

of macroparticle. Otherwise, the energy necessary for

acceleration becomes quite large.

We may conclude from the above considerations that the

ablation acceleration of the projectile in a spiral field can

give the accelerated body a spin quite easily without fatal

cost of the translational acceleration.
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