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PREFACE

ii

Collaborating Research Meeting on Particle-Beam Appli-
n

cations to Fusion Research was held on November 21 & 22,

1983, at Institute of Plasma Physics of Nagoya University,

supported financially from IPP-Nagoya under a collaborating

research program. An intense pulsed light-ion beam (LIB)

and partly a relativistic electron beam (REB) have been dis-

cussed in viewpoints from generation to applications.

During a two-days-meeting, twenty five papers were pre-

sented in the fields associated with pulse-power technology,

beam focusing and propagation, beam interaction with matter,

target design, reactor design, applications of the LIB as

well as the REB, and so on. About fourty five persons in-

cluding observers attended at the meeting to present their

research results or to discuss the related topics.

In addition to usual Japanese participants, we were very

happy to welcome Dr. Z. Zinamonn of Weiztnann Institute of Sci-

ence, Rehovot, from Israel.

Furthermore, it was our great pleasure to understand that

an intensive progress has been done every year, and that the

number of scientists both in universities and companies has

increased very rapidly.

Hoping to progress more fruitfully in the next meeting.

Kiyoshi Yatsui Keishiro Niu

Tech. Univ. of Nagaoka Tokyo Inst. of Tech.
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PRODUCTION OF ROTATING ION LAYER

BY NORMAL INJECTION OF PULSED ION BEAM

Takashi Ikehata and Takaya Kawabe

Institute of Physics, University of Tsukuba

Sakura-mura, Ibaraki 305, Japan

ABSTRACT

The cross-field injection of the intense ion beam has been

proposed and tested as a method of creating rotating ion layers.

Part of 90 keV ions in the beam are found to be trapped in a

magnetic field of 5 kG and to be alive for a time longer than one

gyroperiod with use of this method. An azimuthal current of the
2

trapped ions is observed with a peak intensity of about 0.3 A/cm .

The trapped ions are widely distributed along the magnetic field

because of a field-aligned expansion of the beam.

1. INTRODUCTION

A reverse-field configuration with closed field lines,

generated by rotating, energetic particles has been expected as a

confinement scheme for compact and economic fusion reactors .

Developments of high-power, pulsed ion beam sources have made

possible to realize this configuration as a reverse-field ion

ring or ion layer. The production of ion rings or ion layers has

been tested at Cornell University and at Naval Research

Laboratory by the injection of annular beams into a magnetic

cusp. Here, we propose another method of producing ion rings and
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report the results of a preliminary experiment on the trapping of

the ion beam. This method, the cross-field beam injection,

expects the following scenario: The ion beam is injected into a

confining magnetic field like a magnetic mirror across the field

lines, aiming at the off-axis location. Experiments have shown

that a space-charge-neutralized ion beam propagates across the

magnetic field without the significant deflection and

deceleration ~ . The mechanism of the propagation is the E x B

drift due to a polarization electric field E = -u_ x B caused by

the charge separation of beam ions and electrons, where u Q is the

initial beam velocity before entrance to the magnetic field ' .

For the propagation to occur, the beam must be so dense that the

dielectric constant of the beam K = 1 + < ^ / ^ >> ( m i / m e )
1 / 2 ,

where w. is the ion plasma frequency, fi. is the ion gyrofrequency,

m. is the ion mass and m is the electron mass .
1 e

Since the rectilinear motion of the beam across the magnetic

field is due to the polarization electric field, the trapping of

the beam into the magnetic field will be accomplished by

short-circuiting the electric field with conducting materials

such as metal plates or metal walls. A recent experiment has

indicated that a thin stainless steel plate set in contact with

the beam can convert the E x B drift motion of beam ions to the

cyclotron motion . In the present paper, we report that 90 keV

ions of the intense neutralized ion beam have been trapped in the

magnetic field of 5 kG by the method of the cross-field injection.

Some limitations on the beam trapping are also discussed.
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2. EXPERIMENTAL APPARATUS

The schematic of the experimental apparatus is shown In

Fig. 2, together with the coordinate system (x,y,z) employed.

The intense pulsed beam of protons which is space-charge-neutral

and current-neutral just like plasma streams is generated by a

reflex triode. This beam, passing through an aperture (3 cm In

diam.), enters into a magnetic field § = (B ,B ,B ) with the
x y z

configuration of a simple magnetic mirror at right angle to the

field lines (the mirror ratio on axis is 2 and the mirror length

is 50 cm). The strength of the magnetic field can be increased

up to 7 kG at the center (x = y = z = 0). The vacuum vessel has

the diameter of 20 cm and is evacuated down to 2.7 x 10"^ Pa.

Both the vacuum vessel and the drift tube (10 cm in diam.) are

made of insulator (Pyrex glass) to preserve the polarization

electric field in the beam until it is artificially

short-circuited by the metal plate for the beam trapping.

The metal plate is a 0.1 mm thick stainless steel sheet with

a shape shown in Pig. l(b). This metal plate is placed in the

vessel only in the beam trapping experiment so as to te contact

with the beam. The off-axis beam injection (aiming at 5 cm upper

from the symmetrical axis of the device) is adopted so that the

trapped ions may have trajectories encircling the symmetrical

axis. An axial magnetic field of about 6 kG is applied to the

reflex triode to improve the performance of the triode. This

magnetic field decays in strength to less than 200 G in the

trapping region (x tt y = x = 0) and has little effect on

experimental results within the range of parameters employed.
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3. EXPERIMENTAL RESULTS AND DISCUSSION

Radial profiles of the ion current density of the beam which

arrived in the trapping region were measured with use of a

7 channel charge collector array. The charge collector array was

biased to -300 V to repell accompanied electrons and was made

movable along the beam axis (x = 0 cm, y = 5 em). Data obtained

at z = 0 cm for B (0) = 0, 1, 3 and 5 kG are shown in Pig. 3.
X

Here, B (0) denotes B a t x = y = z = 0 . Note that B on the
X X X

beam axis is slightly smaller than B (0) as shown in Fig. l(c)

(for example, B is equal to O.98B (0) at a point (x = 0 cm,
X X

y = 5 cm, z = 0 cm) and 0.80B (0) at a point (x = 0 cm, y = 5 cm,
X

z = -10 cm)). The velocity of the beam was inferred from the

time-of-flight measurement to be about 4.2 x 10 m/s (equivalent

to an accelerating energy of about 90 keV). The velocity spread

of beam ions was not measured but it will be around a quater of

the drift velocity as observed in the previous experiment . The

peak value of the ion current density amounts to 28 A/cm at

B (0) = 0 kG and decreases with increasing B..(0). If only the
X A.

Lorentz force acted on the ions, the beam would be deflected and

the profile of the ion current density would shift to the -y

direction (indicated by arrows in Pig. 3). The significant shift

of the profile is, however, not observed in Fig. 3. This suggests

that the polarization electric field E = -uQB is formed in the

beam and makes the beam propagate undeflected across the magnetic

field. The ion current was little detected at B (0) _> 6 kG.

Figure 4 shows the polarization electric field E as a

function of the transversal magnetic field B . Data were obtained
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with use of a pair of floating probes located at z = -10 cm on the

beam axis. The solid line is from E = -uQB and UQ = ^.2 x 10

m/s. A fair agreement between the experiment and the theory in a

range 0 < B < 3 kG suggests that the cross-field beam propagation

without deflection is due to the 2 x§ drift. In the case of

B > 3 kG, however, the electric field is abruptly decreased to
X

the values insufficient for the beam propagation. The y profile

of the floating potential in the beam was measured at z = -10 cm

by the scan of the probes across the diameter of the beam. Data

are shown in Pig. 5 for B (0) = 1 kG and B (0) = 5 kG. Solid
X X

lines represent theoretical curves whose slopes are determined

from E = -uo
B
x« At B (0) = 1 kG, it is observed that the

electric field in agreement with the theory is formed uniformly

within the diameter of the beam. On the other hands the slope of

the data curve becomes less steep than the theoretical one at

B (0) = 5 kG. It should be noted that the floating potential is

positive everywhere in the beam in both cases of B (0) = 1 kG and
X

B (0) = 5 kG.

The following two conditions are derived from analytical

models to limit the cross-field propagation of the neutralized

ion beam ' ' : First, the number density of beam particles

must be large enough to be

K >> ( m i / m e )
1 / 2 (= H3 for protons). (1)

It has been found that the above theoretical condition reduces

experimentally to

- 5 -



K > 100-200.

The other condition comes from the energy conservation requirement

for beam particles. This requires that the potential difference

across the diameter of the beam does not exceed the initial

kinetic energy of beam ions, that is,

qEyd < \ nyi*, (2)

where d is the diameter of the beam. In the present case, data

give K = 2000, A<j> = E d » 30 kV at B (0) = 1 kG and < = 'JO, A<j> =

70 kV at Bx(0) = 5 kG. Both conditions (1) and (2) are well

satisfied at B (0) = 1 kG. At B (0) = 5 kG, however, only the

condition (2) is marginally satisfied. It is not clear yet which

of the two conditions is responsible for the reduced electric

field at B (0) = 5 kG because effects of A<f> on the beam
X

propagation is not understood. A two-dimensional model including

A<j> will be necessary to discuss further details.

The trapping of beam ions into the magnetic field was tested

at B (0) = 3 kG and B (0) = 5 kG since the beam propagation was

X X

found to be difficult at B > 6 kG. The metal plate was placed

at x = 5 cm in the vessel. In this situation, the polarization

electric field was found to disappear almost completely over a

range 3 1 B
x(°) 1 5 kG. Results of a particle orbit calculation

are shown in Fig. 5 and predict that the ions will not be trapped

at B (0) = 3 kG but part of the ions will be trapped at B (0) = 5

X X

kG. Figure 6 shows waveforms of ion current signals observed

both with and without the metal plate. The strength of the

magnetic field is 5 kG. The azimuthal current density J of the
o

trapped ions was measured at a radius of 7 cm and a azimuth of 270
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on the midplane with use of a small charge collector shown in

Pig. 5(b). The axial current density J of the untrapped,
Z

cross-field propagating ions was measured at the exit of the

trapping region (z = 10 cm). When the metal plate is placed, J,
<P

2
with a peak intensity of 0.3 A/cm is clearly observed though J

Z

is less than 0.2 A/cm . This shows that the beam is trapped in

the magnetic field. The J signal seems to have a relatively

slow decay lasting for about 1 ys. Without the metal plate, on

the other hand, J, with an distinguishable intensity from high

frequency noises is not observed. Instead, J with a peak
z

2
intensity of 1.5 A/cm appears. This will be because most of the

ions have passed through the magnetic field without being trapped

by the removal of the metal plate. Ail of these results confirm

that the metal plate leads to the trapping of the beam through

the short circuit of the polarization electric field. Figure 7

show? spacial profiles of the azimuthal ion current density
o o

observed at <)> = 180 and <j> = 270 for B (0) = 3 kG and B (0) =
X X

5 kG. Data were obtained with a radial array (5 channel) of

change collectors which could move along the x axis and could

rotate around the x axis also. In the case of B (0) = 3 kG, The
o

ion current is little observed at ij> = 270 as predicted by the

orbit calculation (Fig. 5(a)). Only the low energy component of
o

beam ions is detected near the vessel wall at (|) = 180 . In the

case of B (0) = 5 kG, on the other hand, the ion current with a
X

2 °
peak intensity of about 0.3 A/cm is observed at <j> = 270 .

Figure Y(b) also shows that the trapped ions are widely

distributed along B field lines up to the mirror throat (x =

cm) in spite of the beam injection on the midplane (x = 0 cm).
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To detect the ion current flowing out of the magnetic mirror

along the field lines, a charge collector array was placed

outside the mirror throat with its face directed toward +x.

Figure 8(a) shows data obtained at x = -30 cm without the metal

plate. The occurrence of a field-aligned current (> 0.1 A/cm

over a radius of 5 cm) even at x = -30 cm will show that the beam

is expanded abruptly along B field lines in the course of the

cross-field propagation. Such a expansion of the beam has been

observed and has been explained from the outward acceleration of

beam particles by field-aligned components of the polarization

electric field . A negative signal observed on the upper trace

of Pig. 8(a) is, therefore, considered to reflect energetic

electrons accelerated outward from the negative space charge layer

along the field lines. When the metal plate is replaced, the

negative signal is clearly decreased and is followed by a positive

signal corresponding to an ion pulse (Fig. 8(b)), which is

reasonable from the short circuit of the polarization electric

field. The ion current is observed to flow out of the mirror

throat with the similar intensity and profile to those in the

case of no metal plate. From these data, a fairly wide

distribution of the trapped ions shown in Fig. 7(b) can be

attributed to the expansion of the beam along the field lines.
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of the experimental apparatus; (a) top

view, (b) side view, (c) profiles of the magnetic field.

Fig. 2. Profiles of the ion current density observed at z = 0 cm

on the beam axis for different B (0).
X

Fig. 3. Polarization electric field E as a function of the
<y

magnetic field B . The solid line is from the theory
X

Ey = -uQBx (uQ = 4.2 x 10
6 m/s).

Fig. 4. Profiles of the floating potential Vf at Bx(0) = 1 kfl and
B (0) = 5 kG. Solid lines are from E = -unB .x y u x

Fig. 5. Single-particle orbits of beam ions calculated at

(a) B (0) = 3 kG and (b) Bv(0) = 5 kG.
X X

Fig. 6. Waveforms of the azimuthal ion current density J, and

the axial ion current density J ; (a) with the metal

plate, (b) without the metal plate.

Fig. 7- Spacial profiles of the azimuthal ion current density J,

obtained in the case with the metal plate ; (a) at B (0)
X

= 3 kG, (b) at Bx(0) = 5 kG.

Fig. 8. Waveforms of field-aligned currents observed at x = -30

cm; (a) without the metal plate, (b) with the metal plate.
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A LIB ICF System

and Problems to be Solved in Theory

*
Keishiro Niu, Shigeo Kawata, Moritake Tamba ,

Hiroyuki Murakami , Suguru Arai, Norimasa Nagata,

Masaru Seto and Syogo Takahasi

Tokyo Institute of Technology, Midori-ku, Yokohama 227

The Institute of Physical and Chemical Research,

Wako, Saitama 351

The Metropolitan College of Technology, Hino, Tokyo 191

Twelve Marx generators, whose total stored energy is

26MJ and diode voltage is 10MV or 5.1MV, supply the energy

to diodes; to extract proton beams. The combination of two

types of diodes are used. One type of diodes is insulated

by the radial magnetic field and extracts the rotating ring

beam. The other type of diodes is the ordinal one, from

which the proton beam of 0.518MJ, 40ns, 5.1MeV and 2.54MA is

extracted and fills the inner hollow part of the rotating

ring beam. The neon gas filling the reactor cavity with

22 3the number density of 10 /m neutralizes the charge of

proton beam during Ins, but does not neutralize the current

of the beam because the mean Larmor radius of electron in

the neon gas is shorter than the electron mean free path.

The proton beam pinches to the radius of 5.52mm by the

action of self-induced magnetic field in the azimuthal

direction and its propagation is stabilized by the action of
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self-induced magnetic field in the propagation direction.

The cryogenic hollow shell target of 6mm radius consists of

three layers of Pb, Al and DT fuel. The inhomogeneity of

the irradiation or. the target surface by 12 beams (really 6

beams) is 19% at the maximum points and less than 5% on the

average. The fuel implodes with the velocity of 1.88x10 m/s

after the deposition of beam energy of 7.29MJ. The ion

temperature and R of the fuel reache 4.15keV and 7.00g/cm

Thus we have the output energy of 2.4 6GJ from a target.

When the reactor is operated with the operation rate of lEz,

the reactor supplies the electric output power of about

80 0MW.

§1.Power Supply System

The outline of the fusion reactor system is shown in

Fig. 1. A reactor cavity has six modules of power supply

systems and a heat exchanger in which the water vapour

drives turbines generating the electric power. On the other

hand, the reactor cavity is connected with the system in

which D and T in the gas in the reactor cavity and T breeded

in the blancket litium are seperated and sent to the

target-fabrication part to be filled as a fuel. One power

supply system consists of two groups. From one group, a

pulsed electric power of pulse width of 40ns, output voltage

of 10MV and stored energy of 2.67MJ can be supplied. This

group corresponds to the four sets of the power supply

system designed by Nissin Electric Co. Ltd. . From the

other group, a pulsed electric power of pulse width of 40ns,
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output voltage of 5.1MV and stored energy of 1.73MJ can be

supplied. The power supply systems including Marx

generators are so heavy that they are set on the ground.

But the six beams are desired to be launched to the target

in the approximately spherically symmetric way. The diodes

and beam ports are distributed at the spherically symmetric

positions on the cavity wall. Thus the lengths of the

magnetically insulated transmission lines between the power

supply systems and the diodes are not same with each other.

The firing times of the Marx generators must be controlled

so that the synchronized beams impinge on the target at the

same time.

S2.Diode

The pulsed electric powers are sent through

magnetically insulated transmission lines to the diodes.

In our system a combined diode consists of two parts as is

shown in Fig. 2. In the outer part, there is one anode

whose outer radius is 32.8cm and inner radius is 30cm. In

the range of 6.37cm including the gap distance of 6.32mm

between the anode and cathode, the radial magnetic field

whose average intensity is 4.7T is applied. When the

pulsed power of 10MV is supplied to the diodes, the proton

beam of the current density of 5kA/cm is extracted,

rotating around the propagation axis by the action of the

Lorentz force of the radial magnetic field in the diode.

The propagation and rotation energies of the proton beam
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become respectively 5.1MeV and 3.3MeV (with the thermal

energy of 1.6MeV). The propagating proton beam pinches in

the radius of 5.52mm by the self-induced magnetic field in

the azimuthal direction. The rotating beam forms a ring

layer whose inner radius is 3mm. The total ion current of

the rotating beam along the propagation direction is 1.4MA.

From an ordinary magnetically insulated diode (radius

of 12.7cm) in the inner part, the non-rotating proton beam

of the total current of 2.5MA (current density of 5kA/cm )

is extracted with the particle energy of 5.1MeV. Confined

by the self-induced magnetic field in the azimuthal

direction, this non-rotating proton beam fills the inner

hollow part of the rotating ring beam. A combination of the

propagating beams is schematically illustrated in Fig. 3.

The distribution <̂ f the beam energy intensity T of the

combined proton beam is shown in Fig. 4.

§3.Beam Propagation and Irradiation of Target

If the number density of the background gas in the

reactor cavity is of the order of 10 "/m , the charge of the

beam ions is neutralized. However, in the majority region

of the beam path, the Larmore radius of the background

electron is shorter than its mean free path. The electron

back current in the beam path is time-dependent, but the

back current is much suppressed. Therefore the ion beam is

rather not current-neutralized. The self-induced magnetic

field in the azimuthal direction confines the beam in the

small radius, and the magnetic field in the propagation
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direction stabilizes the beam propagation. Thus the

rotating beam is expected to self-propagate in the reactor

cavity without the formation of the plasma channel. The

target is irradiated by 6 beams as is shown in Figs. 5 (a)

and (b). When the distribution of the beam energy intensity

is that, shown in Fig. 4, the distributions of the beam

energy intensity deposited along the two geodestics EB and

EQ of the target surface are shown in Figs. 6 (a) and (b).

The maximum fluctuation of the intensity is 19% and the

averaged one is less than 5 %.

54. Target

The target used here (shown in Fig. 6) is cryogenic

hollow shell one which consists of three layers of Pb, Al

and DT fuel. The target materials, lead and aluminum, have

small induced radio-activities and are compatible with the

liquid litium which flows inside the wall of the reactor

cavity as the coolant and tritium-breeder. Density

differences among Pb, Al and solid DT contribute to

stabilization of the Rayleigh-Taylor instability in the

process of the fuel implosion. The target radius r is

chosen here to be 6mm. The effective propagation energy

5.1MeV of the proton beam suggests us the optimum layer

thickness s . of lead and that s , of aluminum as follows,

6
pb=23.4^m (Mpb=120mg) and

 (5
Al=151i

Jm (MA1=184mg). The fuel

mass MD=21.5mg is optimum in order to extract the maximum

fusion energy. The proton beam energy of 7.92MJ is

irradiated on the target. But the irradiation of the target
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by six beams is not completely uniform. Therefore the

effective beam energy which contributes the spherically

symmetric implosion of the fuel is 6MJ instead of 7.92MJ.

The effective beam energy of 6MJ deposited in the Al pusher

layer during 4 0ns accelerates the fuel to the implosion

velocity of 1.88x10 m/s. After the collision at the target

center, the ion temperature T. and the fusion parameter R

of the fuel reaches 4.15keV and 7.00g/cm . Thus we have the

output fusion thermal energy of 2.46GJ from a target. The

target gain is G=311.

55.Reactor and Electric Power Generator

The group of Nuclear Engineering Research Laboratory,

University of Tokyo has conceptually designed two types of

LIB ICF Reactor, UTLIF and ADLIB 2 ). Since the fusion

energy released by a target is large in our case, we choose

ADLIB, As is shown in Fig. 7, the reactor cavity consists of

a cylinder rotating around the holizontal line. By the

action of centrifugal force, the liquid litium flows along

the wall of the cylinder. If the repetition rate of the

fusion reactor is lHz, the total thermal power is 2.46GWt.

Because the net plant efficiency of ADLIB is 33%, we expect

that the net electric output power is 812MWe.

6. Discussions

At the present stage, the beam brightness is about

several TW/cm rad . In order to obtain the high brightness
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and to realize the good focusing of an extracted beam, the

following subjects must be solved: 1) The first one is

relating to the nonuniformity of the anode plasma formation.

2) The magnetic bending of the beam path. 3) The

instabilities in the anode and cathode plasmas. The

analytical researches about the diode physics are required

tc solve these problems.

In a LIB-ICF target, there is the fluctuation of the

beam stooping range in addition to the fluctuation of the

beam intensity. The range fluctuation must be also

suppressed to a few percent . The range shortning by the

plasma effect serves the another problems to be solved for

the high implosion efficiency.

After the target explodes in a reactor chamber, a fire

ball appears and interact with the Li wall at the reactor

wall. The analysis of the interaction is also required.
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Fig. 1. Fusion reactor
system.
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EQUATION OF STATE FOR FUEL

AND TARGET IMPLOSION

MASARU ARAI, SKIGEO KAWATA and KEISHIRO NIU
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Nagatsuta,Midori-ku,Yokohama 277,Japan

Abstract

In order to achieve target i:.-plosion of inertial confinement

fusion, it is necessary to change the state of DT fuel from a

cryogenic solid state to an extremely high density and a high

temperature state. In this implosion process, the equation of

state between these macroscopic values plays an important role.

The data of SESAME E.O.S. LIBRARY are adopted for the equation of

state, and the simulation calculation for target implosion is

performed with a one-dimensional hydrodynamic simulation code.

Comparison between the case using these data and one using

equation of state for ideal gas is also done.
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§ 1.

Initial state of DT fuel is in cryogenic state so that it

must be solid. The fuel of CT is in solid state under 19.79 K

and its density is 0.26 g/cc. Through the implosion process, DT

is compressed, heated and passes through malting, evaporation and

ionization process, and changes into the state of several KeV,

several hundred g/cc. For the analysis of this implosion process,

the knowledge ofbehavior of matter under a low temperature and

under an extreme condition of density, temperature and pressure

is required. The analytic form of equation of state is not

sufficient for these regions as following;

10 ' < p < 10" (g/cc) , 10 < T < TO8 (K) (1)

Most suitable one is tabulated format of the equation-of-state

data. It can also represent phase transitions accurately. From

these points of view, the data of SESAME E.O.S. LIBRARY are

adopted. Figure 1 shows the DT E.O.S. These data are based on

the experimental data and analytic models. These models take

into account (1) cold curve due to electronic force (2) thermal

electronic excitations (T.F.D. model) (3) thermal ion excita-

tions.

Figure 2 shows the lines of iso-internal energy for DT. In

this figure, the envelope of these lines so called cold curve is

important for DT compression and is represented as

(2.8 < p < 103)

) , P (MPa)

Log P = -0.43x2 + 3.2x +3.9
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To know the phase of DT in implosion process, it is necessary

that its state is compared with melting curve as follows.

P = 3.002(T-19.79) + 0 .1154(T-l9 . 79 ) 2 - 1.246x 1 0 "3 ( T- 1 9.79) 3

T(K) , P(hPa) (3)

But in the state of higher pressure than 10s HPa the molecular

solid is transformed into the metallic solid, and for the state

of farther pressure phase of DT is unknown.

Figure3 and 4 show equation of st.. te for Al and Pb which ars

used as matters of target. For these matters ionization is more

important than other processes.

§ 2.

The results of simulation for implosion using this realistic

equation of state are shown in the following. One-dimensional

hydrodynamic simulation code for implosion is used for this

calculation. The results by using ideal gas E.O.S. are shown for

comparison with that by using realistic one. Other transportation

processes such as heat conduction or radiation are not taken into

consideration.

Initial state of the target is taken as 10 K in temperature

and 0.26029 g/cc in density. The mass of DT is 180 mg, thickness

is 0.23 cm and target radius is 0.7 cm. The inside of DT layer is

hollow, more realistic, it is filled by vapor of DT solid-vapor

equation of DT in cryogenic state is represented by empirical

formula as follows.

In P = 10.69 - I ^ i + Z-276 In T ( 4 )

T(K) , P(Pa)

At T=10(K), the pressure is low(P=2.6 Pa). Following calculation
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is performed on the assumption that the hollow part is vacuum.

§3

In the target implosion,, ion beams deposits the energy in

the Al l?yer and the expansion of Al causes pressure. It is

estimated to be about \QI> GPa. Here the model that the pressure

increases with time is taken so that its dependency on ti.ae at

the surface of DT layer is simplified. Those for two cases as

follows are shown.

P = Po + a t (0 < t < 20) 2. P = PD + B t
2 (0 < t < 34 )

P = P, (20 < t ) P = P (34 < t )

1 .

P = 1 .0x10'' (f=Pa) t(nsec) , F

For each cases,(a) ideal gas E.O.S. and (b) realistic E.O.S. are

used. The implosion time t is different between two cases. For

the case l,t = 30 nsec,for the case 2, t=50 nsac. Ficure5 shows

the profiles of density, pressure and velocity at t = 10 nsec for

case l-(a). For the other cases profiles resemble the-n. After

that, a shock wave passes through DT. The values of density,

temperature and pressure changed by it are tabulated.

TABLE 1
ideal realistic ideal realistic

case l-(a) case l-(b) case 2-(a) case 2-(b)

P = t P « t2

p lg/cc) 0.26 •* 1.08 0.26 + 2.0 0.26 + 2.0 0.26 + 2.7

T (KeV) 8.6xlO'7 8.GxlO'7 8.6xlO"7 8.6xl0"7

1 +2.6xlO'2 -*6.0xl0"2 -1.3X10"2

P (GPa) 5.7xlO"3 5.7xlO"3 5.7xlO"3 5.7x10--*

->3.7xl03 ->3.6xlO3 -»-2.0xl03 ->-5

E (KeV) 1.3xlO'5 3.3xlO"6 1.3xlO'6 3.3xlO" 6

+2.0X10" 1 -»-l . 5x10 ~r +9.0X10" 2 +4.0x1
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Comparing the results between the case of ideal gas and that

of realistic one, we find that tenp?rature is lower and density

is higher for the later. The void-closure times are t = 28 nsec

for the case 1 and t=4S nsec for the case 2. The difference of

them seems large. Table 2 shows the values of density,

temperature, internal energy, and pressure at the canter at this

time.

t (nsec)

P (g/cc)

T (KeV)

P iGPa)

1
28

12

5.

1 .

2.

- a
.421

.3

Ox 10 '

6xlO 5

97

1
29

17

3.

5.

2.

- b
.783

.9

4x10

2x10"

45

2
45
12

3.

1 .

2.

.1

.2

2x

a
94

10 '

OxlO 5

37

2 - b
47.171

29.2

2.1x10 2

7.1x10"

1 .87radi us(mm)

In realistic cases tha density is higher and the temperature is

lower than the ideal ones. The compression during this period is

nearly isentropic. The density at the surface is also higher

than ideal gas case, therefore DT is wholly compressed in that

case. Within 0.5 to 0.8 nsec after void-closure time, the

density becomes highest at the center. Table 3 shows the

density and the other values at this time. Table 4 shows the

total internal energy and the total kinetic energv of DT

respectively.

TA8LE 3

case 1 - ( aj case l-(b) case 2-(a) case 2-(b)

t

p

T
P

E

(nsec)

(g/ccj

(KeV)

(GPa)

(Kev)

28.691

20.3

3.8

2.0xl0s

5.7

30

38

0

1 .

3

.227

.9

.56

7x10G

.3

45

19

2

1 .

3

.854

.9

.1

ixlO 6

.1

48

63

0.

1 .

1.

.083

.2

30

5xlO 6

9
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Internal E (MJJ

Kinetic E (MO)

total E (MJ)

< or > (g/cm2)

1-a
1 .54

3.69

5.22

0.97

TABLE 4
1-b
1 .60

3.95

5.55

1 .43

2-a
1 .69
2.68

4.37

1 .46

2_
1 •
2.

4.

3.

h
95
74

49

03

There is not so large difference in the density between the

two cases in which the E.O.S. of ideal gas is used. Realistic

cases show difference or them and also show higher density than

the other. The temperature tends conversely.

§ 4.

It is turned out that the influence of time dependency of

the pressure at the surface of DT layer is great for the

implosion in the case of realistic gas. Th-2 fuel of DT is higher

compressed in this case than that of ideal gas. But because of

lower temperature fusion energy will tend less.

The maximum DT density in the implosion process depends on

the compression of shock wave and isentropic one. But viscosity

of DT is only taken into account as artficial one. The problem

of dissioation still remains.
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Figure Captions

Fig.l : E.O.S. for DT as the functions of density and temperature.

Fig.2 : E.O.S. for DT. The lines of iso-internal energy.

Fig.3 : E.O.S. for Al.

Fig.4 : E.O.S. for Pb.

Fig.5 : The profiles of density, pressure and velocity at 10 ns.
In the case of 1 - (a)

Fig.6 : Same profiles at 28 ns.
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ESTIMATION AND OPTIMIZATION OF TARGET GAIN

Moritake TAMBA, Shigeo KAWATA* and Keishiro NIU*

The Institute of Physical and Chemical Research,

Wako, Saitama 351

*Tokyo Institute of Technology, Midori-ku, Yokohama 227

A proposal is given here for a method to optimize the

cryogenic hollow shell target which consists of the three

layers of Pb, Al and DT fuel. The target is named as "Niu

target" and does a cannon type of implosion.

By using a model that the ion beam deposits its energy

instantaneously in the Al pusher in the target and the pusher

expands adiabatically and homogeneously, the final implosion

velosity UD_, of the fuel can be obtained as a function of the

beam energy E^, the target radius r
A^» the fuel radius r ,

the thickness S of the Pb layer, the thickness 6 . of the Al

layer and the rate C , of beam energy deposition in the Al

layer. Through the empirical laws obtained by simulations, the

ion temperature T. and the fusion parameter PR of the fuel

after the fuel collision at the target center can be derived as

functions of the preheat temperature T. of the fuel, the

effective mass M of the imploding materials (the fuel mass

added by the pusher mass), the fuel mass M „ and UD_.

Through T. and PR, the average reaction rate Y of the fuel is

estimated. Thus the output thermal energy E~ can be obtained

as functions of the particle energy e. , E, , r ., r , T. and

C , (hence 6 . and S_, ) . The pellet radius must be decided
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by considering the instabilities in the pellet and is chosen

as r ,=6mm. Now we choose E, =6MJ, T.=1000K and let us optimize

E f with respect to r , e b and C , . At last we have r =3.lmm

(MDT=2.37xl0"
5kg), eb=5MeV, and Cftl=87% (6pfa=23.4 pm and 6ftl

=151 P m) as optimum values, and we obtain the fusion output

energy of Ef=2.46GJ. For the litium beam, the target radius is

chosen as r..,=6mm and E, =6MJ, T =1000K, we have the following

-4
optimum target parameters, r =3.Omm (M_ =2.15x10 kg), e b

=30.OMeV, and C ,=85% {& .=13.9pm, s =83.8pm) as the optimum

values and we obtain the fusion output energy of E =3.02GJ.

For the lead beam, the target radius is chosen as r = 5mm, E h

= 4MJ and T n = 1000K. <•"= have the the following optimum target

parameters, rDT=2mm < M D T = 6 . 7 x l 0 -
3 k g ) , efa=15GeV and Cftl=70% {Spb

=95.4pm and 6.,=503pm) as the optimum values, and we obtain the

fusion output energy of E_=2.7MJ.

sl. Target Structure

The purpose of this paper is to propose a simple method to

estimate the fusion output energy from the target which is

irradiated by ion beams and to optimize the target parameters

to extract the maximum fusion energy. The cryogenic hollow

shell target consists of three layers of lead (Pb), aluminum

(Al) and DT fuel. The lead and aluminum are chosen as

compatible materials with the liquid litium which flows inside

the solid wall of the reactor cavity as a coolant and

tritium-breeder. In order that the target is stable with

respect to the Rayleigh-Taylor instability, the density of the

outer layer must be higher than that of the inner layer. The
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materials lead and aluminum are chosen from the point of view

of their densities. The lead plays a role of tamper and the

aluminum plays a role of pusher.

§2. Fusion Output Energy

The thickness of the metal layers in the target are

decided by using the Bethe equation 1)

-de/dx=4 q4ntZtqe
2[ln(2mev

2)

-In I-ln(l- 82)-B2]/mev
2=-l/S(e), (1)

where q is the electric charge unit, n is the number density

of the layer metal, Z. is the atomic number of the layer metal,

I is the average ionization potential of the layer metal, m is

the electron mass, e is the particle energy of the beam ion, v

is the prticle velocity of the beam ion, q is the effective

charge of the beam ion when it passes through the metal layer

and 6 =v/c, c being the light velocity. The average ionization

potential I and the effective charge q are obtained by using

2)

I=9.1Zt(l+1.9Zt"
2/3) (eV),

where Z is the atomic number of the beam ion. The thickness

£ b of the lead layer and that 4.. of the alminium layer are

respectively given by

6pb= /bde/S(e), (4) «A1=
 Ajj; Se/S(e). (5)

cALebWe carr obtain the implosion velocity of the fuel by a

model that the ion beam energy is deposited instantaneously in

the target at the initial stage of the target implosion. The
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model is presented in the reference 3).

The effect of the self heating of the fuel by

alpha-particles produced by fusion reactions is taken into

consideration in the following way,

4/3. *^n2/4.<°v>Ea=d/dt. (4/3. "^a
33nkT), (6)

where k is the Boltzman constant and the mean free path x
a of

the alpha-particle is given by 4)

*a=1.9R/(l+122/Te
5/4 R), (7)

where R is the fuel radius after the compression,

and the electron temperature T is counted in keV. We have the

increase in the ion temperature as follows,

dT/dt=<ov>nE (4T5/4+488)/12k(4T5/4+2318).(8j

The final ion temperature T, (keV) is obtained as

T_=T.+dT/dt.R/C , (9)
IX S

where C is the sound velocity in the fuel and T. is the final

ion temperature without the heating of alpha particles. As the

ion temperature T, we choose T=(T.+T,)/2. (10)

The frequency <°v> (CM /s) of the fusion reactions is expressed

by

<ov>=3.68xlO~12T 2 / 3exp(-19.94T 1 / 2). (Jl)

By using the average reaction rate Y as

Y=PR<cv>/[ (3kmiT)
1/'2+pR<(jv> ], (12)

we have the fusion thermal output energy E. as follows,

Ef=NDYQf. (13)
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Here m. is the ion mass, Nn is the number of the deuterium in

the fuel and Q. is the fusion energy released by a reaction.

5 3. Optimum Target

Target irradiated by proton beams

Figure 2 shows the fuel quantity r (M_=4 *r /3)

versus the fusicn thermal output snrgy E,. When rn =3.1mm, E f

is maximum. Figure 3 shows the relation between C., and E,.

If C.,=0.85, Ef becomes maximum. Figure 4 shows the relation

between e, and E f. When e. =3.5MeV, E_ is maximum. However E,

does not depend on e. strongly. In order to decrease the beam

current in the reactor cavity, we choose e, =5.lMeV. Figures 2

to 4 are plotted for E. =6MJ, r =6mm, T =1000K and other optimum

parameters. As Fig. 5 indicates, E, increases with r . Figure

5 is plotted for Eb=6MJ, T =1000K, eb=3.5MeV and CA1=0.85. The

fusion output energy E, is plotted against the beam energy E,

in Fig. 6 for optimum target parameters. Thus our optimized

target for E.=6MJ, r =6mm, e.=5.1MeV is as follows, s .=23.4Mm

(Mpb= 105 mg), «A1=151nm (MA1=184mg), rDT=3.2mm (MDT=23.7mg)

and Ef=2.46GJ (G=Ef/Eb=410).

Target irradiated by lithium beams

Figure 7 shows the fuel quantity r versus the fusion

output energy Ef for the case of rQ =3mm, C =0.85 and e

=30MeV. When r_=3.0mm, E^ is maximum. Figure 8 shows the

relation between e and E f for the same parameters as those in

Fig. 7. When e =30.0MeV, E f is maximum. Figures 7 and 8 are

plotted for the case of E. =6MJ, r =6mm and T =1000R. We
D AL* U
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obtain the optimum fusion output energy of E,=3.02GJ.

Target irradiated by lead beams

Figure 9 shows the fuel quantity r versus the fusion

thermal output energy E_ for the case of C =0.7, r =5mm and

E, =4MJ. Figure 10 shows the relation between C _ and E~ for

the case of r_=2mm, E,=4MJ and r =5mm. Figure 11 is plotted
U J. D Aij

the relation between e and E f for Eb=4MJ, r. =5mm, rDT=2mm and

C =0.7. We obtain the optimum fusion output energy of E-

=2.7MJ for the case of e =15GeV.
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Effect of Nonuniform Implosion of Target

on Fusion Parameters

By SHIGEO KAWATA and KEISHIRO NIU

Department of Energy Sciences,

Tokyo Institute of Technology,

Nagatsuta, Midcri-ku, Yokohama 227, Japan

The effect of the nonuniform implosion of the ICF target on the

fusion parameters is investigated numerically. The numerical

analysis is carried out by using a three-dimensional particle in

cell code with sliding grids. The numerical results show that the

nonuniformity of the implosion acceleration is required to be less

than a few percent for a pellet of reactor size.

1. Introduction

Implosion of spherical target for inertial confinement fusion

(ICF) have been investigated for the cases of irradiation of laser

(Bodner 1981), relativistic electron beam (REB), light ion beam

(IIB) (Tamba, Nagata, Kawat6> & Niu 1983), heavy ion beam (HIB)

(Badger et al. 1981) and projectiles (Winterberg 1977). In order to

achieve a high pellet gain, the implosion efficiency, that is, the

energy conversion ratio from the driver to the fuel must be high.

Although laser fusion had encountered with many problems with

respect to the energy coupling (Bodner 1981), experiments and

theories have been extended to solve them. Particle beams have the
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good implosion efficiencies, while they have another difficulties

about the energy concentration on a target for LIB fusion (Freeman

et al. 1982, Kawata et al. 1983) and about the production of the

high power input energy for HIB fusion (Badger et al . 1981) and

impact fusion (Usuba, Kondo & Sawaoka 1983). The researches to

solve these problems are also in progress.

One of the crucial point in order to achieve a high target

gain in inertial confinement fusion is that it is not easy to find

the way how the target implodes in a spherical symmetric fashion. A

few works (Nuckolls et al. 1972, Emery et al. 1982) on the symmetric

target implosion suggest that the nonuniformity of the implosion

pressure (P) must be suppressed under 1-4%. The restrictions

imposed on the uniform deposition of driver energy and the smoothing

of the deposited energy in the lateral direction of a target are

very severe. Of course the Reyleigh-Taylor (R-T) instability must be

also controlled to keep the uniform implosion (e.g. by designing a

profitable target structure). To diminish the nonuniformity of

implosion, the fluctuations of target parameters must be suppressed

to be small (e.g. the thermal conduction and the radiation energy

transfort in the region between the energy-absoption surface and the

ablation surface are requested to have the mechanisms to be

smoothed). But the requirements to the smoothing mechanisms in

order to implode the target uniformly is not clear at the present

stage.

The purpose of this paper is to clarify the effect of

nonuniform implosion on the fusion parameters, namely on the product

(PR) of the mass density (P) and the radius (R) of the fuel in the

target just after the implosion, the peak density (n ) and the peak
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ion temperature (T ). A three-dimensional (3-D) computer simulation

program is developed here to carry out this purpose.

2. Numerical calculation

To make the implosion nonuniform, the 3-D effect is considered

to be important. So far 2-D simulations have been performed to

check the nonuniform implosion. But the difference in the

dimensions leads to the different simulation results. Therefore it

is hoped to use a 3-D simulation code to analyze the nonuniform

implcjsion. On the other hand, a 3-D numerical analysis requires a

great deal of computer run time. With this fact, it is very

difficult to simulate the whole process of the shell-target

implosion by using a 3-D code. If the analysis is liir.itted to the

implosion process after the void closure time only, however, so much

computer run time is not required. This kind of an analysis is

employed in this paper. A few works were already done on the

implosion process before the void closure time (Yabe, Nishiguchi &

Ueda 1981, Tamba et al. 1983). Thus the calculations after the void

closure time are carried out for an imploding shell, which has a DT

fuel layer and a pusher layer. The pusher layer is considered here

to consist of aluminium (Al). The outer layer, that is ablation

layer or energy-deposited layer, is discarded in the calculations,

because such an outer layer has small effects on the target

implosion after the void closure time.

In this paper one temperature and one fluid model is employed

for the imploding shell. The foundamental equations used in the

numerical analysis are the continuity equation, the equation of

motion and the energy equation. The radiation energy transport and
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the ionization process are discarded to save the computer run time,

because their effects on the implosion process are small after the

void closure time. The ideal equation of state is used for both the

fuel and pusher layers, although the electron degeneracy is taken

into account. The electron classical thermal conduction and the

numerical viscosity are included. The code is a 3-D particle in

cell (PIC) one with sliding grids. PIC codes have been developed

recently and can be used for implosion analyses of ICF targets. In

the recent developed PIC codes; particles have finite volumes which

vary with moving grids. This kind of technique leads to the

description of large density variation but also leads to the

unphysical perturbation of density. (if only one grid slides in the

case of the homogeneous stational fluid in an equilibrium state, a

particle volume varies and the density fluctuation occurs

unphysically.) Therefore the particle volumes are fixed in our case

in order to avoid the induction of such an unphysical phenomenon in

the numerical result, being taken to be enough small in comparison

with the mesh volume to keep the enough fine space resolution.

The code was applied to obtain the solution of shock tube

problem and the linear growth rate of the Kelvin-Helmholtz (K-H)

instability to ascertain its validity. The numerical results are in

good agreement with the analytical ones. The mass and the energy

are conserved accurately during simulations.

Analyses have many variable parameters of the target as

follows: the sum of the mass of Al (MA1) and that of DT (M ) , the

A J. DT
number densities (n.,) and (%_) of Al and DT, the temperatures (T .

) and (T_.m) of Al and DT and the implosion velocity (V. ) of
u L i mp

imploding shell. In addition to these parameters, there appear the

- 55 -



perturbations (6r, sV. , & T . , 6T
DT' *n) of the radius, implosion

velocity, temperature of Al, temperature of DT and density. The

notation 6 stands for perturbed physical quantities. After the void

closure time, the kinetic energy is larger compared to ^he thermal

energy. Therefore in almost all cases, the temperature perturbation

is excluded and the temperatures of Al and DT are fixed as TA-.=163eV

and T =10eV. Other parameters are taken to be; M ,=7.4mg or

14.8mg; M =4mg, 8mg or 16mg; n.,=n , (solid density) or 4.On .,; n

DT = 2 5 nsDT o r 1 O O nsDT : a n d v
imp=l-

5xl07cm/s or 3.0xl07 cm/s. The

degrees of ionization for DT and Al are 1 and 5, respectively, and

are fixed in the whole calculations. These values are employed by

taking into accounts the results of 1-D numerical simulations for a

reactor size target. The perturbations are assumed to have the

functional forms of

+0.25(sin(Le)+l)(sin(L$)+i), (1)

where L refers to the mode number, e refers to the polar angle and

refers to the azimuthal angle. Here the plus sign ( + ) is used for

sr and &\!. , and the minus sign (-) is for the others.

3. Numerical results

Some of typical result are presented in Figs. 1-3. All figures

are drawn as cross sectional diagrams, in a Z-plane of the cartesian

coordinate system. In tlvse cases, L=4, {V. /V. =0.068
imp imp

«r/r=in/n=6T/T=0.4, MDT=16mg, MA1=7.4mg, Vi =3.0xl07cm/s, nDT=100n

sDT' nAl = 4 nsDT' T D T
= 1 O e V a n d TAl=163eV. Here r shows the DT radius,

n shows the number densityof Al or DT and T shows the temperature of
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the DT or Al at the void closure time. Hereafter the perturbations

of 5r, <SV. and sn are normalized presented above. Numerical

results for these cases present that the peak DT density (n~) is

1336n _„, the peak DT temperature (T ) is 1.OkeV and the averaged PR

is PR=3.9g/cm , where the averaged PR means the mass density-radius

product averaged by the solid angles. The solid angle is measured

from the spacial point of the peak density. Such the averaged pR is

an ICF parameter which is easy to handle instead of the non-averaged

PR (= PR( 6, n>) ) .

Hereafter the perturbations sr, «V. and in are evaluated

separately, in order to clarify the each effect on the ICF

parameters.

Figure 4 shows the numerical results for L=4 and 8 in order to

indicate the difference in the mode number. Another parameters are

equal to those in Figs. 1-3. The abscissae show the values of

perturbations and the ordinates show the ICF parameters (n , T and

R ) , which are normalized by the unperturbed values. If there is

the perturbation fir, the averaged pR for L=4 has a slightly large

value compared with that for L=8 in the range of large «r . This

result can be explained as follows: in the case of larger mode

number, the spacial variations of physical quantities, especially

the implosion velocity, are large and hence the energy dissipation

affects the implosion process. Therefore the higher compression can

not be realized compared with the case of the lower mode number (see

Fig.4(a)). This fact leads to the slight decrease in pR for L=8.

In the case of «n, there are no larger differences in n , T and pR
P P

compared with the case of Sr. In the case of - V. , T decreses
c imp p

largely for the lower mode number L compared with the result for the
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higher mode number. This comes from that the decrease in the amount

of kinetic energy of the imploding shell for L=4 is large compared

with that for L=8 (see the expression (1)).

Figure 5 presents the results for V. =1.5x10 cm/s and 3.0x10

cm/s. Another parameters are identified with those in Figs.1-3. In

these cases there is no remarkable diffrence between normalized

values, though the absolute values are different.

The results for (nDT
=25ll

sDT
 a n d nAl = nsAl ) a n d ( nDT = 1 O O nsDT a n d

n ,=4n ..) are shown in Fig.6. In the case of V. , PR has a small

value for n_ =25n „„ and n,,=n . compared with that for the other.

But in both the cases, the perturbation Sr affects the decrease in

pR largely, compared to SV. . There are not any other large

differences.

Figure 7 shows the results for NL =8mg and 16mg. Another

parameters are equal to those in Figs.1-3. The almost values for M

=8mg is slightly large compared with the corresponding values for

M =16mg. It is comes from the fact that the pusher mass in the

case for M =8mg is relatively large compared with that in the case

for MDT=16mg.

Figure 8 shows the results for M ,=7.4mg and 14.8mg. Another

parameters are same with those in Figs. 1-3 except L=8. In these

cases, the curves for the larger M . are slightly large above the

corresponding curves for the smaller M . according to the same

reason described in the former paragraph.

As described in section 2, the temperature perturbation <5T

does not largely affect the ICF parameters. Indeed, when the

normalized 5T is 0.5, n =1, T =1 and pR=1.
P P

Calculations are performed for the several cases in which
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combinations of <5r, <5n and <5T are chosen. It is turned out that the

results reduce to the simple combinations of numerical results

described above. For example, when Sr= 6n= ST=0.4, <5V̂  =0.067 for

L=4 and another parameters remain unchangedas those in Figs.1-3 (n

=0.83, T =1.07 and pR=0.72 where all the ICF parameters are

normalized by the unperturbed values). The value of pR in this case

can be explained by the result for L=4 in Fig.4(b). The values of n

and T are also explained by the results for L=4 in Fig. A. In

these cases, V. is chosen as small in comparison with the others,imp ^

because larger 5 V. leads to larger sr (>>0.4 for the above
imp '

example) (see the next section).

To summarize numerical results presented above, the following

features are described: 1) The value of averaged PR is mainly

diminished by fir. 2) The peak number density n is affected mainly

by Sr and «n. 3) The peak temperature- T decreases with the

increasing «/. . Figures 9-12 summarize all the numerical results

chosen in this paper.

4. Discussions

A target of reactor size has several characteristic parameters

described in section 2. The mode number L of perturbations is

taken in this paper to be L=4-8. Because L=4 corresponds to the

mode of perturbations in the target induced by the irradiation of

the 8 driver bearcs and L=8 to 32 driver beams. The numerical

analyses carried out in this paper may apply the almost all

situations occurring in target. Therefore Figs. 9-12 becomes very

useful to design targets of reactor size, when the numerical results

before the void closure time are supplmented.
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The DT shell is accelerated during the time interval tfa of the

energy deposition of driver beams in the pusher layer. Since then,

the DT shell implodes almost freely untill the void is closed. If

there is the pertubation 5o of the acceleration a, the perturbations

$V. and Sr at the void closure time t are estimated as follows:imp v

«v. = ia t, (2)
imp b

=6atb(tv-0.5tb). (3)

From Eq.(3)

«a/a=4r/r0=(«r/r)x(r/r0). (4)

Here rQ is the initial target radius. If the compression ratio n of

density ,(usually ^ 1000,) is introduced,

6a/a=n1/36r/r. (5)

From Eq.(2) ,

«V. /V. = «a/o. (6)
imp imp

Equations (5) and (6) show that

(7)

This relation describes that 6V. must be suppressed to the small

value. The perturbation of 6r and *n can mainly affect the target

implosion. Therefore the peak ion temperarture T is not largely
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affected. It is not easy to relate the density perturbation of 6n

to the nonuniformity of the input energy deposition or to the

initial density perturbation. If there is not the amplification

mechanism of the density perturbation as shown by Yabe et al.(1981),

6n may be estimated to be equal to the initial perturbation of the

target density.

6n/n=66nQ/n0. (8)

Here 6 is the amplification factor (=1). But Figs.10 and 11

indicate that n is mainly affected by Sr, if 6r/r=<5n/n.

On the other hand, the thermonuclear fusion output energy is

estimated by the averaged reaction rate Y,

Y=PR/(H+PR)=PR/H, (9)

if H>PR, as usual. Here H is 2 (3m T ) /<ov> , where m is the

mass of an fuel ion and <ov> is the averaged thermonuclear reaction

rate. From Eq.(9)

6Y/Y=PR/(PR)O, (10)

where (PR)n refers to the density-radivs product for the unperturbed

implosion case.

Here the simple relation between PR and 6r is presented. The

total number of DT fuel is proportional to PR . Hence pR is

proportinal to R . From this,

BR/(pR)0=((R+Sr)/R)"
2=(l+Sr/R)~2 (11)

To fit this expression to the numerical result of the worst cases in
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Fig.9, Eq.(ll) is slightly modified to

BR/(PR)0=(l + 0.72 <5r/R)~
2, (12)

which is also presented in Fig.(9).

Through the same kind of consideration, Lie similar eauation to

Eg.(12) is obtained (for the averaged density). The equation for n

(with a small modification) is

n /n 0=(l+0.3«r/R)"
3. (13)

If the allowable limit of P R / ( P R ) . is described by (pR/(pR)Q)|

, . . , the limit of the nonuniformity of the input energy deposited

in the pusher layer can be estimated from Fig.(9) or Eqs.(12) and

(5). In addition to this, Fig. (10) or Eqs.(13) and (5) also leads

to the same kind of limitto the perturbation of the implosion

acceleration, if the allowable limit of (n /n n) |, . ..is settled.
p pO l imit

««/a=l/(0.3

Figures 13 and 14 show the relations (14) and (15), respectively.

As shown in these figures, the relation (14) gives the severer

restriction for Sa/a compared with the relation (15), vhen (pR/(pR)
0

l l i m i t = ( n p / n p 0 ) ' l i m i f

In conc lus ion , i f the cond i t i on of (pR/(pR)_) | . . . =0.5 i s
U limit

imposed, the restrictions for the nonuniformity of the implosion

acceleration are as follovs: 6c/a <6% for n=1000 and 6a/a<2.1% for

1=10000. These restrictions coincide with the values previously
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suggested. This fact show that the nonuniformity of the implosion

acceleration must be suppressed to a few percents.

To realize the good uniformity described above, some smoothing

mechanisms are required, in addition to the uniform deposition of

the input energy. The electron thermal conduction supplies the

short range smoothing mechanism (about several tens micron meters).

The radiation energy transport may be expected as a smoothing

mechanism in relation to the cannon ball target in Laser fusion. As

another smoothing mechanism, the R-T and Kelvin-Helmholtz (K-H)

instabilities can be taken for the long range smoothing mechanism

(probably a few hundreds micron meters). This proposal is not

checked. It may be worth to study for the realization of the good

uniformity.

If the R-T instability occurs, the right hand sides in Eq.(5)

and the inequality (14) must be multiplied roughly by the factor of

expCrtb). Here is the growth rate of R-T instability. By this

factor, the restriction for &a/a becomes severe compared with those

for stable case with respect to R-T instability. It is expected

that the target compression is stable or Y t,< 1, if the

instability-uniform compression is not possible.

REFERENCES

B. Badger, et al. 1981 UWFDM-450, KfK-3202.

S. E. Bodner 1981 J. Fusion Energy 1, 221.

- 63 -



M. H. Emery, J. H. Gardner & J. P. Boris 1981 NRL Memorandum Rept.

4642.

M. H. Emery, J. H. Orens, J. H. Gardner and J. P. Boris 1982 Phys.

Rev. Lett. 25, 253.

J. R. Freeman, L. Baker & D. L. Cook 1982 Nucl. Fusion 22, 302.

S. Kawata, K. Niu & H. Murakami 1983 Jpn. J. Appl. Phys. 22, 302.

S. Kawata & K. Niu 1983 Laser and Particle Beams 1.

A. Nishiguchi & T. Yabe 1982 J. Comput. Phys. 47. 297.

J. Nuckolls, L. Wood, A. Thiessen & G. Zimmerman 1972 NATURE 239,

139.

M. 1'atnba, N. Nagata, S. Kawata & K. Niu 1983 Laser and Particle

Beams 1.

S. Usuba, K. Kondo & A. Sawaoka 1983 Rep. Res. Lab. Eng. Mater.,

Tokyo Inst. Tech. 8, 83.

F. Winterberg 1977 J. Plasma Phys. 18, 473.

T. Yabe, A. Nishiguchi & N. Ueda 1981 Appl. Phys. Lett. 39, 222.

Figure captions

Figure- 1. The cutted section diagram by a z plane in the cartesian

coordinate. A large point shows the Al pusher particle

and a small point shows the DT fuel particle.

Figure 2. The section diagram for the number density.

Figure 3. The section diagram for the temperature.

Figure 4. The comparison between the numerical results of L=4 and

L=8. The sign (+) is used for the peak number density of

the DT fuel. The peak number density (n ), the peak
P

temperature (T ), the averaged R and the pertubations of

<5r, 5n and <5V. are presented by the normalized values.
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Figure 5. The comparison between the numerical results of

=1.5xl07cm/s and 3.0xl07cm/s.

Figure 6. The comparison between the numerical results of (n =100n

SDT ""~ "Al~""sAl# """ (nDT~25nsDT

Figure 7. The comparison between the numerical results in the cases

of MDT=16mg and MDT=8mg.

Figure 8. The comparison between the numerical results in the cases

of M.,=7.4mg and 14.8mg.

Figure 9. The summarization of the numerical results. The diagram

of PR versus «r. The dashed line shows the results of

Eq.(12).

Figure 10.The summarization of the numerical results. The diagram

of n versus <5r. The dashed line shows the result of Eq.

(13).

Figure 11.The summarization of the numerical results. The diagram

for n versus 6 n.
P

Figure 12.The summarization of the numerical results. The diagram

for T versus * V.
p imp

Figure 13.The diagram for the nonuniformity of the implosion

acceleration versus PR. The lines are drawn by Eg.(14).

The notation " shows the density compression ratio.

Figure 14.The diagram for the perturbation of the implosion

acceleration versus the DT peak density. The lines are

drawn by Eq.(15).
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Simulation of LIB Target Implosion

By No/IIMASA NAGATA, SKIGEO KAWATA and KEISHIRO NIU

Department of Energy Sciences,
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Nagatsuta, Midori—ku, Yokohama 277, Japan

Abstract

A one—dimensional hydrodynanuc simulation code for the

analysis of the target implosion used in LID—ICF which includes

the various effects has been developed. This code includes some

effects concerned with the incident particle beam. These effects

decrease the implosion velocity and the implosion efficiency. So

the energy deposition profile of the incident particle beam must

be always considered exactly in the target design for LIB—ICF.
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1. Introduction

The target implosion in the inertial confinement fusion has

the various nonlinear effects, such as dissipation of viscosity,

heat conduction, radiation transfer, diffusion of the fusion

products, ... etc. As these nonlinear effects are essentially

important for the target implosion process, numerical analysis is

necessary for the target design. By now, some simulation

programs for the target implosion have been developed '

Though these programs include these nonlinear effects with the

various forms, there are some severe problems to treat these

effects in the numerical analysis. The physical state of the

target materials in the extremely compressed resion or in the

very low temperature are not studied satisfactrily. So the best

method to treat the various effects in the target implosion must

be always developed.

In our laboratory, a one—dimensional hydrodynamic simulation

code for the analysis of the target implosion in the inertial

confinement fusion by the particle beam has been developed since

a few years ago. The characteristics of this code and the

situation of its development are presented in Section 2.

Recently, among the various effects in the target implosion

, what is concerned with the energy deposition of the incident

particle beam have been estimated. They affect the target

implosion process and decrease the implosion efficiency. Some

estimation concerned with the energy deposition are presented in

Section 3. Especially, the effect of the energy deposition in a

material with a high temperature is considered in detail.
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2. Characteristics of The Simulation Code

The one—demensional simulation code is composed of the

hydrodynamic equation based on the one—fluid, two—temperature

model. This code has the following characteristics in the basic

scheme.

If the various nonlinear effects are included in the

simulation code, they often induce the numerical instability, and

the every boundary condition is difficult to be treated

numerically. So this program uses a simple scheme, that is the

implicit method, so that the problems to treat the various

effects become transparent.

Most of the other simulation codes are operated by means of

the mass coordinate. But if this coordinate is applied in a

cylindrical or a spherical coordinate, the calculation near the

center is rough due to the large mesh width, though the detail

estimation near the center is very important for the target

implosion process. To be released from this difficulty, the

initial position coordinate r is applied by means of the

following Euler — Lagrange transformation.

roa(.Po + S dt) dr0 = rap dr (1)
0 ' U JO

a = 0 ... slab

a = 1 ... cylindrical

a = 2 ... spherical

ro initial position

Po initial density

S density sink-source term at r0
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The various effects are considered with the following forms.

1) Dissipation

An artificial viscosity is used, but it doesn't always

present the dissipation in the time dependent sitiuation exactly.

So the better method have to be developed.

2) Radiation Transfer

The diffusion approximation is used with the local thermo-

dynaraic equilibrium model. The better treatment is considered.

3) Fusion products

a—particles and neutrons produced by the D—T fusion

reactions are considered by the diffusion approximation.

4) Equation of State

The SESAME EOS library is applied .

5) Charge State

The program to calculate the charge—state—data set of the

materials used in the fusion target was developed. In this

4 ) 5 )

calculation, the Sana model and Corona model are applied to

estimate the thermal ionization, and the Thomas—Fermi model is

used to do the pressure ionization. Figure 1 shows the example

of the charge—state—data of aluminum.

3. Energy Deposition by Particle Beam

Some effects concerned with the energy deposition by the

incident particle beam are important for the target implosion.

Among them, the effects of incident angle and the fluctuation of

7 ) R 1
the beam kinetic energy are important . As these effects

7 } R 1
decrease the implosion efficiency , it is hoped that the
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incident angle of the particle beara and the fluctuation of the

beam kinetic energy are constrainted as small as possible.

According to the simulation results, the limit of the incident

angle is 30 degrees and that of the fluctuation of the beam

kinetic energy is 10% or so.

The effect of the target temperature on the beasi stopping is

also important and is presented in detail in this section. In

order to consider the temperature effect of the beam stopping,

the program to calculate the energy deposition is developed,

which takes the previous effects into consideration. This

program includes the bound and free electron cot tributions, ion

collision, nuclear collision, shell correction a .d the LSS model

which is applied to the beam with the low energy. As the beam

deposits the energy in Al and Pb layers of the target shown in

Fig. 2, the beam stooping range in Al layer with Pb outer layer

are calculated with this-program. Figures 3—(a) and (b) show the

temperature dependency of the beam stopping range normalized by

the initial density in the previous target. The range shortening

is remarkable in the temperature region which is experienced by

the target during the implosion process.

In order to estimate this effect on the target implosion,

the calculation program of the beam energy deposition is included

in the previous hydrodynamic simulation code, and the target

implosion with this effect is simulated (case 1). The initial

target radius is 5mm and the initial widths of DT, Al and Pb

layers are 165pra, 135(jm and 35pm, respectively. The initial

density of each layer is solid density and the initial

temperature is O.leV. The beam kinetic energy is 5i-leV, the total
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input energy is 3MJ and the beam duration time is 40 nsec. The

time dependency of the input beam power is t " . In this

simulation, the Saha model and Corona model are considered to

calculc-te the charge state of Al and Pb layers. The charge state

of DT is assumed to be 1 constantly. To analyse this effect

definitely as the first step, the heat conduction, the radiation

transfer and the other effects concerned with the particle beam

are neglected.

Figures 4—(a), 'b) and (c) show the profiles of the beam

stopping power, the ion temperature ar.d the charge state at each

time step. The range shortening is remarkable in the target

implosion process. As the result of the range shortening, large

part of the input er.srgy is deposited in the outer region.

Figure 5 shows the total energy deposited in each position in

addition to that of tl e case in which only the bound electron

contribution to the be. m stopping is included (case 2). Large

part of Al layer adjacent to DT layer is scarcely deposited by

the beam energy and remains in a low temperature. This part is

pushed toward the center by the hot Al layer and implodes with DT

layer. As the mass of this part is heavy, the implosion

efficiency and implosion velocity decrease obviously. Compared

with that for the bound electron only, the average implosion

velocity and the total kinetic energy of DT fuel at the collapse

time in the case of high temperature layer decrease from 2.34x10

m/sec and 0.22MJ to 1.74x10 m/sec and 0.13MJ, respectively.

Therefore, pR decreases from 3 . <?g/cm to 2.5c/cm . This is a

severe result for the target implosion.

On the other hand, Al layer imploding with DT fuel has the
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large momentum and this momentum goes on pushing DT fuel after

the collapse time. Figures 6—(a) and (b) show the fluid lines of

the case 1 and the case 2, respectively. The case 1 obviously

has the longer confinement time than that in the case 2 as the

result of the tamper effect of Al layer imploding with DT fuel.

Figures 7—(a) and (b) show the mass density, pressure and

impasion velosity profiles in each case at the beam duration

time. As the density gradient near the boundary between DT and

Al is relaxed in the case 1, the Reileigh—Taylor instability may

be relaxed.

As the next step, it is hoped that the simulation which

takes into account all the effects concerned with the particle

beam is done.

4. Summary

A one—dimesional hydrodynamic simulation code for the target

implosion is developed. As the process of the code development,

temperature effect of the beam stopping is considered. As the

result of this effect, the beam range shortens. Therefore the

implosion efficiency and pR decrease, though the confinement time

becomes longer and the density gradient near the boundary between

DT and Al layer is relaxed.
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Figure Captions

Fig. 1 : The charge state of aluminum calculated with the Sana

model, Corona model and Thotr.as—Fermi model.

Fig.2 : Target structure for LIB—ICF in our study.

Fig. 3 : Temperature dependency of the proton beam range in the

target shown Fig.2. In (a), the beam kinetic energy is

5i-ieV and the depth of Pb layer is 31 m. In (b), the beam

kinetic energy is lOMeV and. the depth of Pb layer is

100 m. A shows the result in the solid density p0 and B

shows that in O.OlPo (Po=2.69g/cm in Al, p0=11.34g/cm

in Pb). The range in this figures is normalized by the

density (Rp/p0).

Fig. 4 : Beam stopping power, ion temperature and charge state

profiles at the initial position.

Fig. 5 : Total energy deposition profiles. A shows the result of

the case which includes the temperature effect (case 1)

and B shows that of the case which includes only the

bound electron contribution (case 2).

Fig.6 : Fluid lines near the collapse time. (a) shows the case 1

and (b) shows the case 2.

Fig. 7 : Density, pressure and implosion velocity profiles at the

duration time. (a) shows the case 1 and (b) shows the

case 2. Arrows show the boundary between DT and Ai.
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THE INTERACTION OF CHARGED PARTICLE BEAMS WITH MATTER

Z. Zinamon and E. Nardi

Weizmann Institute of Science Rehovot Israel

Abstract

We discuss some macroscopic and microscopic aspects of the interaction

of electron and ion beams with matter under conditions relevant to ICF. In

the case of electron beams we deal with problems related to electron and ion

flow in diodes, anode plasma phenomena, energy deposition in targets and super-

thermal electrons in laser produced plasmas. In the case of ions we deal with

problems related to target hydrodynamics, energy deposition and charge state

in the target. Some experiments are described and proposed.

Introduction

Knowledge of the processes of the interaction of charged particles with

matter at high energy density is essential for both target and driver design

in ICF. While there seems to be now more interest in ions for particle beams

ICF, some aspects of electron beam-target interaction are still of interest in

some approaches to ICF, in diodes generating ion beams, and in laser produced

plasmas. Here we shall study a few macroscopic and microscopic aspects of the

interaction of electron and ion beams with targets. We shall focus our atten-

tion on effects which follow from the plasma and high energy density nature of

ICF targets.

Beam-target hydrodynamics

We mention some beam-target interaction affects which follow from the

high energy density in ICF targets.

In the case of electrons these effects are related to the combination of

the hydrodynamic expansion with the phenomena of beam electrons scattering and

self magnetic field penetration.
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The interaction of a finite diameter electron beam with a planar target

was calculated by coupling a Monte Carlo calculation of the electron stepping

to a 2-D hydrodynamics code . Due to the two dimensional character of the

rapidly expanding target material, electrons which are scattered sideways in

the corona, where the density is low, escape from the deposition region, thus

significantly reducing the deposition efficiency. The effect is unimportant at

low power densities, because in dense targets side-scattering does not cause

particle loss. The same effect exists in spherical targets, even when they are

irradiated perfectly symmetrically, due to the target curvature. It has been

shown that this is an important factor in degrading deposition efficiency in

such targets.

The energy deposition by electrons depends on the interaction with the

magnetic field penetrating into the plasma target. A simulation calculation
3)

was carried out based on a hydrodynamics code coupled to a Monte Carlo depo-

sition code. The diffusion of the magnetic field into the target was calcula-

ted self consistently with the time dependent density and temperature, and the

resulting magnetic force was included in the calculation of the trajectories

of the simulation electrons in the Monte Carlo calculation. A significant

effect on the deposition profile and on the anode plasma expansion velocity

was found. The importance of magnetic field interactions on the anode plasma
A)

dynamics was analysed recently by Colombant and Goldstein . Understanding

the anode plasma is essential in ion diode design and in controlling the

brightness of ion beams for maximum power densities on targets.

In the case of ion beam interaction we studied hydrodynamic effects which

follow from the high energy density in the target. In particular, transport

phenomena become important at the high temperatures (a few hundred eV) which

characterize the deposition layers of ICF targets. It was demonstrated '

that the depth of the ablation layer and its characteristic temperature signi-

ficantly depend on the transport processes.

Charged particle-target interaction

In studying the microscopic aspects of beam-target interaction we confine

our interest to the processes governing the slowing down of charged beam pro-

jectiles treated as single particles.

We first deal with cases in which the projectile is treated as a point

charge. A high energy density target is characterized by the fact that stopp-

ing is due tu free electrons plus bound electrons in partially ionized atoms.

In ICF systems one encounters a wide range of free electrons conditions: The
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conduction electrons in cold metals are a degenerate gas, the electrons in the

ablation layer of the target are a classical electron gac. the electrons in the

compressed fuel at the ignition of the reaction are a partially degenerate gas.

The contribution of the free electron gas to the stopping is given by the

dielectric function:
<y <X> CO

dE 2 ,Ze. f dq f , T f 1 1 m
dx * V J 1 J [ ^ ' ^ J w = q.V

o o

Here E is the energy, Ze is the projectile charge, V is the projectile velocity,

E is the dielectric function. Pines and Bohm calculated the stopping power of

a plasma by separately evaluating the contributions of binary collisions and of

the excitation of plasmons. A complete dielectric formulation includes both

these contributions .In our calculation of the stopping of ions ' we have

used classical dielectric function formulation with consideration of quantum

corrections . An approximate correctii n for electron collisions was also

included. In ref. 5 a comparison was made between a lull dielectric calcula-

tion and an approximation using separate contributions of binary collisions
12)

according to Chandrasekhar and phismon excitation according to Pines and
Bohm . Such an approach was used by Mosher . A similar calculation was

14)
carried out by us for the stopping of relativistic electrons

If the plasma ions are partially stripped the contribution of the bp"nd

electrons to the stopping power has to be evaluated. A complete calculation of

Bethe's excitation energy I from first principles is difficult and experimen-

tal data for ions are not available. In the commonly used model of Lindhard

and Scharff the plasma frequency calculated with the local electron density

in each volume element of the ion is related to the excitation energy and I is

obtained by integrating over the ionic volume. A difficulty of principle here

is that plasma theory assumes that the electron density is almost constant over

a wavelength of the oscillation V/uo (V is the projectile velocity, to is the

plasma frequency), and this requirement is not satisfied in the interior of
16)

atoms

We have devised a simplified calculation of I, which is aimed to retain

the nature of the atomic states and is based on Bohr's model . In this appro-

ximation the atomic frequencies w. enter through the definition of a maximum

impact parameter which is V/w.. Summing up over all N electrons participating

in the interaction we have:

in I = N"1 I in (h u.) (2)
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The w.'s are calculated from the binding energies. These are obtained by sol-

ving the atomic model with a chosen degree of refinement, including plasma

effects on the levels. The degree of ionization and the population of excited

levels are calculated from the thermodynamics. Alternatively, I was obtained

from the Thomas Fermi model. In each shell at radius r a spectrum of revolution

frequencies is determined by the Fermi statistics:

w = {(2/m)(Et + eV(r))}*/r

where E is the total energy and V(r) is the potential. The .lumber of electrons

per unit frequency having a revolution frequency co, n(w) is calculated, and I

is given by

In I = N"1 j n(u) n(hw)dw (3)

A shell correction is included by excluding those electrons from the summation
2

in Eq. (2) or the intgration in Eq. (3; for which 2mv < ha).

The most accurate calculations of I are those of McGuire and co-workers .

The calculations employ the generalized oscillator strength formulation of the

Born approximation and were carried out for neutral atoms and for ions. The

calculations were done only for ions in their ground state. Using our model

we evaluated I for aluminum ions at various temperatures and densities which

result in the same ionization. The results are shown in Table I, and indi-

cate that noticeable differences in I can occut even when the charge states in

different plasmas are equal. This is due to differences in the populations of

excited states.

Combining the models described above one obtains a full description of the

stopping power of a real plasma. In ref. 5 we did that for the stopping of pro-

tons in a high temperature gold target. The results for gold at 1 keV (Fig. 1)

indicate a range shortening by a factor near 2 relative to the cold solid. The

full deposition calculation was coupled to a hydrodynamic simulation of the

interaction process. Since then other calculations of plasma stopping power
18)

were published . In ref. 10 a full hydrodynamic simulation was made of the
2 2

interaction of 1 MeV deuteron beams at 200 kA/cm and 500 kA/cm , available in

present day technology, with a 8 urn thick CD,, foil. The energy deposition pro-

file changes with time as the foil heats up and expands. As a result, the exit

energy of the deuterons at the back of the targets decreases with time (Fig. 2).

A proper measurement of the time-dependent exit energy is a tool for testing

the stopping power theory.

Coupled deposition-hydrodynamics simulations are currently performed by
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1°)

the Sandia group and were recently reviewed by Mehlhorn . They are consis-

tent with our results.

An outstanding conclusion from these calculations is that plasma effects

on the range of ion beams in ICF targets are significant. A detailed knowledge

of the energy deposition profile in plasma targets is essential for the opti-

mization of targets in any design.

Plasma effects on the stopping of fast electrons may have some importance

in the interaction of laser beams with targets. In following the superthermal

electrons one should note that they pass through matter at various conditions:

They are emitted in a hot plasma region of low density (critical) and high tem-

perature (> 1 keV). They then traverse a region of intermediate temperature

(~ 0.1 keV) produced by transport, and a cold region. For a 1.06um laser, 3.10

W/cin ,. AH target, 25 keV electrons, we calculated that the ranges in the three

regions relate as 1:1.4:1.8, respectively.

Plasma interactions of heavy and intermediate ions.

With heavy and intermediate projectile ions the charge state has to be

known. The problem of the charge state of projectiles in cold matter has been
20-22)

studied for a long time . In that case the charge state of the projectile

is determined by the competition between electron loss by collisions and cap-

ture from bound state in the target atoms. It is much more difficult to capture
22)

a free electron , because the excess binding energy has to be gotten rid of

by one of the following processes: (a) radiative recombination, (b) three body

recombination, (c) dielectronic recombination. The charge state of a projectile

in a plasma should be different from that in a cold target, except at very high

energies, at which capture from bound states is also hindered by the large re-

lative kinetic energy. Work on this problem was first reported by Bailey,' Lee
23)

and More . The situation here is different from that in ordinary plasma cap-

ture and loss processes in at least two respects: (a) the velocity distribution

of the electrons in the ion frame is not isotropic, (b) collisions with the

background plasma ions are important.

We followed two approaches: (1) In the first we dynamically calculated

the distribution of charge states in an ion beam as it moves in a target; in

this aproach the distribution of excited configurations is not considered.

(2) In the second approach, given in ref. 23, we use an average atom model ,

in which excited configurations can be considered.

The following atomic physics models were used in approach (1): Collisional

ionization of the projectile by the plasma ions was calculated in the binary

encounter approximation . Collisional ionization by the plasma electrons was
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calculated according to Lotz . Capture of bound electrons was calculated
22)

using Bell's theory . Radiative recombination was calculated following

Seaton . The three body recombination was calculated following Zeldovich
29)

and Raizer . It was pointed out in ref. 23 that this process should not be

important at high projectile velocities due to kinematic effects. The

dielectronic recombination rate was crudely estimated following Hahn . Fina-

lly the populations of each charge state are calculated self consistently with

the energy loss by solving the coupled rate equations for the population and

de-population of each ionization state. Results of calculations in this appro-

ach for A£ ions incident on a C target are shown in Fig. 3. The A£ ions are
2 i

assumed to have initial charge Z=3 and initial energy of 2 MeV/amu. Z jr£=<Z >

is used in the stopping calculation. For comparison we show Betz's result as

well as the result of our model for cold target. It is evident thet the less

efficient capture of free electrons leads to a much higher Z in a fully ionized

target than in a cold one. The role of bound electron capture is demonstrated

by curve (b) which shows that the existence of only two bound electrons in the

carbon target lowers Z considerably. The same features are evident also in cal-

culations made for C ions in a Li target. Similar conclusions were reached by
31)

Cowern . This plasma effect on the deposition curve is shown in Fig. A. We

note the drastic range shortening due to the increased Z, and a drastic effect

on the shape of the deposition curve: the Bragg peak is due to the fact that

in a plasma target the high and nearly constant ionization state is maintained

down to very low energies.

Knowledge of the charge state is important also for dealing with beam pro-

pagation in a neutralizing low density plasma. In Fig. 5 we show the average

charge state of a 1 MeV/amu carbon beam as function of distance traversed in a

50 eV, 10 g/cm He plasma. An advantage of the calculation in this approach

vs. the average atom is, that it gives the spread in ionization states in the

beam, which may be important in controlling beam focussing. For example, at the

point where Z ff-5 about 20% of the beam is in states Z = 4 and 6.

In calculations using approach (2) we solve the rate equations for ioniza-

tion, capture, excitation and de-excitation into and out of the various levels

of an average ion. The calculations of the atomic processes described above

are generalized to include consideration of the excited levels involved. Cross

sections for collisional excitation and de- excitation are taken following
32)

Carson , and radiative decay rates are according to ref. 33. We calculated

the slowing of Xe and Cu ions in C targets. In Fig. 6 we show the results for

Xe ions in a O.lg/cm , 0.1 keV C plasma. The sensitivity to the assumptions on
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the dielectronic recombination rate is demonstrated. The advantage of the aver-

age atom approach is that it allows to determine the average excitation state

of the ion in flight. This is important for possible in-flight spectroscopic

diagnostics of the projectile and also for evaluation of the importance of

Auger processes upon exit from the target, in case that the ion in the plasma

is highly excited. Our preliminary results indicate that in the cases we

studied the ions are close to the ground state. This would mean that the charge

state upon exit is not changed by Auger processes.

The problem of how to calculate the stopping of ions with bound electrons

has to be discussed. In ref. 34,35 the relation between the effective charge

for stopping and the actual ion charge, and the role of the collisional excita-

tion of the projectile are discussed. We note that in most practical cases the

actual charge of the ion along most of its range will be close to the equilib-

rium charge corresponding to its momentary velocity and local plasma conditions.

The charge state is determined by collisions with the plasma ions which at high

ionization are more effective than collisions with the free electrons. Under

these conditions the projectile ionic radius will be less than the minimum dis-

tance of approach for the plasma electrons. It can be concluded (Bohr ') that

for practical purposes fast ions can be regarded as point charges with effec-

tive charge equal to the actual charge.

Experiments

Plasma effects on the stopping power were verified by experiments using

neutron time of flight from CD- layers and deuterium beams , a particles
37)

from laser pellets passing through laser heated foils , and electric-magnetic
38)

analysis of projectile ions at the back side of heated targets . A neutron
39)

diagnostics experiment for dE/dx is proposed by Ozaki et al . We are propo-

sing the use of K diagnostics for the same purpose . A schematic description

is given in Fig. 7. The target is CD-- As the CD- heats up and expands,the beam

exit energy decreases with time. The method makes use of the sharp decrease of

K emission cross section as the particle energy decreases in the range of

energies of interest here . The K radiation from the Ni foil should dec-

rease sharply relative to that of the Cu foil during the pulse. The expected

relative intensities in the case described in Fig. 2 (200 kA/cm ) are shown

in Fig. 8.

We also proposed K diagnostics for measuring the temperature in beam
40)

targets . If the target is chosen such that for the given beam the L shell
is thermally ionized, then the K satellite spectrum, resulting from the
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thermal spread in L-shell occupation, will measure the L-shelJ ionization and

hence the temperature. A point of interest here is the opacity effect, which

follows from the fact that in a plasma, contrary to a cold target, a K sate-

llite line from one ion can be resonantly absorbed by an ion al one higher deg-

ree of ionization. This can drastically reduce the K emission incensity as the

target heats up. The effect is interesting in itself and may be important in in-

terpreting measurements of beam intensity using total K intensity.

An example of an application of K diagnostics to beam-target interaction

analysis is a measurement we have done of the angle of incidence of the elect-

rons in the pinch region of a REB diode. A time resolved measurement was per-

formed of the K emission from a double layered Cu,Ni anode foil using a curved

LiF crystal and PIN detectors. The ratio of the two intensities was compared

with detailed Monte Carlo calci1"1- tion of the interaction process. A distribu-

tion of angles of incidence corresponding to tin average of about 50 with the

normal was found to be consistent with the measured ratios for a variety of

anode configurations. We also used K diagnostics to demonstrate enhanced depo-

sition by a factor ~2 in the pinch of a thin anode REB diode

Open problems and proposed avenues of research

Beam-target hydrodynamics

The nature of the flow in the interaction ot electrons and ions with tar-

gets should be studied, including the problems of energy transport, non-LTE

thermodynamics, and magnetohydrodynaraics. In particular, the phenomena in the

anode plasma of high power diodes are important for diode design and for contro-

lling ion beams brightness.

Light ions

More studies of the stopping power, in particular at low energies, end of

the range,are desired: improvement over the Born approximation at low energies,

shell corrections.

Research on the effect of plasma non-ideality is desired.

More experiments confirming plasma effects on the range are required,

especially using time resolved diagnostics. This will contribute to stopping

theory as well as to plasma dielectric theory in general.

Heavy ions

Apart from problems common with light ions we mention:

Fast ions moving in a plasma are interesting and peculiar non LTE systems

differring from ordinary plasmas in the non-isotropy of the electron velocity

distribution and in the importance of ionic collisions. More studies of the
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processes determining the charge state are required, such as the dielectronic

recombination rate and its density dependence.

The stopping processes of ions which are not point charges should be studi-

ed; in particular, models of collisions with the plasma ions should be elabora-

ted.

Experiments on the charge state and stopping of ions are highly required.

A direction of research which is worth developing is in-flight spectroscopy of
42")

fast ions in the plasma, along the lines ot work done in cold matter '. Here

a lot can be learned from effects such as Stark shifts due to the induced stopp-

ing field and line broadening under the peculiar conditions of impact by colli-

sions with plasma ions rather than electrons.
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Table I

Effective ionization potentials for M. at various

temperatures and degrees of ionization

Z

8

9.

9.

2

1

9

78g/crn3

kT

(keV)

0.10

0.15

0.20

1

(keV)

0.518

0.657

0.794

7

10

10

2.

Z

.9

.1

.9

78xl0~2

kT

(keV)

0.05

0.10

0.15

g/cm

I

(keV)

0.531

1.062

1.768

McGuire

Z

8

9

10

11

et. al.

I
(keV)

0.643

0.817

1.236

2.373

60
p> Ot»,/cm*

-\ 1 1 h

60

40

20

lelMt-ECIRlC WITH

COLLISIONS

1 6

E ( MeV)

Fig. 1: Energy loss as a function of proton energy

in gold targets at a temperature of 1 keV.
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5 10
t(nsec)

15

Fig. 2: The exit energy of

initially 2 MeV deuterons at

the back side of an initially

8 um thick CD., target as func-

tion of time into the pulse.

(a) fully ionized target

Al beam, C target

20 30
E (MeV)

50

Fig. 3: The charge state Z g f f

of an A5. ion as function of

its energy E as it is slowed in

carbon targets at various tempe-

ratures.

Fig. A: Energy deposition pro-

files. Top, 12 MeV carbon beam

in a fully ionized and in a cold

lithium tarset. Bottom, 54 MeV

aluminum beam is a fully ionized

and in a cold carbon target.

mg /cm

- 106 -



C projectile in He channel (p=IO~ g/cm fully ionized)

6 9 12 15 18 21 24 27
DISTANCE (cm)

Fig. 5: Charge state of carbon

ions in a He plasma channel as

function of distance travelled

in the channel.

60-

50-

Xe IONS ,C TARGET '
c - 0 1 q/cm3

T =IOOeV

TOGO

Fig. 6: The charge state of Xe ion moving in

a 0.1 g/cm , 0.1 keV carbon plasma, (a) Stan-

dard average atom calculation, (b) Dielectro-

nic recombination rate increased by a factor

10. (c) Cold target.

E(MeV)

0-BEAM

Fig. 7: A schematic descri-

ption of the K experiment

for determining plasma stopp-

ing effects in CD?.

CONVEX LiF
CRYSTAL
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Fig. 8: Cu and Ni K signals predicted for the

experiment of Fig. 7 under conditions described

in Fig. 2.
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Iliroshi ;'A':A"3i Sl'.I , Shosuke "/. A'Vi.'illTI'.A

an d Ts u t o m u ".'h'i'A.'.A.r':,'

Department of electrical Engineering, Acuity of .;r;~ineerin(T,

Science University of nokyo, Shinjuku-ku, T'ok.yo io2

'institute of Physical and Chemical ;esearch ( :);['-,.'>),

.Vako-chi, .i3aita..ia-l-:en yjl

"he charge atale of energetic ions passing thrcugh a certain

i.iattcr is varied by charge-exchange processes. A rate c.uatjon

for charje fraction is given by usim; electron loss and capture

cross sections in collision with a target atom under idealized

condition. Ve solved the rate equation of the charge-exchange

process of a single electron in a form of linear coupled differ-

ential equation. ..'ur calculation for the range of ion were

carried out for ;-e,..e and Ar ions passing through an atomic

hydrogen ;;as target. .7e discuss the charge states of the pro-

jectile in relation to a local charge balance constituting a

state of charge ec.ui Voriuni in the target.

§ 1. Introduc t i.on

The estimation of stopping power ,:' ions is required for the

desj ;"n of target for inertial confine^icr. fusion (TCF) due to

particle bca.iis, since the profile of enervjy deposition in a

target is a main subject. :nhe stopping power is proportional

to the square of effective charge of projectiles, i.e, ocq
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The values ".> r, r ±a coiisiuGruu LC JO r:cari-." c uaj to tuc ?•• uarc of

average c;uJ iibriu.i. char.;-j . ^ • "!'>2 ';'.:.:.v.'! cu ;o of the ciiar ;e

s t a t e s of ions passing tnrou;:ii ti.e :,at:r,r i s <.f ^c ; . r ; ivs i...ccr-

tance for the cle:..entar.y processes of T': \ '<.o u.'iuerutanciin y

of the char[j;e-e::ciian^e re u i res the preciGc ...uchuaiG,:: of elcctroi.

loss and capture processes.

'e oovelooed a s i .if.de ..oc.3l to ^escribe fie ciiar e-e;-:c ;G.:JC

processes for ions passing tlirou._;ii a gaseous hjCr-o'jsn aLOi.ic

target-^ . .'he p robao i l i t i e s of L.aeso proccsoet; are described

as a function of electron Iocs anu caiature crocs-seccioris Q"
•: i P

and the atouiic nun.oer of ion .•',. "he electron Ions processes

are esti-nated by the scaled r e su l t ^ ' '.iei-.ivea froi:. the clasGical

binary-encounter approxi,nation ( '•. ",A). nhe electron capture

processes are treated on the ^asis of tile acaleu result-"'' by

;..eans of the un._turized-distcrtGd v/ave approxii.iati on (UD'A)'J •
"ho ran.;:e of the projectile ion with an incident velocity v is

obtained by numerical calculation. '.'0 estimated this result

v:itii the local charge-balance conciition and without the condi-

tion.

§ 2 . !:0u2l ana caicula'c.i.on

•he char ;e of the cnarje-str-Le orobaoili t i c s of a:i ion

;.;ovinj by a ie.ijth ux aioiu' i t s path in a ::.atterial conLainin;; .:

S t>sr unit volu;.'.e s a t i s f i e s the following; r e l a t i on :

( acia t ive decay procesneG ) , ( J )
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'where cb denotes the fraction -J£ ions '.vi<ic:i curries a charge •.;,
•-i

I is the number density of target, ana 0" is the electron
<\ > \>

last; or capture cross-section; namely trie ion of change a will

loss ( capture ) one or more electrons anu aecotr.e the charge-

s ta te p. ;'he second ter:;; in : q . ( i ) , correspoi a.- to the raaiat ive

aecay process, i s sinallcr than the f i r s t ones ( < 10 ) , so we

here ignore these terms.

I'ne fraction <p i s nornarizeu us

The cross-section Q~ (v. ) is necessary to oa lain the char,';e
1 i > P -L

fracti .on (p t (v.. ) . Ve estLmatod the c r o s s - s e c t ion for

electron loss process in such a cass

i''or this process, we treated the calculation for a 1-s orbital

olecIron

-(:?'-l)las) . -;(ls) >-{/ji i- e + •iCZ). (h)

In this ':>.{.(:i), trie problem is liir.itlect to one-electron hytiroijen-

iike ions for Ei;:iplicity. The electron loss cross-sections

were calculated ay weans of the ."5DA and tnc ?':'M, by 3hirai

et a l ^ . Vc obtained the empirical ecuation to fi t analyt-

ically for the scaleu loss cross-section. fn the other hand,

for the electron capture, we considered the following process:

(3)

.'e used the scaled results .v.ade by ;;ane;co et al ,

.'.'G adopted the following two steps to solve the rate equation

(1). Thc first stage is to consider the local balance condi-

tion ,

- Ill -



thai, is, a charge-exchange distribution keeps .it.-3 oalance locally,

so that

— T Z Z — = H ( 4>» cra r —<£> o~.. r )
 =° • ^ )

i.'his assumption of local balance is valid vvhe.i trie char :e states

do not deviate greatly fron, their e.llioriur:. value. Jince tne

multiple charge-exchange its less than tne single charge-exchange,

v/e obtain

^ c - 1
(T)

..s. (2) and (G;, v;o obtain(2) a

(8)

"Jhe secoiia treatr.icnu is to conaider the rate equation

vithout tiic local oalance condition.

.; dx

u <p

-- 0

- v
2L>

'.'e r ev / r i t e .: •.•*?' i n a w a t r i x i ' o r .u la

Ndx

Oi.o

Zcr,,i

O'Z cri. j

0k.o

Oi.i
(10)
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7e solved the simultaneous differetial e::uati on(lO) for He,

."e, and Ar ions in hydrogen target ( '.'.- ^o'/SXlO ^ cm""-5 ) by the

rr.ethocl of Tun^e-i utta-"!ill. 'he relation between the charge

fraction and ti:c ran̂ je of projectile is shown in _'i;s. (l)-(8).

The calculated values depend on the incident energies of projec-

tile, '.'he energies per nucleon usea in our calculation are the

caso of ..-J.I, 1.0 and 1C '.'.e'J/ai:.u. vfor Me and :e, and ':i-l.C and 1'j

iieV/atau for Ar. The incident ions with velocity v will move

transiently under the condition of o <p /dx - 0 at the constant

velocity v and then the ion becoi.io charge equilibrium states under

the local balance of charge-exchange process.

§ 3. Summary

'.'•e have developed a iuodel to obtain the charge fraction

cb (v) and the average equilibrium charge q(v). .'.'hen a projec-

tile penetrates through a target with a charge far fron the

average equilibrium value, ive have obtained the relation between

the fraction and the ran,--e of projectile from the solutions of

the rate equation of charge states. The behavior of <jt>, with

respect to the ranges plays an important role in the design of

tsr^jS t.

In the present model, our treatment is based on the fol-

lowing consideration:

(1) .''.lectron loss occurs mainly in the outermost orbital.

(2) The mor.ientun distribution of the outermost electron is con-

sidered not to be very different fro.n that of a 1-s electron

with an effective nuclear charge (q+1 ).

it is neceosary to consider the effect of the no;?.entU'i-distribu-
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tion difference on tne electron loss cross-sec i' on. •-• a re

c a l c u l a t i n g t h i s e f f e c t u s i n g t h e rhomaa- i-'er-ii s t a t i s t i c a l i.o

for projectile. It will be possiuie to ootain the fractio

and range relation of projectile in nigli-Z target.
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V'igure caption

Fig.l Charge-state fraction <f>(q) and range for He(3-2) ions at

incident energy .J-lO^eV/amu in K gas.

Fig.2 Charge-state fraction cp(q) and range for -Ae{h-2) ions at

incident energy J--=10DeV/aiiiu in K gas.

? ig .3 Charge-state fraction <fi(q) and range for :ie{Z-2) ions at

incident energy ;j=10 eV/ar.;u in :i gas.

Fig.4 Charge-state fraction <p(q) ana range for ie('j-lO) ions at

incident energy •>10-?eV/a!iiU in figas.
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Fi.-v. b Charge-state fraction <£>(o) and range for :e(Z--10; ions

at incident energy -;=10°eV/amu in H gas.

^ig.6 Charge-state fraction <±>('_;) ana range for .!e(Z = 10) ions

at incident energy '^KreV/asnu in ii gas.

Fig.7 Charge-state fraction <£>(n) and range for /ir(Z-18) ions

at incident energy :C-lC°eV/auiU in H ™as.

i''ig.8 Charge-state fraction (£)(q) and range for Ar(Z-18) ions

at incident energy '-̂ lO eV/amu in ii gas.
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CHARACTERISTICS ANALYSIS OF Z-DISCHARGE PLASMA CHANNEL

Tomokazu KATO

School of Science and Engineering^Waseda University

4-1jOhkubo 3-chome,Shinjuku-ku,Tokyo,160,Japan

Characteristics of a z-discharge plasma channel is examined

by taking account of angular momentum of a beam ion around z-axis.

with the aid of the Jacobian elliptic function, and its numerical

analysis is given.

The radius of ion beam in plasma channel becomes larger as

the angular momentum around z-axis increases. A measure of trans-

mission characteristics for a five meter length plasma channel is

computed by averaging the radial position of ion over the injec-

tion angles oe0 between 0 and 0.2 radian.

51. Dynamics oT a beam ion in the plasma channel

An extensive analysis of propagation of intense ion beam in

z-discharge plasma channels is given by Ottinger et al. The

theoretica! analysis is restiricted to small injection angle and

the approximate solution is valid up to the first order of

f / z =tan a.Q.

Using the same model of plasma channel as they used, we

consider the particle dynamics. The Lagrangian of the beam
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ion is given by,

(1)

where A denotes the z-comnonent of the vector potential of
z

the magnetic field induced by channel current and is expressed by

(2)

The equations of motion are

-f i -|£ , (3a)

»L, (3b)

and « i + -f-A? ~ w l T z. (3c)

The momenta canonically conjugate to 9 and z are conserved

and expressed by constants L and ml) , respectively. The
2

Hamlltonian of the ion is written as,

The principle of conservation of energy )<4 = E yields,

The second and third term in the left hand side of Eq.(5) comes

from azimuthal and axial velocity, respectively , and depend on
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the radius r only. These two terms may be regarded as a poten-

tial function of one dimensional motion of velocity f.

Geometry of the ion beam such as the inner radius and outer

radius of the hollow beam are determined algebraically, provided

the injection conditions of the beam ion at the inlet of the

plasma channel is stipulated.

Equation (5) is a differential equation for r and is solved

with the aid of the Jacobian elliptic function as suggested by

Ottinger . Transformation of Eq.(5) to the dimensionless

form is achieved by introduing of new variables x and as follows

x = r / r c , a = w t , (6)

where u; = eBQ/(mc). The dimensionless equation is written as,

^ , -* .a (7)

where

C =

The definition of the injection angles oC0 and n>c are as usual and

the following relations are written for the initial velocity,

Te be — V

k0 =-" V Go** C-^o . ( 9 C )

where v denotes injection speed at r = r . The momenta are
c

also expressed with aid of dc, ($s and ro as,

Although the solution of Eq.(7) is formally obtained by sepa-

ration of variable, some change of variables are necessary to
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express the results in terms of the elliptic function:

After simple but tedious calculation, we obtain

and f(?) = ? a
+ 3(77+1- (?-a)l7-b)(?-O/ (13)

where

2 (l'la)

Three real roots of the cubic equation f(z)=0, a > b > c ,

are obtained in terms of p and q:

and QQ^ Q _ " (16)

Integration of Eq.(12) is expressed by the elliptic integral

of the first kind F(«y|m) defined as,

- = U , (17)F ( | )
J 7 1 - 1*
0

where m = (b-c)/(a-c) and Y= cos" J($-b)/(a-b). The Eq.

2)
(12) is rewritten as
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0 7.

By taking cosine of Eq.(17),we have cn(u | m) = cosy

en (u I m) denotes the Jacobian elliptic function.

Eq.(l8) is expressed by the elliptic function:

, where

Therefore

2-b = U- — J _
The series expansion of the elliptic function in terms the Nome

<r = exp(-7iKV K ) is as follows2^

(20)

M-i

where K and K1 are the complete integrals of the first kind

defined by Eq.(17) as,

K = F ( \ I m ) and K' = F ( f 11-m ) , (21)

respectively. The distance of the beam ion from the z-axis

The elliptic function in Eq.(19) is approximated by the first

term of the series expansion of Eq.(20).

For the particle with p=0, the parenthesized first term

in right hand side of Eq.(22) cancel out and we obtain the

similar result as obtained by Ottinger:

K
C c S 4K

(23)
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The cosine terms in Eqs.(22) and (23) denote the rippling motion

of ion. Amplitude and angular frequency of the rippling depend

on the injection energy, magnetic field and channel geometry

through the elliptic integral.

A time duration in which the beam ion passes through the

plasma channel of length D is obtained from Eq.(9c) and (10b).

Therefore the distance of the ion from the z-axis at the outlet

is computed by the help of Eq.(22).

12. Numerical analysis

As is well known, the total energy of a charged particle

in a magnetic field is determined only by the velocity of the

particle. Therefore injection parameters i.e. the values of

rQ, c<c and pc can be varied under the condition of fixed

total energy.

On the otherhand, as shown in Eq.(5), the motion is described

by a potential-like function with L and U . The region of
z

motion of the ion is determined by r=0 in Eq.(5) for a given

injection energy E.

Concerning to the geometry of beam, we obtained following

results with the help of potential like function Eq.(5):

(l)The beam is cylindrical when the injection angle ,On=0,

while the beam is tubular when the injection angle P n
=0

The inner radius of tubular beam strongly depends on the

injection angle p Q , while the outer radius Is controlled

by the magnetic field B.

(2)The inner and outer radius increase as the injection angle
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a0 increases while fixing the injection angle Bo-

The cylindrical beam becomes hollow and changes into tublar

ones and its thickness decreases.

(3)The inner radius decreases while the outer radius increases

as the injection angle a0 increases for a fixed injection

angle Bo- The thickness of the tubluar beam becomes

thicker as a0 increases.

The transmission characteristics is obtained by eliminating

time from Eq.(22) by means of the time integral of Eq.(3c).

The relation between injection parameters and the radius r at

the outlet furnishes the necessary information. Owing to

the rippling motion of ion, the obtained relation changes abrupt-

ly with channel length D. To make the result smooth, we

employed the average over injection angle o0 between zero

and 0.2 radian.

All the calculation are performed or. a hydrogen ion. The

injection energy is 5 Mev. and the magnitude of magnetic induc-

tion B is 55 kilogauss.
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MACROSCOPIC ANALYSIS OF ROTATING AND PROPAGATING LIB

Hiroyuki MURAKAMI, Shigeo KAWATA* and Keishiro NIU*

The Metropolitan College of Technology, Hino, Tokyo 191

*Tokyo Institute of Technology, Midori-ku, Yokohama 227

The stability of propagating proton beam with rotation around

the propagation axis is examined here numerically in the procedure

of macroscopic analysis.

SI. Steady state solutions

It is assumed in this paper that the charge of the propagat-

ing and rotating proton beam is neutralized by the charge of elec-

trons in the background gas, but the current of the beam is not

neutralized. The governing equations of the beam distribution

function f are the Vlasov and Maxwell equations as follows;

-VXB = eff- + /evf dv, (2)

(3)

In these equations, t is the time, v(v ,v.,v ) is the particle
r y z

velocity, r(r,6,z) is the space coordinate, e is the charge unit,

m is the mass, E(E ,EQ,E ) is the electric field, B(B^,BQfB ) isr w z r y z

the magnetic field, p is the magnetic permiability in vacuun and

£ is the dielectric constant in vacuun. Now the phenomenon is

assuned to be one dimensional with respect to the radial direction,
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and hence 3/36 = 0, and 3/3z = 0. Then from Eq . ( l ) , f has the

following three constants H, pg and p of motion;

H = ^ ( v j + Vg2 + v\), (4)

Pg = mrvg + erAg, (5)

p = mv + eA , (6)

z z z

where H i s the energy, Pg and p are the 9- and z-canponents of

the cannonical momenta, Ag and A are the 8- and z-components of

the vector potent ial of the magnetic field, respecti \e ly .

As the d i s t r ibu t ion function which sa t i s f i e s E q . ( l ) , the' fol-

lowing f is examined.

f = A 6(H - Ho)6(p0 - P6O)«(PZ - Pz0>, (7)

where HQ, Pgo» P 0 and A are constants . The number density n,

the average velocity u and the temperature T are definert by using

f as follows?

n = / f dv

2A (8)

m

ur = n / f v r d v = °'

Pan ~ e r Afi

/fV6 dV = - i L
n fi

Ug = i /fV6 dV = - i L j j K (10)

-. - i <**, - - ^V^-

- 135 -



- •• -

Because of B = 0 , two equations

(1 - n)uenue d r , (13)

B = - / (1 - n l u e n u r dr, (14)
o r r-i z

are derived frcm Eq. (2) , where n i s the current neu t ra l i za t ion

factor. The vector po ten t i a l Ao and A_ are re la ted with B. and
u Z Q

B through

BE1 - ~ BG'

1 d
r dr 6 z *

By using the Gauss's theorem, the following equation is derived.

E_ = —- I (1 - «)enr dr, (17)
r reQ rx

here 6 is the charge neutralization factor. The electric poten-

t ia l <f> is related with E through

The boundary conditions to solve the differential equations (15),

(16) and (18) are;
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A g = A = <j> = 0 a t r = r , (19)

where r , i s the inner radius of the ring layer of the propagating

and ro ta t ing LIB.

Figure 1 shows an example of the steady s t a t e p ro f i l e s of

the propagating and rota t ing ring layer of the proton beam for

HQ = 11.75 MeV, p e Q = 1.71*10~22 kgm2/s, p z Q = 5.18><10~20 tejm/s,

n . = 7x10 m~ , r , = 5*10~ m, r - = 5.5xio~ m ( r , i s the outer

radius of the ring layer) . Figure 1 i s p lo t t ed for a = Ug-/u ,

= 0 . 6 , where uQ2 and u 2 are respec t ive ly Ug and u a t r = r_ (0

= B / B . = 0.46, where B and Bn are the maximum values of Bzm 0m zm 6m z

and Bg, respec t ive ly) . And also Fig .1 i s plotted for n = 0, 6 =

1 and E = 0.

12. Macro-stabil i ty of LIB

The zeroth and f i r s t equations of the Vlasov equation (1) ,

tha t i s , the equation of continuity

8n/9t + v (nu) = 0, (20)

the equation of motion

2
mn(9u/8t + V(u /2) - uxyu)] =

- VP + en(E + UxB), (21)

and the two Maxwell equations (2) and (3) are the basic equations

to invest igate the macro-s tabi l i ty of the propagating and ro t a t i i g

LIB. In addit ion to the variables in the s teady-s ta te , we con-

sider ten perturbed quant i t ies as follows? n ' , u ' , u1 , u ' , B1 , B ' ,
r z r y

B', E', Efi and E'. The basic equations (2), (3), (20) and (21)
2 I" v Z
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are linearized with respect to these perturbed quantities and the

linear stabili ty of the propagating and rotating LIB is examined.

I t is difficult to solve each perturbed quantity as an independent

eigen value problem. Therefore, each perturbed quantity, say f,

is assumed to have a fom of the atonal type regarding r, 6, z and

t as follows;

2
f- = f* expf i ; z k dr + U-e + ik z - iu t) , (22)

rL r z

where f* is a constant, w is the growth rate, k and k are the

wave number in the radial and axial directions and i is the mode

nunber of perturbation in the 9 direction. A determinent which

has ten rows and ten columns and whose elenents canes from the

coefficients of the perturbed quantities in the linearized equa-

tions gives a dispersion relation such as

kr = kr(o), kz, l, r) , (23)

which is integrated with respect to r and is set to

/ 2 k d r = n " . (n" = 1,2, ) (24)
1

Equation (24) leads to

<o(k , I) . (25)
z

The stability condition is given by

£ 0, for all I, k and n1 ' .
*™ z

The growth rate will be examined in the near future.
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§ 3. Discussion

The fundamental assunptions on which our analysis based on is

as follows, the charge of the ion bean is neutralized by the charge

of the electrons in the background plasma which f i l l s the reactor

cavity, but the current of the beam ion is not neutralized. When

the rotating LIB passes through the background plasma of the num-

ber density n , the electric charge of LIB would be neutralized in

a short period in comparison with a propagation time if the follow-

ing inequaity holds,

^ « £-, (26)
u uz

where u is the electron plasma frequency (u = 56.4/n~, here n
p p y g

is in (m~ ), L is the beam propagating distance from the diode to

the target (L = 5 m) and u the propagating velocity of LIB (u =

3.13*10 m/s). The inequality (26) leads to

n » 4.86X1011 in"3. (27)
g

The collision mean free path of electrons is written by X = 4.5x

17 2
10 T /(n lnA), while the mean Larmor radius of electrons is

given by p_ = 2.38x10 /f/B. In these relations, X and p are

in (m), T in (eV), n in (a ) and B in (T). I t is assumed now

that the electron temperature T = 1 eV, the intensity of the :nag-

netic field B = 50 T and the Coulomb logarithm lnA = 20. When

the beam is charge-neutralized by the same density of electrons,

the condition X>p_ that is required to the current-neutralization
Jts

of the beam derives

,24 -3
ng < 4 .72x10" m , (28)
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It is easy to find n which satisfies the conditions (27) and (28).

Even if inequalities (27) and (28) are satisfied, the backcurrent

of the background plasma is time dependenst and difficult to esti-

mate exactly. This problem must be examined more exactly in the

near future. We expect, however, that our assunptions can apply

these conditions.
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2x10*
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1x10?

22
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1x10'

0
5.0 5.5 r(mm)

Fig.l Steady-state profiles of the nunber density n,

the magnetic field BQ and B in the 6- and z-direction,

the velocity u. and u in the 6- and z-direction, the

vector potential AQ and A in the 6- and z-direction
u z

and the temperature T versus the radius r for a = 0.6

and 3 = 0.46.
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Microscopic Analysis of Rotating and

Propagating LIB

By MASARU SETO, SHIGEO KAWATA and KEISHIRO NIU

Department of Energy Science,

Tokyo Institute of Technology,

Nagatsuta, Midori-ku, Yokohama 277, Japan

Abstract

In this research the propagation of a hollow beam is

analyzed. The beam is confined by the self-magnetic field

and rotates in the 9-direction. The perturbation method

is used for the analysis of the propagation of the beam,

that is, linearization of equations. And the electrostatic

stability analysis indicates that the beam has instability

derived from the resonance in the 6-direction between

particle and wave.
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§1. Introduction

In LIB-ICF the beam propagation is important. In this

research, the beam is confined by the magnetic field induced

by the current of beam itself and is neutralized by the back-

ground electrons. The equations which described the beam

propagation are the Vlasov equation for the beam, cold-fluid

equation for the background electrons and Maxwell equation.

The analytical method is on the basis of the perturba-

tion method for time t, that is, linearization of equations.

All the basic equations being divided into two parts as

A(t) = A0 + 6A(t) ,

the equilibrium analysis and perturbation analysis are per-

formed, respectively.

In §2, the equilibrium analysis is carried out. Parti-

cularly in this research the most important property is

characterized by the rotation in the 8-direction, which

leads that the beam configuration becomes hollow, the con-

crete example is indicated by the form <5(Pg - Po) in E q . Q ) ,

which guarantees a hollow beam.

In this research the electrostatic perturbation is con-

sidered in §3. And in §3, the ultimate aim is to obtain the

eigenvalue equation for the perturbed potential. Using the

normal mode approach as

6A(t,x) = 7l(r)exp(i.e.e + ikz - iut) ,

the dispersion relation for ID, 5, and k can be derived in §4

from the eigenvalue equation.

The various perturbed quantities are derived, by

making use of the equilibrium quantities, and then assump-

tions are used in calculating the perturbed quantities

because of analytical difficulties.

In §4, the real frequency and growth rate are expressed

by solving the dispersion relation. And the instability

mechanism is discussed in §S.
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s2. Equilibrium Analysis

Tn this section the Vlasov equilibrium is analyzed for a

hollow beam. The equilibrium configuration is illustrated in

Fig.l. The state of equilibrium is analyzed on the basis of

the VI.LSOV model for the hollow beam, and of the cold fluid

model for the background electrons. As shown in Fig.l, the

cylindrical polar coordinates (r,6,z) are introduced with the

z-axis coinciding with the beam propagating direction. The

basic assumptions for the equilibrium analysis are as follows;

(a) Equilibrium properties are uniform in the z-direction

(8/8z = 0) and azimuthally symmetric (8/36 = 0) about z-axis.

(b) The beam charge is neutralized by the background elec-

trons, i.e., N£(r) = N°(r) .

where [\|? and N° a?e the mean densities of the beam ana the

electrons, respectively.

(c) The mean velocity of the electrons is zero.

la

Fig.l. Equilibrium configuration and cylindrical

polar coordinates system.

From the assumptions (a) and (b), the single-particle con-

stants of motion are the kinetic energy H, the canonical angular

momentum P-. and the canonical momentum P ,
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H =

Pz = mb vz + & ( * > •

where m, is the ion mass, -e is the electron charge, c is the

speed of light and /\° and A° a r e the vector potentials. An

equilibrium distribution function ff of the beam is given by

the arbitrary function of H, P. and P , so we assume f° to be

of the form

fb ( H' P9 ) Pz ) = " 6(P9 - Po)6(H -VoPz + K V ° ~ Eo) (1)

2iT

where n O ) Ro, Po, Vo and Eo are constants. From Eq.(l), the

macroscopic equilibrium quantities of the beam are able to be

calculated, i.e.,

mean density ^ ( O = fd3v f£(H,Pe,Pz) = n.-Js-Yl*] , (2)

mean velocity VJ(r) = -^-fd3v v@f°(H,PQ,?z)
K

= jjppCPo - |rA;(r))Y[T] . C3)
b

(4)

effective temperature

T;r(r) = T°2z(r) = -Ud'v n,bv^°(H,P9,Pz) = ̂ h) , (5)
"b

where the function V is defined by

H-(r) = Eo ^—(Po - fTAe(r))2 + ̂ A ^ r ) , (6)
Zmbr

2

and the function Y denotes the Heaviside step-function

defined by r i , x > 0

Yfxl = I (7)
0 , x < 0
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The potentials A° and A° are determined by solving self-
u Z

consistently the following Maxwell equations. From Eqs.(2),

(3) and (4), we have

d

ar

(8)

r dr drnz
VNbvz

4iienoRoV{

c r

Solving Eqs. (8) and (9), we obtain the equilibrium quan-

tities as follows,

mean density - r ) ( r - R , ) ] , (10)

mean velocity V Q = R°U)
pb~^

2"SF(r) , Ri< r <R 2 ,

V° = V o , Ri< r <R 2 , (11)

effective temrerature

magnetic field

B'-

) a - F(r) 2) 2

r <R2

0 r < Rj

Boll - Ri/r] Ri< r <R2

B O[R 2 - Ri)/r R2< r

BogL(r) Ri< r <R2

0 R2< r

J(r)] ,

(12)

(13)

(14)

Here the functions F, J and |_ are respectively defined by

F(r) = 2 (o/F)Ki («
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J ( r ) = [ r - R, - R|log(r/Ri)]/R« ,

L(r) = /R~07rt h(cx/RT)Ki(a/f) - 11 (a/r)Ki (a/RT) ] ,
and

g2 = 2a2R2J(R2)[a
2R2F(Ri)'' -

a2 = 16ire2noRo/(m.c
2)

' ' "pb ~ mh

Bo = 4iren0R0V0/c

where I and « represent the modified Bessel functions of

order n. The outer radius R2 and inner radius Ri are defined

by the major radius Ro and the half thickness a, which deter-

mine the configuration of the hollow beam as follows,

R2 = Ro + a , Ri = Ro - a . (15)

[ See Fig.l and 2. ]

The equilibrium properties are shown in Fig.2.

Ro R2 r 0 R2 R2

JO JO
lrr. I2Z

0 Ri R2 r 0 Rj

Fig.2. Equilibrium properties.

0 R,
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In the case of a thin layer with a/Ro << 1, which is

assumed to be held for a stability analysis, we Tayler-expand

the equilibrium quantities about r = Ro for Ri < r < Rj and

we obtain from Eqs.(ll) ~ (14},

Trr = T ^ = * =

VI = V$(R.)[1 - (r - Ro)/Ro] , \/;(Ro) = R o " p , 7

Be = Be(R»)[i + (r - Ro)/a] , BQ(RO) = BO<2/RO ,

B°z = B;(R.)[1 - (r - R.)/a] , B;(Rc) = B
Roa>
—

(16)

And we define other equilibrium quantities from Eqs.(16)

for the stability analysis, i.e.,

i

angular velocity flo = V Q ( R O ) / R O = " p b ^ C -

betatron frequency w = U-u—r^1 • (18)
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§3. Electrostatic Stability Analysis

In this section, we employ the electrostatic approximation,

i.e., 6E(t,x) = -V6<j>(t,x) , 6B(t,x) = 0 .

Fourier decomposing the perturbed quantities 6A(t,x) as

6A(t,x) = A(r)exp(£Jie + ikz - iut) , Ii ID > 0 ,

we lead the eigenvalue equation for <j> from the linealized

Vlasov equation, cold fluid equation and Poisson equation.

Making use of the orbit integral, we obtain the perturbed

distribution function f. , from the linearized Vlasov equation,

9 f ° 3 f °
f (r,v) = e[ $ - (w - feVo)S ] — - - elS — - • (19)

8U 3Pe

Here U = H - V0?z ,

and the orbit integral $ is defined by

S = -if dt $(r')exp[ta(9' - 9) + ik(z' - z) - twr] (20)
J —oo

where the particle trajectories X ' ( T ) and V ' ( T ) satisfy

with the initial conditions x'(0) = x and v'(0) = v.

The linearized cold fluid equation for the background

electrons is given by

- iu)Ne + div( NeVe) = o ,

where m-e is the electron mass, and V<|> represents

i- 4> e

where i , §„ and e, are unit vectors in the r-, 9- and z-

directions, respectively.
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From Eqs.(21), the perturbed electron density [*J can be
6

obtained as

£e d p e e 9§ t _ £ e d j _ _pe e9 *
e r 3Fl

 2 dr ?J ^ 2

e e

2 r2

e

where « e 9
( r ) = e S e / ( m e c ) ' n e z ( r ) =e / ( me c )' nez

'Se - nez

and electron plasma frequency

-r-Y[(R« - r)(r -

The linearized Poisson equation is expressed as

[ I i r i . i! . ̂  n =
r or dr 2

The eigenvalue equation for <f>, which leads the dispersion

relation for OJ, X, and k, can be obtained, by substituting

Eqs.(19) and (20) into Eq.(21). However various approxi-

mation are employed, particularly in calculating Eq.(20),

because of analytical difficulties.

A°) Evaluation of orbit integral S

To evaluate the orbit integral $, we must calculate

the particle trajectories, which are given by the follow-

ing equations,

') = pe
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(24)

To linearize the nonlinear equations (24), we assume the

fact that the layer is thin and thermal velocity is small in

comparison with Vo, i.e.,

<< 1 , aair/Vo << 1 . (25)

In view of Eq.(25), the particle trajectories are obtained

from equations (24) as follows;

r-(T) = Ro +
 m" (P - Po) + a sin(u T + • ) ,
mbRoa)^

e*(T) = e + [ na + (I - 4^i ) — 1 - ( P - p0) ]T
* R

Pfl "

K o Wr mbR§

Z'(T) = Z + V ZT , (26)

where amplitude a and phase $ are dependent on the initial

conditions, but in the present research, a and $ are not

important. And in the equations (26), P. - Po is infinitesi-

mal .

To evaluate the orbit integral Si w e further assume that

low-frequency perturbation |<o - IQO - kv \ << u (27)

and low-order of 5, 2,.^° << 1 , (28)
r

which are derived from equations (26).

From the assumptions (27) and (28) , we can neglect the

betatron oscillation term in equations (26) and expand 4>(r')

as ,
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dr2

(29)

Substituting equations (26) and (29) into Eq.(20), we

finally obtain the orbit integral S in the following form,

S = I *(Ro) + m° (P9 - P)
R ^

X [ u - *{no + (1 - 4^i )—i-(P - Po)} - fcv ]-». (30)

To evaluate the first term of the right-hand side in Eq.

(23), which is equivalent to the perturbed charge density, we

assume long axial wavelength limit

kRo « 1 , (31)

then from Eqs.(19), (30) and (31) we have

- 4ire fd3v

Z R° ^(R)][6( r-R 1) + 6(r-R2)]

X Yf(Ra - r)(r - R,)] . (32)

Here the Doppler shifted frequency u is defined by

w0 = u - Wo - r\ . (33)

B°) Evaluation of fJe
After we order-estimate the following term in Eq.(22)>

- r)(r - R,)] ,
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and employ Eq.(31), 47ieN is expressed roughly as

i ^

2 2 I ^ e[6(r - Rj) - 6(r - R2)],(33)

where wj e = (oJe(R0) ,

From Eqs.(23), (32) and (33), the eigenvalue equation

for <)> is given as follows,

F d V r [ 1 - - = p Y{(Rz - r ) ( r - R i ) } i d V •
e

+ [1 " - ^ ^ T ^{(Ra - r)(r - Ri)}]*- <0

to w r 2

R u)2

= -^-^ [*(r) - J(RO) - 2J^~^ ffa. J(RO) ] [6(r-R,) + 6(r-R2)]

; _ + q e e 9 ( . ) j r _
r o)(to2 - 4JJ*e(R.))

 r

2tn. d_J ( R o )l
R.u,2^ ^ J

X YI(R* - r)(r - R,)) . (34)
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The physical solution of Eq.(34) is

A'r*

B'rX + C'r A - £-

C'r"* R2< r

r <R2

(35)

And the constants A', B', C" ajid D' are related by the

following condition at r = Ri and R2

*(R, + 0) - 0) , <t>(R2 + 0) = *(R2 - 0) ,

0) - £ , ^

0) -

- 0)

- 0)

- (y

- (y -

(36)

Here

E 1 =

, X 2 = E.2£2/El ,

y =

xi =

In the next section, the dispersion relation is derived from

Eqs.(3S) and (36) .
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§4. Dispersion Relation

From Eqs.(35) and (36), the dispersion relation for w,

I and k can be obtained through algebraic calculations, and

is expressed as

Here

= eatW

[ j / ( 2 ,) IV -

+ + G S ( C _ + n.)]

f 3 8)

where ?± = Xi ± Xz » n± = Xa ± X* . W = XiX* - X2X3 ,

Xi = (r2 + £ + A E , ) ( 1 + I ) \ X2 = (12 + I - X E I ) ( 1 + p- )~X,

X3 = (xi + I - X E I ) ( 1 - f- ) , X1* - (xi + ^ + X G I ) ( 1 - 2- ) ,

22 = (l2 + H + El)U + W ) , 31 = («1 + £ - El)(l - § ) •

By setting ID = tno + feVo (39)

in Eq.(38), uî  can be calculated . And this approximation

(39) for a) does not affect much a final result.

By defining o) = fj + i y . I i n y 5 © , (40)

the real frequency Si and the growth rate y respectively

become from Eqs.(37) and (38)
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m
e

i 2 1 W n o 4. T,p \ 2 P^T
t — X _/ ^ A,i£ Q T t •>• o / ™" ** "•

(41)
where fj = SJ 6 ^ R °^ » £? = n (Ro)

Here the parameter regimes are defined by

(ZQO + fcVo)
2 > Q2. + Max[ Q2 , — JT2 ]

8 z 4a _ 1 9

or (S,no + kV o ) 2 < J72 + Min [ Tl2 , — n2 1 (42)
8 z X2 - 1 9

on condition that a •* 0 . (43)

To the contrary, the stable regimes are defined by

+ ff| >

or al + at < (zao + kvo)
2 < ^— n2 , (44)

but this is a severe condition.

By rewriting HQ, Qz with Vo, n0 and V° [ = Vg(Ro)] as

(45)

the stable regimes (44) become

v0 6

2 /™ \2/y \ 2

Eq.(46) indicates that the stable state does not exist for

arbitrary Z.
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§5. Conclusions

The growth rate y increases linearly for I as expressed

in Eq.(41). However the perturbation method can not be used

for large I because of the breakdown of the linearization of

equations. So that we must investigate plasma equations

under the stand of nonlinear equations for large Si.

The instability mechanism is supposed to be derived

from two points; First all ion particles do the same motion

in the 8, that is, resonate the perturbed wave in the 9-

direction for the reason that ff = ^(^o ~ P«)• Second two-

stream instability is derived from the relative motion

between ion and electron.

To reduce the instability, it is supposed that f£ has

the thermal dispersion in the 6-direction instead that f£

has the form of 6(P. - P o ) .
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Abstract

UTLIF(2) is a conceptual design study on a light ion beam

driven fusion reactor based on a concept of rod-bundle blanket.

Survivability and maintainability of the first wall and the

blanket are regarded as of major importance in the design. The

blanket rod is composed of a thick tube which has enough stiff-

ness, a thin wrapping wall which receives high heat flux, and

liquid lithium which breeds tritium and removes generated heat.

The rod can be pulled out from the outside of the reactor vessel,

hence the replacement is very easy. Nuclear and thermal analysis

have been made and the performance of the reactor has been shown

to be satisfactory.

1. Introducton

This report describes the conceptual design of a light ion

beam fusion reactor, UTLIF(2). In earlier work , we presented a
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LIB fusion reactor design, UTLIF(l) based on a concept of pin-

bundle blanket. UTLIF(2) is based on the same concept, but some

improvements are introduced. The blanket pins of UTLIF(I) are

too thin that they cannot withstand the blast wave impact unless

they are connected through structural supports with each other.

But the support design is difficult. Big rods are used as the

blanket in UTLIF(2). The rod is wrapped in a thin wall which

receives the high heat flux, while a thick tube inside it with-

stands the blast wave impact. The thermal and mechanical loads

are separately born by them. Besides the rod is designed to be

replaced very easily. Maintainability is regarded as important

in the design.

The major parameters of UTLIF(2) are nearly equal to those

of UTLIF(l) and shown in table 1. Some power parameters are

altered as a result of reexamination. Pellet design, beam driver

and transport system design, tritium handling system design,

power conversion system design and reliability and safety consid-

eration have also been made but are not included in this report.

The configuration of the blanket and the nuclear and thermal

analyses of it are reported here.

2. Configuration

Fusion-pellet microexplosions release energy as x-rays, ion

debris and neutrons. The x-rays and the debris may cause severe

evaporation and sputtering damage of the first wall if they reach

the wall directly. The cavity of light ion beam fusion reactor

is filled with gas, which absorbs the x-rays and the debris and

creates a fireball. The absorbed energy is reradiated to the
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wall gradually, and the peak value of the heat flux is lowered to

the extent the wall can survive. However, the flux is still

considerably high. Besides a blast wave generated by the fire-

ball hits the wall. The serious damage of the wall is also

induced by the high-energy neutrons. Thus the wall must be

replaced at regular intervals. The survivability and maintain-

ability of the first wall should be attached importance in the

cavity design. Configuration of the cavity and blanket of

UTLIF(2) shown in fig.l satisfies the above requirements.

The reactor vessel is in the shape of cylinders of verious

diameters combined axially. The ends of the cylinders are head-

ers in which blanket rods and end cells are inserted and fixed.

The cavity is surrounded by circumferential blanket rods, top and

bottom blanket rods and end cells. In the outer part of the

vessel, there is an exhaust chamber of cavity gas partitioned by

a perforated wall. The gas flows through the end cells into the

cavity and flows across the circumferential blanket rods.

The arrangement of the circumferential blanket rods is shown

in fig.2. Three types of rods are used the diameters of which

are 300mm, 350mm and 400mm respectively. The narrowest gap

between the rods is 45mm, which is wide enough for the gas flow.

The circumferential rod of the diameter 300mm is shown in fig.3.

The rods is composed of a main tube of 10mm thick, a radiation

shield wall of lmm thick and spiral ribs which partition a gap

between the main tube and the radiation shield wall into coolant

flow channels. The blanket rod receives an overpressure of the

heated cavity gas, fireball, and is severely exposed to the high

heat flux from it. The main tube has enough stiffness to endure
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the blast wave load, while the radiation shield wall endures the

surface heat load. The spiral cooling channels make the circum-

ferential temperature distribution of the rod even and prevent

the rod from bowing. The coolant flows from the upper end of the

rod into the spiral channels and reaches the lower end. Then it

enters the inside of the main tube, flows upwards and returns to

the upper end. The upper end is fixed to the inlet and outlet

header, while the lower end is supported only laterally in order

that the rod can expand freely.

Fig.4 illustrates the arrangement of top and bottom blanket

rods. The blanket rods can be replaced very easily, while the

ictor vessel and the header are expected not to fail in the

reactor life. Therefore the rods are arranged to hide the vessel

wall and the header from the center of the cavity. The top and

bottom blanket rod is shown in fig.5. It is 3m long and 400mm in

diameter and supported at one end. The constitution is similar

to that of the circumferential rod. As the pointed end is ex-

posed to the high heat flux, stagnation of bubbles must be avoid-

ed which is likely to occur in the bottom rod. The coolant

reaches the pointed end through the inside of main tube and flows

into the spiral channels with high velocity. Then the bubbles,

if there are any, are carried away smoothly.

The maintainability is regarded as of importance in the

design of UTLIF(2). The blanket rods can be pulled out from the

outside of the reactor vessel. Some consideration is needed in

the design of header, because the pulling out of the blanket rod

breaks both the lithium coolant boundary and the vacuum boundary

of the vessel. Fig.6 shows the header. A sliding cylinder is
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installed in the header which plays a role of a coolant valve and

the rod can be pulled out without draining the lithium. A blan-

ket rod handling machine shown in fig.7 is used for the replace-

ment which covers the opening where the rod is inserted. The

pressure is lower in the cavity than the outside even when the

blast wave reaches the rod. Therefore, the rod is pulled toward

the cavity and fixed in the tapered bore. A lock bar ansures the

fixation.

The end cell shown in fig.8 is the inlet of the cavity gas,

which is heated and expands there. A lot of tubes are installed

in it which is cooled by liquid lithium. The pellet injection

ports are in the center of the cell.

The LIB injection ports are installed around the vessel; 18

ports downward and 18 ports upward at an angle of 45° to the

horizontal plane. The beam transfer tube shown in fig.9 is

removable in order that the blanket rods are replaceable. As one

of the top and bottom rods is in the beam's way, a hole is bored

in it.

Though the vessel wall does not face the center of the

cavity, it is exposed to considerably high heat flux when the

fireball expands. Therefore the inner surface is covered by a

radiation shield wall which is cooled by liquid lithium.

The vanadium alloy V-15Cr-5Ti is the most promising material

as the blanket rods which are exposed to the high neutron and

heat fluxes. Though it has only a poor data base, we can use the

non-conventional material as the rods, because they can be re-

placed very easily. However, the reactor vessel which is expect-

ed no replacement should be made of conventional materials such
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as the austenitic steel. Since the vessel wall is protected by

the rods from the severe irradiation, we can use PCA as the

vessel.

Fig.10 shows the cross sectional view of UTLIF(2). A pri-

mary containment vessel is necessary but omitted. Power conver-

sion system is the same as that of UTLIF(l).

3. Nuclear analysis

Neutron and gamma-ray energy deposition, tritium breeding

rate, radiation damage have been calculated by using one-dimen-

sional transport and burnup code, BISON and its library . The

spectrum of neutrons incident on the blanket is the calculated

spectrum of neutrons leaking from the ignited target. It is the

same as the spectrum used in the previous study, UTLIF(l)

The reactor configuration shown in fig.l is represented by

four spherical models in order to estimate the nuclear perform-

ance by one-dimensional calculation. The first model represents

the circumferencial blanket region: 5m radius cavity is surround-

ed by 2m thick blanket, 5m thick reactor vessel and concrete

shield wall. The second model represents the blanket region

including light ion beam ports: 5m radius cavity is surrounded by

lm thick blanket, 7cm thick header wall, 50cm thick header region

and 1.4m thick shield. The third model represents the top and

bottom blanket region: 5m radius cavity is surrounded by 3m thick

blanket, lm thick header and 1.4m thick shield. The fourth model

represents the end cell region: 5m radius cavity is surrounded by

4m thick end cell and 1.4m thick shield. Tritium breeding ratio

and energy deposition of the whole reactor are estimated from tho
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sum of the results multiplied by the fraction of the solid angle

of each region which is represented by the models. The estimated

nuclear performance of the blanket is shown in table 2. The

volume occupied by the ports for ion beam and pellet injection is

less than 0.2% of the total blanket volume. It can be neglected

for the calculation of the nuclear performance.

The detailed structure of the blanket and the header, for

example, rod type structure of the blanket is smeared in the

calculational models. The effect of the heterogeneity on the

nuclear performance is examined by one-dimensional calculation.

The model is shown in fig.11. The volume fractions of V-15Cr-

5Ti, lithium and void of the whole blanket are identical to the

values of the homogeneous model, the first model representing the

circumferential blanket region. The calculated heating rate,

damage rate and tritium breeding rate of the heterogeneous model

agrees quite well with the results of the homogeneous model. For

example, the heating rate of vanadium alloy at the inside of the

second blanket region is 15.02 MW/m3 and 15.67 MW/m3 for homo-

geneous and heterogeneous calculations respectively.

Three-dimensional calculation will give accurate estimate of

nuclear performance of the reactor, but the accuracy of the

nuclear performance by the one-dimensional calculation is enough

for the present study, because uncertainty of target and fireball

calculation would be very large. Especially the '".aximum heat

deposition at the first wall may be estimated well by one-dimen-

sional calculation. Increase of radiation damage of the reactor

vessel due to neutron streaming through blanket rods should be

estimated by three-dimensional calculation. If it is very high,
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local shield should be supplied in front of the reactor vessel.

The activation, decay heat and dose rate distributions are

calculated by THIDA code system . The induced activity at the

first wall is 3. 7><10~8Ci/cm3W just after the 1 year operation.

The induced activity of one blanket rod is 2.4x10'*Ci. The decay

power of the induced activity is 2MW/m3 just after the 1 year

operation. Induced activity of structural vanadium alloy de-

creases more rapidly than that of stainless steel of the reactor

vessel. The activity of the vanadium alloy disappears in 40

years as shown in fig.12. The dose rates outside the 140cm thick

shield is 73 mrem/h just after reactor shutdown and becomes 1.2

mrem/h after 1 hour cooling.

4. Thermal analysis

4.1. Fireball behavior

The rod bundle first wall is severely exposed to the high

heat flux from the fireball, which reaches the wall with its

overpressure. In order to estimate the thermal and mechanical

loads on the wall, the fireball behavior has been calculated with
4)

the computer code "FIRE" . Since it is a one-dimensional code,

the cavity is assumed to be a sphere of diameter 10m. The blast

wave is assumed to be fully reflected by the wall in the calcula-

tion, while the rod bundle wall allows the wave to pass through.

Therefore, the calculated result is accurate only before the

fireball reaches the wall. The calculation is considered to give

severer result after the fireball reflection, which means there

are some allowances in practice. The total energy of a blackbody

x-ray spectrum which is initially deposited in the fireball is
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assumed to be 104MJ, 22% of the fusion yield. The blackbody

temperature of the spectrum is taken to be 3keV. The energy

transferred by the debris is omitted in the calculation.

Fig.13 shows the result. Soon after the microexplosion, the

heat flux on the wall takes the maximum value of 70MW/ma with

short duration. The pressure at the wall rises to the maximum

value of 0.07MPa at the moment the blast wave reaches the wall,

1.5msec after the microexplosion. This result shows that the

lithium vapor contained in the cavity gas increases the opacity

sufficiently, and reduces the heat flux to a tolerable level.

4.2. Radiation shield wall behavior

A one-dimensional thermal analysis has been made for the

case the heat flux on one surface of a flat plate is such as

shown in fig.13 and the other is maintained constant. The ther-

mal conductivity, thermal diffus. rity and thickness of the plate

are 28W/m2K, 8. 2xio -sma/s and .iron. Figs.14 and 15 show the

result. The maximum temperature riso is 117K. Since the coolant

temperature is lower than 500°C in the radiation shield wall

cooling channels as is explained afterward, the maximum wall

temperature is about 600°C which is sufficiently low. Because

mean expansion of the wall is restricted >-y the ribs, the thermal

stress is proportional to the temperature ise AT and given by

a, = - ^ L . AT

where B (=118GPa), a (=1.03xio~5K-1) and v (=0.36) are Young's

modulus, the coefficient of thermal expansion and Poisson's

ratio. The maximum compressive stress induced by the temperature

rise is 223MPa, which occurs at the front surface.
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The thermal stress should be compared with fatigue strength

of the wall, since it is induced periodically. As was in

UTLIF(l), the endurance limit is conservatively assumed to be

one-third of the yield strength of non-irradiated V-15Cr-5Ti,

i.e. a =110MPa. The following equation is used;

o 1 oe u

where a and a are stress amplitude and mean stress, respective-
a m

ly. a (=550MPa) is tensile strength of the wall. As the cycles

are from zero to the maximum compressive stress, the mean stress

is expressed as a =-o . Then the allowable minimum stress o .

is obtained as

a . = a - a = -236MPa.mm m a.

As described before, the minimum stress is -223MPa, which does

not exceed the allowable stress. Since the V-15Cr-5Ti alloy will

be strengthened by neutron irradiation, the margin of the assumed

endurance limit increases after the irradiation. Besides the

stress state is compressive which may be thought to cause a crack

propagation speed down.

The steady hoop stress induced by the internal pressure of

coolant is very low and the effect on the allowable level of the

thermal stress can be neglected. The stress induced by the blast

wave in the wall can be reduced by proper design of the main tube

in charge of the load. There is a phase difference between the

stresses induced by the radiant heat and the blast wave, hence it

is not necessary to sum up the peak values in the evaluation.

Thus we can conclude that the radiation shield wall resists the

fatigue damage accumulated for a yearlong use.
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4.3. Temperature distribution in blanket rods

The liquid lithium flows through cooling channels of the

reactor vessel wall, the headers and the end plugs, then cools

the top and bottom blanket rods. Finally the circumferential

rods are cooled, among which the 300$ rods are cooled first and

350<}> rods succeedingly. Fig. 16 shows the coolant temperature in

each channel. The maximum temperature rise of 55.5K is generated

in the 300$ circumferential rods on the assumption that the

fireball energy transmitted to the 350$ and 400$ rods is negligi-

ble compared with that to the 300$ rods. As the 300$ rods are

imposed the severest thermal condition, a one-dimensional analy-

sis has been made to obtain the temperature distribution in them.

Fig.17 shows the calculational model. Circumferential tempera-

ture distribution is not considered because the spiral flow in

the radiation shield wall cooling channels makes it uniform. uL

denotes the axial velocity component in the channels. The heat

generation rates q-J" (radiation shield wall and its coolant) , q2'"

(main tube) and <?3"'(coolant in main tube) are obtained from the

nuclear analysis and assumed to be in the form

where i?=5m is the cavity radius and x is the axial distance from

the mid point of the rods. The radiant heat is included in q{'\

The heat conduction in the main tube of 10mm thick is taken into

consideration and the result shown in fig.18 is obtained. The

maximum temperature difference between outer and inner surfaces

of the main tube is, as a matter of course, the difference bet-

ween inlet and outlet temperatures 55.5K, which induces a thermal

- 169 -



stress of 52.7MPa at each surface. At the mid point where tha

radiant heat flux is highest, the temperature of the radiation

shield wall coolant is 488°C. These values mentioned above

are tolerable for the V-15Cr-5Ti rods.

5. Conclusions

A light ion beam fusion reactor has been designed. Surviv-

ability and maintainability of the first wall and the blanket

are of major importance. Consequently the rod-bundle type blan-

ket has been proposed. Nuclear and thermal analyses have been

made and the performance of the reactor has been shown to be

satisfactory.
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Table 1

Major parameters of UTLIF(2)

Cavity shape

Cavity radius

Total driver energy
on pellet

Pellet gain

Fractional burnup
of fuel

Fusion yield

Repetition rate

Fusion power

Driver efficiency

Ion type

Number of drivers

Cavity gas

Max. neutron wall
loading

T breeding ratio

First wall and
blanket structure

Blanket breeding and
heat transport medium

Li inlet temp.

Li outlet temp.

Total thermal power

Gross electric output

Net electric output

Net plant efficiency

cylindrical

5 m

3.5 MJ/shot

135.4

30 %

474 MJ/shot

6 Hz

2844 MWt

18 %

proton (8MeV)

36

Ar (lOtorr at 0°C)

+Li (2><101'lcm-3)

7.24 MW/m2

1.1.0

V-15Cr-5Ti
rod bundles

liquid lithium

350°C

550°C

3116 MWt

1433 MWe

1250 MWe

40 %
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Table 2

Summary of nuclear performance of UTLIF(2)

Tritium breeding ratio 1.10

Tritium consumption 0.4 33 kg'day

Tritium production in blanket 0.476 kg/day

Energy production in blanket and header 2547.4 MWt

Energy multiplication 1.12

Maximum heating rate Li V-15Cr-5Ti

in blanket , MW/m3 25.8 37.7

Maximum dpa rate of blanket 60.5 dpa/y

Maximum gas production rate H D *He

of blanket , appm/y 549.3 289.3 260.0
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Abstract

In the design of LIB-ICF Reactor, it is the most impotant

probre-n to choose the cavity gas. In order to transport the

light ion beam without a large collisional loss, the cavity gas

density must be low enough. On the other hand, the fusion energy

is transported by neutrons, X-ray and pellet de'olis. The energy

of X-ray and pellet debris is absorbed in the cavity gas and then

fire ball is generated. The propagation of fire ball and the

load to the cavity wall ars varied with the density, temperature,

components and mixture-rate of the gas. In the case of

liquid-x^all reactor, it should be mixed with the cavity gas. In

this study, the behavior of fire ball is investigated by using

the computer code FIRE, so that the components of the cavity gas

and other parameters are determined.
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§1. Introduction

In the conceptional design of LIB-ICF Reactor (Light-Ion-

Beam-Inertial-Confinement-5usion Reactor), the following points

are important :

1. Efficient transport of the ion beam from a diode to a target

in the cavity.

2. Protection of the cavity wall from the thermal heat flux and

neutrons.

3. Efficient remove of the fusion energy and trithium breeding.

4. Making the stomsohere of the cavity be calm until the next

cycle.

5. Determination of the fusion yield and the repetition rate for

the commercial reactor.

The beam transtort in plasma channels has been proposed, in

view of reactor design, the advantage of this method is that the

high density of gas (10 - 100 torr) can be comp?.-icated. However,

the structure of reactor may be complicated. On the other hand,

in the method of the rotating beam, the structure may be simple,

but gas density must be reduced to about 1 torr. In this study

the reactor using the rotating beam is investigated. As the

first wall type, we adopt the liquid wall, in this case the life

time of reactor becomes longer but the repetition rate becomes

smaller, since the evaporated liquid metal disturbs the cavity

gas and obstructs the beam transport. Therefore, fusion yield

(fusion energy per 1 shot) must be large. In addition, a noble

gas is appropriate for the cavity gas since it is stable
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chemistically. It is necessary that the liqiud metal is the pure

lithium or the lithium compound for tritium breeding. In this

study, we analyzed fire ball by means of computer code FIRE and

MIXER on the condition that the rotating beam can be transported.

These codes developed by Peterson et al.. We reconstructed

these codes for they can be used to large extended.

§3. Initial Condition

The charge state of gases are shown in Fig.1-1. In the case

of pure argon, the charge state increases rapidly beyond about

0.7eV. On the other hand, in the case of argon including

lithium, the charge state increases no less than 0.15eV. More-

over, argon including lithium stops radiation damage effectively

since the mean free oath is shorter for low temperature radoation

(Fig. 1-2). Therefore, it is found that the liquid wall is

effective for the charge neutralization of beam and the protec-

tion of wall. In order to transport the beam without the colli-

sional loss of beam energy, the appropriate gas pressure is about

1 torr. The repetition rate should be supposed to 1 - 3 Hz

because of the distrurbance in cavity. After all, the limited

range of parameters characterizing this ICF Reactor are shown as

follows.

Gas species = Argon and Lithium or Neon and Lithium

Composition rate = Argon : lithium or Neon : Lithium = 4 : 1

Initial temperature of gas = 0.15 eV

Fusion yield = 1000 - 3000 HJ
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Repetition rate = 1 - 3 Hz

Fire ball energy = 20 0 - 600 MJ

Cavity radius = 4 m

§4. Results

The following calculation were carried out, using FIRE and

MIXER for 4 cases shown in Table 1.

T a b l e 1

Gas Species

Component (%)

Pressure ( to r r )

Fusion Yield (HJ)

Cycle (Hz)

C a s e 1

Ar + Li

8 0 : 2 0

1

1 0 0 0

3

C a s e 2

Ar + Li

8 0 : 2 0

1

3 0 0 0

1

C a s e S

Ne + Li

8 0 : 2 0

1

3 0 0 0

1

Ca s e 4

Ar + Li

98 : 2

1 0

3 0 0 0

1

From the case 1 to the case 3, we analyzed under the condi-

tion that the rotating beam can be transpoted. In the case 4, we

also analyzed under the condition of the beam with plasma channel

for the purpose of comparision with the cases 1 - 3 .

We described these results as follows;

(A) : Gas temperature of the expanding fire ball at various times

(B) : Gas pressure of the expanding fire ball at various times

(C) : Heat flux at the cavity wall

(D) : Pressure st the cavity wall

The calculation result which were obtaioned in the way
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described above are shown in Fig.l-A - Fig.l-C.

§5. Discussion

The results may be summarized as follows;

7 21): In the case 1, the peak heat flux is 1.4x10 W/cm and the

peak pressure is 0.06MPa. Then, in the case 2, the peak heat

flux is 1.8x10 W/cm and the peak pressure is 0.15MPa. The

difference of heat flux between the case 1 and the case 2 is

not large. Therefore, we are able to employ the large fusion

yield as the case 2.

2) : In the case 3, peak heat flux is 3.2x10 W/cm . This value

is very severe condition to the exposed component in the

cavity. Therefore, neon gas is not adequate the cavity gas.

3): In the case 4, the peak heat flux is 3.4x10 W/cm and the

peak pressure is 0.8MPa. This heat flux is very low by

comparison with the case 2, but the pressure become inten-

sive.

From the results described above, we consider that the case

2 is adequate as the parameter of the cavity gas. But the

problem of vaporization of liquid metal is yet unsolved, further

investigation is neccesary.
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Figure captions

Fig.1-1 Charge states for pure argon and argon with lithium.

Fig. 1-2 Planck Mean Free Path for pure argon and argon with

litiiium.

Fig.l-A Gas temperature at various times for the case 1.

Fig.1-3 Gas pressure at various times for the case 1.

Fig.l-C Heat flux at wall for the case 1.

Fig.l-D Pressure at wall for the case 1.

Fig.2-A Gas temperature at various times for the case 2.

Fig.2-B Gas pressure at various times for the case 2.

Fig.2-C Heat flux at wall for the case 2.

Fig.2-D Pressure at wall for the case 2.

Fig.3-A Gas temperature at various times for the case 3.

Fig.3-B Gas pressure at various times for the case 3.

Fig.3-C Heat flux at wall for the case 3.

Fig.3-D Pressure at wall for the case 3.

Fig.4-A Gas temperature at various times for the case 4.

Fig.4-B Ga.s pressure at various times for the case 4.

Fig.4-C Heat flux at wall for the case 4.

Fia.4-D Pressure at wall for the case 4.
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PULSED SURFACE FLASHOVER OF INSULATOR

USED FOR VACUUM DIODE ASSEMBLY

Yasuo Suzuki and Shigeru Kato

Nissin Electric Co., Ltd.

Umezu-Taka^e-cho 47, Ukyo-ku, Kyoto, 615, Japan

Problems of the vacuum insulator used for a particle beam

diode assembly are pointed out. Some directions of the vacuum

insulator development are showed to solve those problems, based on

the mechanism and data of pulsed surface flashover in vacuum.

1. Introduction

In particle beam ICF research, a pulsed power generator is

used. Among the insulator designs of its components, that of the

vacuum surface of the water-vacuum interface is one of the most

difficult things.

Two types of vacuum diode assemblies generally used are

illustrated in Fig.l.
1)

OIL OR
WATER

LUCITE
INSULATOR

~ GROUNDED
ANODE

GRADING
RINGS

LUCITE

GROUNDED ANODE

Fig. 1. Vacuum diode assemblies using : (a) a axially stacked

insulator with grading rings, and (b) a single radial

insulator.
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Diode inductance of (a) is smaller than that of (b). Therefore,

in the case of high impedance diode, type (a), a axially slacked

insulator with grading rings is used, and in the case of low

impedance diode, type (b), a single radial insulator is used. A

low impedance and low inductance diode is required in order to

obtain high current particle beams, so that type (b) insulator is

desirable in that case. But it seems that no type (b) insulator

which has sufficient flashover strength to meet the required

voltage, has been achieved perfectly. Consequently, it is

necessary to develop a higher flashover strength insulator in the

near future.

2. Pulsed surface flashover of insulator in vacuum

We must understand the mechanism of surface flashover first

in order to develop a vacuum insulator with high flashover

strength. Generally the mechanism is summarized as follows.2

(1) When high voltage is applied, electrons are released by

field emission at the triple junction (cathode-insulator-

vacuum junction).

(2) Insulator surface aquires a positive charge by electron

multiplication through secondary emission.

(3) Due to the electron bombardment of the insulator surface,

neutral and ionized atoms, and molecules are released by

electron-stimulated desorption.

(4) Some of the desorbed neutrals are ionized by electron

collisions.

(5) The electric field at the cathode end of the insulator

becomes enhanced as a layer of positive ions accumlates.
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which in turn increased the field emission, gas desorption

and ionization.

(6) Other regenerative processes become possible as the field

rises, and complete breakdown soon.follows.

According to this flashover model

(see Fig. 2.), it is easily deduced that

the flashover strength in the case of

tapering a insulator surface not to be

so much hit by electrons (positive angle)

is higher than in the case of tapering it {1) POSITIVE ANGLE

to be frequently hit by them (negative

angle). In fact, such a relationship Y @

between flashover field strength Ep and

'^e angle 9 which the insulator surface

makes with the electric field, is showed

in several references. * '

This dependence is also exhibited in our

experiments as shown in Pig. 3,

(2)

INSULATOR

VACUUM

NEGATIVE ANGLE ©

Fig. 2.

Surface flashover model

Fig. 3.

Flashover field strength

Ep versus angle 9
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In addition to angle 8, Ep depends on the insulator length 1.

This is shown in Fig. 4..

The relationship between Ep

and 1 is derived theoretically

Ef(tar/im)

to be Epoc i"̂ s or Eoc l~^ in

references'. Considereing this

length effect, our experimental

data shown in Fig. 3. is not so

much inferior to other data in

some references.

Besides the time dependance

of E F is said to be Epoc t~tyi
. 7)

Fig. 4.

Flashover field strength Ep

versus insulator length 1

by J.C. Martin, and this relation

should be also considered when we design a vacuum insulator.

3 Directions of vacuum insulator development

Taking account of the description in Sec. 2, four directions

of vacuum insulator development would be presented as follows.

(1) Radially stacked insulator with grading rings.

A schematic diagram of this type of insulator is shown in
8)

Fig. 5.. Grading rings and insulators are stacked

radially to form a

multi-stage vacuum

insulator. In the

multi-stage insulator,

total insulator length

is divided to short

% — •

/ * VACUUM

sections and each stage

Fig. 5. A schematic diagram of

radially stacked insulator with

grading rings
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insulator is tapered to be positive angle, thus leading to

high flashover strength . The key point of this type of

construction is if the vacuum seal is well formed or not.

A example of such a multi-stage insulator is shown in Fig.

6., which is half-scale

prototype to be
9)

installed on EAGLE.

It is a cast-uretane,

racetrack-shaped

insulator and has

proved to form the

vacuum seal suffiently.

We are under development
c

of a radially stacked

insulator with grading

rings in complete coaxial

configuration as shown in

F ig . 7..

CENTER
CONOUCTO*

Fig. 6. Multi-stage insulator

for EAGLE

Fig. 7. Radially stacked

insulator with

grading rings
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The rating voltage of this insulator is designed to be 1

MV. Fig. 8. shows the q n

equipotential plot of a

diode using this insulator.

Grading rings are arranged

taking account of electric

field distribution and

length effect of

Fig. 8. Eguipotential plot

(2) Magnetic flashover inhibition

If magnetic field (either externally applied or the self

magnet:'1 field) at the insulator surface is strong enough

and "E x i? electron drift is directed away from the

insulator, the insulator surface electron bombardment is

inhibited and the flashover strength is significantly

improved. This phenomenon is referred to as magnetic
10) ,11)

flashover inhibition (MFI). The experimental criterion

8),11)
for MFI to be effective is E/CB = 0.07.

(3) Lowering the secondary electron emission yield by coatings

The reduction of secondary emission coefficient of the

insulator is expected to increase the flashover strength.

In fact, it has been reported that the flashover strength

increases by coating Cr2O3, Cu2O or Fe2C>3 which secondary

emission coefficient are almost less than unity, on the
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insulator surface2.' '12)'13)

(4) The thin film formation of slight conductive material oh

the insulator surface by ion vapor deposition

The thin film of slight conductive material that is well

controlled spatially^ on the insulator surface is expected

to grade the electric field and to reduce the surface

charging, thus leading to increase of the flashover

strength. In this idea, it is necessary that the thin

film of slight conductive material is formed strongly.

Then for this purpose, we proposed to use a new method

named ion vapor

deposition (IVD)

which we have

14)
developed.

IVD is outlined

as follows.

Ion vapor

deposition

combines

vacuum deposition

and ion implantation,

so it has high

speed deposition

rate and strong

stickiness for

the film ££?££*«..«•«. 100 »

formation. Fig. 9. A schematic diagram

In Fig. 9. a schematic of IVD machine

CtMMXUTOI WITH
ELECTRON K.AU

- RECTANGULAR BUCKET
TYPE KM SOURCE
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diagram of the machine is shown. The machine consists of

a rectangular bucket type multi-aperture ion source,

evaporator with electron beam gun, rotary substrate

holder, film thiskness monitor and vacuum chamber.

As for ion species, nitrogen, carbon etc and as for

evaporated materials, boron, aluminum, titanium, silicon

etc can be provided. The performance obtained is that :

1) Ion beam energy ; 40 keV

2) Ion beam current ; 400mA for nitrogen ion

3) Beam intensity distribution ;

less than 10% within 10cm

diameter area at target

We think of A1N as a candidate for slight conductive

material. The specific resistance of A1N is ordinarily

2 x io" ( .Ocm), but :

N + quantity to dose.

2 x 1 0 ( ilcm), but it is controllable in IVD by adjusting

If the more excellent insulator would be developed along the

directions described above, it would be a important progress in

pulsed power sources for particle beam ICP.

References

1) J.A.Nation : HIGH-POWER ELECTRON AND ION BEAM GENERATION

(Gordon and Breach, Science Publishers, Inc. 1979)

2) R.A.Anderson and J.P.Brainard : J.Appl. Phys. 51 (1980) 1414

3) O.Milton : IEEE Trans. Elec. Insul. EI-7 (1972) 9

- 207 -



4) A.Watson : J.Appl. Phys. 38. (1967) 2019

5) I.D.Smith : Proc. 1st Int. Symp. Insulation of High Voltages

in Vacuum (1964) 261

6) A.S.Pillai and R.Hackam : J.Appl. Phys. SI (1982) 2983

7) J.C.Martin : Fast Pulse Vacuum Flashover, AWRE Report

SSWA/JCM/713/157 (1971)

8) T.S.Sullivan et al: Proc. 3rd IEEE Int. Pulsed Power Conf.

(1981) 252

9) G.B. Frazier et al : Proc. 3rd IEEE Int. Pulsed Power Conf.

(1981) 8

10) K.D.Bergeron : Appl. Phys. Lett. 23. (1976) 534

11) J.P.VanDevender : Proc. 3rd IEEE Int. Pulsed Power conf.

(1981) 248

12) T.S.Sudarshan and J.D.Cross : IEEE Trans. Elec. Insul.

EI-11 (1976) 32

13) J.D.Cross and T.S.Sudarshan : IEEE Trans. Elec. Insul.

EI-9 (1974) 146

14) K-Matsuda and Y.Suzuki : Proc. Int. Ion Engineering

Congress. (1983) 717

- 208 -



PULSED ION SOURCE WITH CRYOGENIC ANODE

AND PLASMA CHANNEL INITIATION BY LASER EXCITATION

Kazuhiko HORIOKA, Tsutomu TAKAHASHI, Hideki TAMURA

Minoru HIJIKAWA, Hitoki YONEDA and Koichi KASUYA

Department of Energy Sciences, The Graduate School at Nagatsuta,

Tokyo Institute of Technology, Nagatsuta 4-259, Midori-ku ,

Yokohama Japan 227

Newly developed diode cooled by liq.He is now under opera-

tion. The anode was cooled down to 12K by a simple cooling

system and N 2, Ar, or CO2 was refrigerated on it as an ion

source. Ion current densities near the Child-Langmuir values

were extracted from them. Laser triggered discharge channels

about 300mm in length were produced successfully in alkaline

metal vapor. Sodium vapor was resonantly excited by a dye laser

and cesium vapor was directly ionized by a XeCl excimer laser.

§1 Introduction

Although pulsed ion beams have many desirable features for

the application to inertial confinement fusion, there are a

number of unsolved problems. For example, they should have a

repetition rate capability, a long component life time and a

transportability to the target. Moreover, the purity of the

beams must be up graded to avoid the detriment of the efficiency

and the power concentration on the target. To solve these prob-

lems, we are developping a new type of ion source which has a

cryogenic anode.' On the other hand, the transport channel is
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very important from the point of view of ICF (Inertial Confine-

ment Fusion) reactor. Then, laser triggered discharge processes

in alkaline metal vapors are also investigating, because the

alkaline metal vapor is supposed to be an accessory ingredient

of the cavity gas for its reactor.

§2 Cryogenic Ion Source Cooled by Liquid Helium

Liquid helium is newly used to cool the anode surface and

extend a range of ion species. Details of the diode section are

shown in Fig.1. Liquid helium is supplied through a vacuum insu-

lated transfer tube. Copper pipes around the anode shields the

thermal radiation. Ion sources ( N2, Ar, or CO2 gas) were inject-

ed by a nozzle and refrigerated on the anode surface, in the diode

vacuum chamber. Temperature history measured with a Fe+0.03%Au-

Chromel thermocouple is shown in Fig.2. Our old data are shown

in circles, while our recent data are shown in thick line. The

anode ( 3-5 Kg-Cu) was cooled dnwn to 12-15K with 2.5S. liq.He and

the lowest temperature obtained up to now is 12K. As "ohe vapor

pressure for almost all of dielectric materials is below 10~'*Torr

at this temperature, they can be used as ion sources of our diode.

Typical wave-forms of the ion current densities are shown in Fig.3

for wax, C0 2, N 2 t or Ar ion sources. Table 1 is the summary of

experimental results. N 2 or Ar ice is produced on the anode

surface under the liquid helium cooling, while C02 or wax under

liquid nitrogen or room temperature condition. Measured ion

current densities are shown in the table, together with the Child-

Langmuir current densities of 150 or 100 KeV energy. Without

suppling the ion source jas, measured ion current density was
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below 0.1 A/cm? and preliminary checks with the time of flight

measurements assure that the extracted ion species are those

written in the table. N+ or Ar+ of 100-150 KeV energy was

obtained from N2 or Ar ice until now.

§3 Laser Initiated Discharge Channels in Na or Cs Vapor

The schematic diagram of laser initiated discharge experi-

ments is shown in Fig.4.. Ring electrodes are placed into a glass

tube of 5 cm inner diameter, and a high voltage is applied bet-

ween them by a condenser. The sodium vapor pressure is controlled

with tube temperature. Tuned laser light is let into the tube

along its axis in order to excite the sodium line.

Streak photographs with a slit across the tube diameter are

shown in Fig.5. Without the laser light tne discharge expands

all over the tube diameter from the beginning. But with the

tuned laser light, the discharge starts only in the region of

laser irradiation which is shown with hatched region. The dis-

charge channel expands afterwards, because the peak value of the

discharge current is not so large in this case.

The breakdown voltage of the discharge chamber is plotted

as a function of the laser power density, whose result is shown

in Fig.6. The central wavelength of the laser light Ao is 589nm,

and broad and narrow band width lasers (AX=6 and 1.2 nm) are used.

The distance between the discharge electrodes L is 300mm. If

the breakdown voltage is replotted as a function of the laser

spectral power density, two curves in Fig.6 combine into one line

as in Fig.7. The spectral power density of the resonant dye laser

light seems to decide the breakdown voltage of this experiment.
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The same kind of experiment was performed with the Cs vapcr

in Ar buffer gas under the irradiation of XeCl excimer laser

(A0=308nm). XeCl laser can directly ionize the Cs vapor. The

breakdown voltage of the mixture with the laser light normalized

with the self-breakdown voltage Vsb without the laser light (in %)

is plotted in Fig.8, as a function of laser energy.

Another kind of plot of our result is shown in Fig.9, where

the ordinate is the Cs vapor density. When the vapor density

increased larger than lO^cm"3 or so, the breakdown voltage

reduced to about 1/10 value of the self-breakdown voltage.

§4 Summary and Future Prospect

The anode was cooled down to 12 K by a simple liq.He cooling

system, and ion current densities near the Child-Langmuir values

were produced from N2 or Ar ice refrigerated on it. One of the

final goal of our cryogenic diode is of cource to extract H or D+

beams from H2 or D2 ice. To obtain best single species ion beams,

more sophisticated cryo-diode is now under development at our

labolatory.3)

Laser triggered discharge channels were produced success-

fully in alkaline metal vapors."1 One of the crucial points beyond

the scientific break-even is how to transport the ion beams on

to the target a.nd the cavity repetition rate technologies.

Although our results described above in this direction are very

preliminary, we will continue to do our best to this direction.
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Source

Candle
Wax

C02

N2

Ar

Ion

H+

C+

N+

Ar+

Ji

7-8

2-1

2-1

1-7

150 J q 100

6-5 , 3-5

1-9 , 1-0

1-7 , a93

10 , 0-55

TOF
N2Gas N+150-100kri/

ArGas Ar+150-100keV
Table 1 Ion Beams Extracted from Cryogenic Diode.
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Fig. 2 Measured Temperature History under Liq.He

Cooling.
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SEMI-POINT-LIKE INTENSE ION BEAM SOURCE

WITH HIGH BRIGHTNESS

Yoshinobu MATSUKAWA

Research Institute for Atomic Energy,
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Sumiyoshi-ku, Osaka 558, Japan

Abstract

For inertial confinement fusion by ion beam, the efficient

production of high brightness ion beam is required1^ . By a pinched

electron beam diode having electrodes in a conical shape, a semi-

point-like ion beam source with high brightness was obtained. The

ion beam is emitted from a small region (M> mmifi) at the apex of

the conical anode. Under the condition that the applied voltage

is 200-250 kV and the diode current is 30-35 kA the e-folding di-

vergence angle is 0.073 rad=4.2{1 arid the ion beam current density

is 3.2 kA/cm2 at the origin. From these values the brightness and

the power brightness are estimated at 447 MA/cmasr and 1.19xlOlx

W/cm2sr respectively2'.

By selecting an appropriate substance including no hydrogen

for small part around the apex of the anode ion beam of other than

proton can be produced.

Some numerical simulation are calculated for the conical di-

ode. In this simulation Poisson equation is solved by the finite

element method.

Experimental procedures and results

The high voltage pulse generator in Osaka City University
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consists of Marx generator (500 kV, 6.25 kJ) and a Blumlein cir-

cuit (5 fl, 100 nsec). The anode of the conical diode consists of

plastic insulator Derlin (Du Pont) or metal (stainless steel) with

small part around the apex made from a substance which includes

the element and supplies the source of desired kind of ions as

shown in Fig. 1. The diameter of the anode is 11-12 cm and that of

the cathode is 8 cm. The anode has a metal center pin and the cath-

ode has an ion beam outlet hole (3.5 cm<(>) . The peak of the applied

voltage is 200-250 kV and that of the diode current is 30-35 kA.

When the whole anode or the apex part of the anode is made

from usual plastic including hydrogen the time of flight of pro-

duced ions is that of protons with energy of ^200 keV. When the

part around the apex is made from Teflon the time of flight of ions

is consistent with that of carbon or fluorine ions with single cha-

rge and the same energy. The ion beam current is about one fourth

of that in the case of proton beam.

A B

Fig. 1. Two types of anode.

The radial distribution of the ion beam current density in

the case of a diode with usual plastic anode (type A) was measured
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by a biased ion collector. On the assumption that the distribution

is Gaussian A exp(-rVa2), the radial distribution of the ion beam

current density (at 12 cm from the apex of the anode) is express-

ed by

J±(r)=587 exp(-r
2/0.882) A/cm2. (1)

The observation of the trajectories by a shadow box with mini=

hole (1.5-3.0 mm<f>) windows shows that the ion beam is emitted from

a small region. The trajectory of the ion beam was traced back to

the origin by connecting the mini-hole with the projection by the

ion beam deposition on a plate at a distance q (1-2 cm) from the

window (see Fig. 2). All trajectories intersect at the apex of the

diode within the error of the measurement.

The diameter of the origin <|>0 can be estimated by that of the

projection <f> and the window 6 from the next equation
p w

as shown in Fig. 2(b)f where p is the distance of the window from

the diode apex.

«s p .

~
(a)

(b)

Fig. 2. Trajectories of ion beam from the origin to
mini-hole wondows and projections, 0: origin,
W: mini-hole window, P: projection of ion beam,
p: distance between the diode apex and- window,
q: distance between window and rprojection,
$Q: diameter of the origin, $ : diameter of window,
* : diameter of projection.

The diameter of the projec t ion on an aquadag coated aluminium
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foil does not depend on the intensity of the ion beam. The mean

value of the diameter of the origin calculated from the values of

diameter of projection by thirteen mini-holes is 5.9 mm.

Approximating the origin by a point source, we can express

the angular distribution of the ion beam current density from the

above radial distribution Eq. (1) by J (6)=Aflexp(-8
2/62), where

6 =0.88/12=0.073 rad=4.2°. The diameter of the deposition pattern

on a witness plate (aluminium vaporized myler) at 15 cm from the

apex of the diode is about 2.3 cm, this is consistent with the ab-

ove angular distribution.

The ion beam current within the deviation angle 6 is
'a °

587 exp(-r2/0.882)2irrdr=900 A.
o

From these values and the size of the origin the brightness

i(9<^=Ii(r<a)= \

and the power brightness1' of the ion beam source can be estimated

as follows

Brightness B=Ji/TreiY29^ =447 MA/cm2sr,

Power br ightness ^ = J i V / 6 2 =1.19xlO11 W/cm2sr,

where J ± ( a t origin)=900/TT(0.3)2=3.18x103 A/cm2, 32=4.25x10"", y2

=1.0004, 6a=0.073 rad.

500

0i(r)

2cm

0

Z

Fig. 3. Relative position of arrangement of the diode and
ion beam collector, the radial distribution Eq. (1) and
trajectories at deviation angle 6 .

- 222 -



In Fig. 3 the relative position of the arrangement of the di-

ode and the ion collector, the radial distribution Eq. (1) and the

trajectories at the deviation angle 6 are shown.

In the case of the carbon or fluorine beam the diameter of the

deposition pattern on a witness plate (brass or copper plate) is

smaller than that in the case of proton beam.

Numerical simulation of characteristics of diode

Two dimensional numerical simulation of the motion of elect-

rons and ions in the electric field is calculated. Poisson equation

is solved by the finite element method in axial symmetric cylindri-

cal coordinate. This method is advantageous for conical electrode,

because the size and the shape of the element can be choosed freely

to fit the condition of the electrode.

In this calculation about 300 elements are used, the number of

the node points of which potential are unknown is about 120 and the

motion of about 1500 electrons and nearly the same number of ions

are calculated. The time interval of one process is 1x10"lI sec for

the calculation of motion of electrons.

The continuity of the electron flow in the direction to the

apex of the anode is take into account for the calculation of the

self magnetic field by the electron current. The condition of char-

ge neutrality is also included.

Some results of calculation are shown in Fig. 4.

Conclusion and discussions

By a pinched electron beam diode with electrodes in a conical

shape a semi-point-like source for intense ion beam with high bri-

ghtness was obtained. The brightness and the power brightness are
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(a) disposition of elements for (e) electric equi-potential
calculation of electric field surface
and emitting layer of electrons
and ions

(c) ion flow (d) electron flow

(e) trajectories of ions

Fig. 4.

(f) trajectories of
electrons
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about 450 MA/cmzsr and 0.12 TW/cm2sr respectively. These are fair-

ly high Values among the brightness of ion beam sources at low

voltage operation previously published1^.

The ion beam of other than proton can be produced from a ama-

11 source by this diode.

Numerical simulation for the conical diode is calculated, the

finite element method is available for Poisson solver in this kind

of simulation.

The brightness, efficiency and ion beam current of this type

of diode with small apex angle 6,, can be raised to large values at

high voltage operation, because che efficiency of ion beam produc-

tion is proportional to (3. and the aspect ratio R/dsin6.

The ion beam of this diode is emitted from nearly point-like

source and paraxial, it can be focused by a lens system with small

aperture and does not require a strict condition for the spherical

aberration.
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Abstract

Experiments of intense electromagnetic wave generation in the

frequency range of cm-mm microwave are carried out on the basis of

the interactions of an IREB and various structures surrounding the

beam. The results of the recent study using an IREB (particle

energy of 0.B CleU, peak intensity of 10 kA and 10 ns duration) in

the regimes of collective Raman FEL and electron cyclotron maser

in the axially periodic and transverse higglers are described and

discussed briefly. An intense radiation of 20-25 GHz is observed

in a considerably narrow range of the guide magnetic field and

reasonably attributed to ECfi mechanism. Although the effect of the

higgler field on the frequency spectrum of the generated e.m. waves

is clearly seen, no distinct Raman FEL radiation is identified in

any geometry. Compared with a simple linear theory it is found

that the identification and the determination of the detected radi-

ation modes are oc crucial importance especially under the effect

of the strong axial uniform magnetic field imposed to keep the

macroscopic stability of the RE9. More exquisite diagnostics of
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the IREB parameters are needed to get a better coincidence uith

the theoretical predictions.

Introduction

The family of free electron laser devices as a tunable source

of coherent (submillimeter-hundreds micron) radiation includes a

variety of modes of the experimental configurations in terms of

hard ware elements and related physical mechanisms used therein:

1) A relatively tenuous electron beam of high particle energy

(several hundreds MeV to a feu GeU) can be stored in a storage ring

facility and transversewigglers located along the orbits are used

wjth appropriate mirrors to induce the laser activity for a sub-

micron wave radiation . 2) Electron linacs specially designed

produce a rather intense electron beam of several tens to hundreds

WeU and also can generate a coherent light in visible to far-infra-

red range due to single pass interaction of the beam with a trans-

2)

verse or helical higglers . 3) Another typical mode of FEL expe-

riment is the scattering of an incident pump wave by the longitudi-

nal plasmawaves accompanied with an IREB of low particle energy (

~ MeV) and high intensity (several to hundreds kA) in Raman

scattering regime . Pump wave could be static field such as

various types of wigglers, or an electromagnetic wave injected from

outsied of the beam. If the beam is not intense enough, the sca-

ttering would be due to the interaction of the individual single

particles with the pump in Compton regime at in the case of the

category 2). The collective Raman FEL has been considered to be a

possible powerful source of a coherent radiation of (sub)millineter

range because available intensity of current IREB could be very

large and a high conversion efficiency of the electron particle

energy to e.m. waves is expected theoretically, although the
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operation is limited to be pulsiue. Theoretical work in this

regard has to consider the radiation problem of a dense relati-

vistic electron propagating in wiggler field plus an axial

magnetic field which is imposed to contain the beam against the

effects of the self-fields4.

Uarious possible distribution functions of particle could

lead to many types of compled equilibrium state and self-field and

moreover, electron cyclotron motion in the axial guide field may

cause strong influence on FEL operation .

Work on applying an IREB to intense electromagnetic wave

generation has now been in progress for several years at Kanazawa

University. So far Cherenkov maser using a periodical slow wave

structure and electron cyclotron maser (gyrotron) have been the

principal experimental configuration studied. In this report we

describe the recent result of a collective Raman FEL experiment

carried out with longitudinal or transverse wiggler field in

addition to a uniform axial magnetic guide field. Emphasis is laid

on the resonance effect which could enhance the FEL radiation, due

to the axial field and the cavity structure surrounding the beam.

The cavities have cross sections of circular and rectangular

symmetries depending on the species of the wiggler. Care is taken

of the identification and thediscrimination between the modes of

the generated waves considering the dependence of the frequency

spectrum on the variable experimental parameters such as the axial

field strength , the periodicity and intensity of the wigglers,

the cavity dimensions and those of the IREB. The result is dis-

cusser) in the light of a simple linear theory to give some

preliminary cinclusive remarks, which could be useful as a guide

line for the future research.
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Experimental Apparatus

The experimenta set up used in this research is composed of

an IREB generator, a guide magnetic field system, the wigglers,

the cavities in which the beam propagates and the diagnostic

equipments for the frequency spectrum of the generated waves and

the IREB parameters. The details of the hardware elements are

described elswhere . Fig. 1 shows a schematic figure of the whole

assembly. The model Pulsrad 105A of Physics International supplies

with an IREB (max. particle energy of 0.6 MeU, peak intensity of

10 kA and typical pulse duration of 10 ns) which is injected into

a uniform guide magnetic field. The guide field is jbtained with

a superconductive cylindrical coil and can be reaise up to 1.2 T.

The axial field is kept constant in time with the accuracy of 10" .

The spatial field distribution along the axis is uniform within

^ 0.1 % throughout the total length of 60 cm. The vacuum chamber

made of brass works also as the resonant cavity and has a circular

or rectangular cross section in accord with the symmetry we wish

to require in the experiment. The diode is designed so as to get

the electron beam of a circular hollow structure or a sheet-like

form depending on these cases respectively. The cylindrical cavity

(drift tube) has an inner diameter of 16 mm. The rectangular one

is a standard size x-bandwaveguide. The end of the cavity is

vacuum-sealed with a sheet of polyethylene film. Through this

window the cavity is directly coupled u/ith the long dispersive

waveguide line. The diode and the cavity which begins a few cm

downstream therefrom are usually immersed in the uniform region

of the guide field.

A wiggler field which is also constant in time can be super-

imposed with the guide fieldand controlled in its strength from

zero level up to about 10 % of the axial field. Two kinds of the

wigglers with the same periou'icity of 4 cm are used: one produces

- 229 -



an axially symmetric field which shows a sinusoidal variation along

the axis and has mainly longitudinal component near the axis, and

the other produces a transverse periodic field as in the usual

undulators. Both types of the wiggler have 10 periods (over 4D

cm).

Exquisite neasurement of the- frequency spectrum of the genera-

ted wave using a single shot of the IREB is highly required especi-

ally in the FEL experiment in the collective Raman regime in view

of the relatively poor shot to shot reproducibility of the IREB

parameters. We used a long ( ~ 100 m) dispersive line of the

standard x-band waveguide in order to analyse the frequency of the

radiation by the flight time in it, in situ and in the short inter-

7 )mission between the shots (typically 2 min. ) , The use of the

x-bsnd waveguide limits the frequency range studied in this work

below 30 GHz, so that our principal concern is on the analysis of

the e.m. wave generation in the neighborhood of the cut-off of

the cavity. The RF signal given by a single shot of the IREB is

being extended depending on the frequency components by the dis-

persive line and received at its end by a crystal detector (1N31).

fin oscilloscope with digital memories (TS-8123, Iu/asaki Co., Ltd.)

is used for displaying the result. The data stored in the memories

are processed in the scope and sent to a connected small computer

system (HP-SB). Computer graphic presetation of thus processed

results takes typically 1.5 min.

Fig. 2 shows the wave forms of a) diode voltage and current,

b) the detected wave bignal at the end of the dispersive line

(displayed by a Tektronix 7834) and c) the same signal as in b)

but displayed by TS-8123 and reproduced after the processing in

HP-86. It should be noted that the IREB duration is short enough

to cause a negligible uncertainty in the measured frequency
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spectrum.

A brief chart showing the interfaces connections between the

oscilloscope, computer and the other subsidiary parts is given in

Fig. 3. The calibration of the frequency measurement system is

carried out using a standard microwave source equipped with a gunn

oscillator in x-band. The radiated power of the generated waves

is also estimated by a similar standard microwave technique, but

there is a rather large ambiguity accompanied with the measurement

of such short burst of intense radiation, so that it hinders us

from making a decisive conclusion on this regard, although the

peak intensity of the radiation is estimated to be at the level of

several hundreds kUI. The IREB intensity was measured with a cali-

brated Faraday cup. The single particle energy in the beam is one

of the most troublesome parameters related to the IREB diagnostics.

For the time being we do not have any reliable method to measure

it directly. Application of the laser scattering by the IREB

might be promising. Diagnostics of particle energy will be dis-

cussed later.

Experimental Results

1. Case without Uiqqler

Figs. 4a)-d) are three dimensional diagrams showing the

frequency spectra of the generated waves obtained in the case where

the configuration has an axial symmetry (cylindrical drift tube and

hollow beam) and no wiggler field is applied. 4a) and c) are the

signals displayed on the oscilloscope and therefore the horizontal

axis is scaled with the time of flight of the waves in the disper-

sive line. In 4b) and d) the abscussa is converted into a linear

frequency scale by the processing executed in the connected compu-

ter. The variable parameter in this experiment was the strength
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of the guide field. Wear the cut-off frequency ( ~ 10 GHz for

TE, , mode) there is always noisy background radiation. For a

rather limited range of the guide field (5.05 -5.59 kGj a remark-

ably sharp peak of the radiated pouer spectrum appears at the

frequency of 20-25 GHz. Similar peaks can be seen for higher guide

field over a wider range (7-11 kG). The former peak is well

identified by diverse measurements to be TCI-, mode, while the

latter can not attributed to any higher mode. It is plausible

that some plural modes are mixed and piled up. Sometimes a quite

shaip peak is observed for a definite guide field in a lower

frequency side ('WO GHz) as seen in Fig. 4d) (for the guide field

of 11.05 kG), the mode of which is not determined yet. The

radiation signals have had quite well shot to snot reproducibi.1 ity

in their intensity as well as in the patterns of the frequency

spectrum.

The radiations described above can not be due tn any other

mechanism than the electron cyclotron maser, although the ECfl

theory has not been sufficiently developped for the dense relati-

vistic electron beam where the self-field related to the beam

takes an essential part in its radiative activity.

When a sheet electron beam is injected into a rectangular

cavity (without any wigqler), incontrast with the axially symmet-

ric case mentioned above, the microwave radiation in the range of

our measurement was generally very weak and practically no extin-

guished burst of e.m. waves was not observed for the axial guide

field of 3-12 kGK.

MBelow 3 kG, the guide field is not enough for keeping the stable

propagation and the intensity of the beam is considerably reduced.
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2. Case with Wiqqler

a) Cylindrical Cavity and Longitudinal Wiqqler.

Fig, 5a) and b) give the frequency spectrum of the generated waves

in a smooth cylindrical cai/ity with the uniform axial guide field

plus a lonqitudinal wiggler field. This configuration is called

8 ̂
"LOWBITROIM" by the MIT group '. fls seen in Fig. 5b) inhere the

abscissa is represented in a linear frequency scale, the effect, of

the wiggler appears in the enhancement of the radiation with a

frequency close to the cut-off of the cavity mode from the back-

ground noise level. The enhanced wave has a remarkable narrow

frequency width and reaches its maximum intensity at the wiggler

field of about 400 G. The induced radiation then saturates and

gradually decreases as the wiggler field goes higher. On the

contrary the principal mode of the radiation due to the ECM does

not show any significant change with various values of the wiggler

field.

b) Rectangular Cauity and Transverse Wiqgler.

Fiq. S shows the spectrum of the waves emitted with the IREB

injected into the rectangular cavity with a transverse wiggler. In

this case radiation is inactive in every case and transverse

wiggler does not give ary noticeable influence on the spectrum.

The choice of the axial guide field (that is, 9.82 kG in this case)

ia arbitrary, however, for any range of the guide field, active

burst of the e.m. waves could not be observed.

Discussions and Conclusive Remarks

Detailed theoretical analysis of the results including the

non-linear dynamics of the beam and the generated waves is in

progress and will be reported later. From the point of view in

the framework of the simple linear theory, it seems that there
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might be involved some unknown factors which can dominate the

observed results. So far as the experiments without the uiggler

tell us, there is no doubt about the conclusion that the ECM

causes the narrow peaked spectrum which appears in the range of

the guide field of '*- 5 kG. Fig. 7 shows the well-known dispersion

relations of the various modes in the cylindrical cavity and of

the beam cyclotron wave. For determining the particle velocity in

the beam, we assume a simple form of the distribution function of

the particles in velocity space. Then calculated are the proper-

ties of the self-magnetic and electric fields related to the dense

electron beam, such as the distribution of the self-magnetic field

and above alll the kinetic particle energy depression by the space

charge field of the beam. The beam parameters are thus determined

so as to be consistent with the relations required from the equili-

brium conditions and the energy-momentum conservations. The

particle velocity jS is to be 0.78-0.82 (which should be compared

with 0.85 for a single electron of 0.5 CleV) from this indirect way

of estimation.

A simple linear theory predicts that the maximum growth rate

of the unstable wave is expected where the beam cyclotron wave has

a dispersion relation which is tangential to that of the cavity

9)mode . The resonant field of 5 kG and the frequency range of 20-

25 GHz are well consistent with the theory. The radiations appear-

ing for higher axial field without wiggler could be due to the

interaction between the Tlyt1 . mode and the bean wave propagating

backwards, although more detailed analysis is required to justify

the conjecture.

It is still unclear if the enhanced radiation by the londitu-

dinal wiggler is due to the Raman collective FEL. From a consider-
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ation of the momentum conservation between the waves there remains

a possibility that the radiation could be a Raman FEL wave with

the mode TE, . .There are still a lot of questions to be qnswered.

Although the FEL radiation was not detected in the rectangular

geometry, the difference between the results obtained in these

typical two cases is very cleary demonstrated. We may now state

some preliminary but conclusive remarks from our experiments as

folloms:

1) In the smooth cylindrical cavity, intense microwave (20-25

GHz ) is excited in the range of the guide filed of 5.1-5.6 and

7.5-10.9 kG. The former is well identified to be an ECM emission

with TMQI mode of the cavity,

2) The modes of the emission in higher field have not been identi-

fied. It could be higher modes and harmonics, though it seems

rather showing a continuous change over a wide range of the guide

field.

3) With cylindrical cavity, hollow beam and a longitudinal wiggler

(so-called Lowbitron) the only effect of the wiggler is the appear-

ance of a new enjanced sharp peak in the spectrum close to the cut-

off of the cavity (near 10 GHz). It is not due to ECM, but still

unclear if it is related to Raman FEL.

4) In transverse wiggler with rectangular cavity, radiative acti-

vity including ECM is considerably weak.

5) ECM radiation dominates in most cases, which thus masks FEL

emission.

6) Very careful identification of modes and mechanisms of observed

e.m. wave generated by an IREB is the key factor, especially in

the case where a strong axial guide field is needed.
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Fig. 2

TYPICAL PULSE FORMS

Id
Vd

10
430
10

kA/d
kV/d
ns/d

Micro-wave signal
7834(7A19)

vert. arbi.
100 ns/d

Micro-wave signal
TS-8123

50 ns/div

- 238 -



Fig. 3
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Intense Pulsed Light-Ion Beam Generated by Planar Type
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Abstract

New type of ion diode named "Planar Type Self-Magnetically

Insulated Diode" (PSID) has been developed. By using a 1.5-mm-

thick-polyethylene sheet as an anode surface, we have obtained

V, (diode voltage) % 886 kV, I, (diode current) -v 180 kA, and

I. (net ion current) 'v- 52 kA, yielding the diode efficiency of

ion production to be ^ 30 %. Multiple-shots operation (more

than 40 shots) has been possible with good reproducibility in

such a relatively high powers above,

I. Introduction

Efficienct generation of an ion beam is one of the most

important themes in an inertial-confinement fusion (ICF) by an

intense pulsed light-ion beam (LIB). It is required for us

to develop the LIB having a large amount of brightness factor

(P, ) that is given by

J.V

J
where J. is the ion-current density, V is the applied voltage,

and 9 is the divergence angle. As is evident from eq. (1),

ion diodes having large J. and small 9 should be developed.

Furthermore, we also need ion diodes haveing ability of multiple

shots operation and that of long life time.

In the past, several types of ion diodes have been proposed



such as reflex diode, ' pinched electron beam diode, mag-

netically insulated diode (MID), and self-insulated diode

(SID). ' Right now, the MID seems to be the most promising

candidate as the LIB driver, since it fives high efficiency of

ion production. ' In the MID, however, the equipment

becomes complicate in the presence of an external B field. In

the pinched electron beam diode, the current taken from the

unit area of anode is relatively large. However, the diver-

gence angle is large particularly at the central region due to

an irradiation of electrons. Moreover, there are problems in

multiple-shots operation and/or its lives. Self-magnetically

insulated iiode has been proposed by VanDevender et al. The

diode efficiency, however, was found to be not so high due to

the facts that the insulated magnetic field tends to be weaken-

ed in the outer region of the diode and that the current path

of electrons is relatively wide.

In this paper, we wish to report the development of a new

type of diode named "PSID" that can be operated for multiple-

shots with good efficiency of ion yield. ' '

II. Principle

Figure 1 schematically illustrates the basic principle of

the PSID. Since both anode and cathode are simply parallel

plates in shape, we have named it the PSID. Pulse-forming line

(PFL), anode, anode-cathode gap, and cathode make up a diode-

current loop that produces an insulating magnetic field in the y

direction. If the diode current (I,) exceeds a critical cur-

rent (I ) ' (y,*; cathode width, d, »; gap length between a-
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o "1/2
node and cathode, y = d - 3 ) )»

(2)

the motion of electrons can be magnetically insulated. The e-

lectron current tends to move toward the anode edge due to the

E x B drift, and thus an active area of the anode is basically

protected from the bombardment of electrons. Ion source stuck

on the anode is initially irradiated by electrons emitted from

the cathode before satisfying eq. (2), and surface flashover

takes place. Ions in the anode plasma is accelerated by an E z

field, and is extracted into a drift space through a perforated

cathode.

Features of the PSID can be summarized as follows.

1) It is very simple.

2) Active area of anode is protected from the bombardment of

electrons, which tends to be concentrated around the anode

edge.

3) Cross section of the beam is rectangular, hence resulting

in effective utilization of the center of the diode.

4) Suppression of electron current is also possible due to a

pinch of the electron current toward the edge.

5) Reduction of the magnetic field is relatively small around

the anode edge.

6) Since the potential at the cathode is zero, the beam poten-

tial is kept to be zero, being different from the SID. ̂

III. Experimental Apparatus

Figure 2 shows the schematic of the experimental arrangement.

The experiment has been carried out in the pulse-power machine
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called ETIGO-I at the Technological Univ. of Nagaoka,6 "

which comprises a Marx generator of 43-kJ of stored energy. The

design parameter of the beam output is 14.4 kJ (voltage 1.2 MV,

current 240 kA, pulse width 50 ns). A polyethylene sheet (rec-

tangular, 170 mm x 140 mm x 1.5 mm ) covers the whole surface of

the anode (aluminium). The cathode consists of a perforated

iron plate (rectangular, 120 mm x 100 mm x 2 mm ), and has a

transparency of ^ 50 %. The gap length between anode and

cathode is d._„ = 10 mm. To avoid discharges between cathode

and vacuum chamber, the diode assembly tilts ^ 5 with respect

to the z axis. Diode voltage and current are measured by a

voltage divider (CuSO,) and a Rogowski coil, respectively.

Various measurements on behaviors and properties of the beam e-

xtracted are carried out by a biased-ion collector (BIC), a

shadow box, a carbon activation technique, or a Thomson parabola

method.

IV. Experimental Results

Figure 3 shows typical waveforms, diode voltage (V,), di-

ode current (I.), cathode current (I. ), and ion-current den-

sity (JL) . From Fig. 3 (a), we see Vd ^ 890 kV, Id 'v. 180 kA,

and T, (pulse width of V,) °» 80 ns (FWHM) . The inductively

corrected peak voltage has been found to be ^ 530 kV at the

root of the diode. In this case, we calculate I ** 33.7 kA

and IJ/I from eq. (2), and hence electrons can be magnetical-

ly insulated by the self field. The impedance keeps to be ^

5f2 between 30 and 70 ns after the start of the voltage pulse.

From Fig. (a), in addition, we see I, "v. 150 kA at the peak.

The long tail seen in the later stage of the pulse seems to be

due to short circuit between anode and cathode by plasma. From
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9

Fig. 3 (b), we obtain J. ^ 140 A/cm at the peak.

Figure 4 shows a spatial distribution of J.(r,z). The
2

maximum value is J. *> 140 A/cm at z = 40 mm and x = 0 mm. The
2

averaged density at z = 40 mm is obtained to be J. ^ 110 A/cm .

Since the transparency of the cathode is 50 %, the net ion cur-
2

rent density is 'v* 220 A/cm , which exceeds a factor of ^ 5

over a space-charge limiting current of protons. Multiply-
2

ing the anode area of 238 cm , we calculate the total ion cur-

rent generated from the anode to be I. *\» 52.4 kA. Hence, the

diode efficiency defined by IJ/IJ is evaluated to be <*> 29 %.

Figure 5 shows proton number plotted against distance from

the anode. The experiment has been carried out of the PSID

with the flashboard anode of polyethylene sheet (1.5 mm thick)

without knock pins. The proton number has been determined by

a carbon activation technique, ' where the area of carbon target
o

is 20 cm (4-tnm thick). A Nal(Tl) scintillator-multichannel

pulse height analyzer system has been utilized as the detector.

We see the proton number is n ^ 1 x 10 /shot at z = 20 ^ 80

mm downstream from the anode. At z ̂  80 mm, the proton number

begins to decrease.

Figure 6 shows beam trajectories measured by a shadow box.

A thermo-sensitive paper has been used as a damage plate. From

these trajectories, averaged values of local divergence angle ($)

and deviation angle (6) at z = 10 mm can be evaluated as

o e
$ -v 2.6, 6 -v. 6.5 ,

that are a little bit larger than those obtained in the MID re-

ported elsewhere. ' ' From fig. 6, in addition, trajectories

at z < 100 mm are seen not to be expanded outward, and hence the
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beam moves almost straight toward the downstream. At z ̂  150

mm, however, the beam tends to be diverging outward, particularly

the beam in the outer region.

To study bombardment of electrons onto the anode edge, we

have taken a pinhole photograph of X-ray, a sample of which is

presented in Fig. 7. Clearly, the electron current tends to

be pinched toward the center of anode edge, as is supposed from

Fig. 1.

Furthermore, we have also sutied beam intensities as the

materials of the ion source are changed. Four types of ma-

terials have been tested, i.e., acryl (Lucite), polycarbonate

(Lexane), teflon, and polyethylene. To obtain damage patterns

, we have placed the copper plate at z = 40 mm downstream from

the anode. Figure 8 shows a typical result of damage patterns

on the copper plate. From Fig. 8, we see both acryl and poly-

carbonate are strongly damaged, whereas those of teflon and

polyethylene are relatively weak.

V. Discussion and Conclusion

To examine flashovsr mechanism of ion source on the anode

surface, we have studied its cross section in detail by a micro-

scope, a sample of which is presented in Fig. 9. From Fig. 9,

we see clearly the presence of many tracks of discharge at t

(depth) =» 0.3 ^ 0.8 mm downstream from the surface. The cor-

responding energy of electrons can be evaluated from Fig. 9.

Using an empirical formula that gives a range of electrons in a

polycarbonate (E; energy of electrons)

Re = 0.412E
1-265 " °-09541 l n E (g/cm2), (3)
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we estimate

E = 180 % 340 keV

corresponding to t = 0.3 ^ 0.8 m mentioned above. Hence, it

seems to be possible for us to guess that the surface flashover

is strongly affected by such an initial irradiation of lower-e-

nergy electrons of the incident voltage pulse.

Finally, it is noted here that the above experiment has

been carried out in the PSID having flashboard anode without

knock pins. Although we have done the same experiment in the

presence of knock pins, noticeable changes have not been ob-

served in the diode properties (e.g., ion-current density), be-

ing significantly differs from the MID.17^ From these studies

, we conclude that surface flashover is mainly affected by the

electric-field strength on the anode surface in the MID, where-

as that by initial irradiation of low-energy electrons in the

PSID.
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Fig. 1 Basic principle of the PSID.
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Fig. 2 Schematic of the experimental arrangement.
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Fig. 3 Typical waveforms of the experiment;

diode voltage (Vd), diode current (I.)

cathode current (Ik) and ion-current

density (J^) measured by BIC at z = 40

mm and x = 0 mm.
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Carbon-Activation Method of PSIDCwithout Pins)
Carbon Area = 20 cm2

Vd = 880 kV
Id = 172 kA

dA_K= 10 mm
Flashboard Thickness = 1.5 mm

20r

t
0 50 100 150

Distance from Anode ( mm )

Fig. 5 Proton number measured by carbon-activation tech-

nique as a function of distance from the anode.
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Propagation of Intense Pulsed Proton Beam through

Wall-Initiated, Overlapping Plasma Channel
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K. Yatsui

Laboratory of Beam-Fusion Technology, The Technological Uni-

versity of Nagaoka, Nagaoka, Niigata 949-54

Abstract

Experimental studies are presented of the propagation of an

intense pulsed proton beam through a wall-initiated, overlapping

plasma channel in the presence of retrun paths. From measure-

ments by an image converter camera and a small-sized magnetic

probe, we have found the compression of the main channel (or

deformation) due to the enhancement of azimuthal magnetic field.

The enhancement of the beam power density has also been verified.

Good propagation efficiency has been observed in such an over-

lapp ing s cheme.

I. Introduction

In an inertial-confinement-fusion (ICF) reactor driven by an

intense pulsed light-ion beam (LIB), it is required for us to pro-

pagate the LIB over several meters between ion diodes and target

1 2)

by use of z-discharged plasma channels, ' ' For example, sever-

al tens of channels might be arranged radially about the target.

Hence, these channels are affected by each others particularly

near the target. In some geometry of the main and return chan-

nels, the power density of the beam will increase due to the en-

hancement of the azimuthal magnetic field strength.

In the Technological University of Nagaoka, we have studied
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the propagation of a proton beam (energy ^ 800 keV) through a

wall-initiated plasma channel (1-m long) at a channel pressure

of 0.1 ^ 10 Torr (air). % ' Good propagation efficiency has

been observed more than of % 70 %. In some cases, however,

it has also been found that the beam ceases to be transported,

and that sausage instability takes place in such a non-trans-

port region.

In this paper, we wich to report the experimental studies

of the beam propagation through an overlapping plasma channel

in the presence of return paths. ̂  ^ Behaviors of the over-

lapping channels have been studied in detail. Finally, the

propagating characteristics of the proton beam will be studied

in such a scheme.

II. Experimental Apparatus

Figure 1 shows schematically the outline of the experiment-

al apparatus. ̂  The amin channel is 50-cm long, and the re-

turn paths in both sides 30-cm long. These channels are 20-mm

in inner diameter. The return paths tilts 10 with respect to

the main channel. The proton beam is injected into the main

channel through a collimator of 12-mm in diameter. The channel

is fired by a 3.4-kJ capacitor bank (1.9-yF, 60-kV), and normally

charged at V , (charging voltage) = 20 ̂  30 kV. The channel

pressure studied is p , = 0.5 *> 10 Torr (air).

The whole assembly above is connected with a pul.-.e-power

machine, "ETIG0-I", at the Technol. Univ. of Nagaoka.9 %11^ The

ion diode used in this experiment is a geometrically focused type

12 13)
, magnetically-insulated diode. ' The curvature of the anode

(focusing distance) is 160 mm. A polyethylene sheet (1.5-mm
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thick) is utilized as a flashboard anode. Normally, we have op-

erated the MID at V, (diode voltage) ̂  890 kV and 1^ (diode cur-

rent) 'v 58 kA. The pulse length of Vd is ^ 80 ns (FWHM, full

width at half maximum). A 2- ym mylar foil separates the diode

region (p, (diode pressure) ̂  10 Torr) and the channel region

(pch = 0.5 ^ 10 Torr). Roughly, 100-keV of energy is lost by

the presence of such a foil. Hence, ^ 800 keV of energy of

proton beam begins to propagate downstream the channel.

III. Experimental Results

Figure 2 shows typical wave forms of the channel current.

The current attains the peak at t ̂  1.9 ys after the closure of

the channel switch, having the peak current of I , ^ 22 kA. A-

round the peak, we see the presence of a current dip arising

from a pinch that will be mentioned later. The beam is inject-

ed into the channel around or just before the current peak.

Figure 3 shows streak photographs taken at x-x in Fig. 1.

The discharge of the main channel that initiates from the inner

wall tends to be pinched toward the central part as the time goes

by. The discharges in the return paths, on the other hand,

starts from the wall in the side of the main channel, and then

expands toward the outer region due to the difference of the mag-

netic pressure between the inner and outer walls. % '

Figure 4 shows the pinch velocity (v ) as a function of

channel pressure (Pch)• The pinch velocity here has been deter-

mined by the maximum slope of the main channel taken by streak

photographs. In Fig. 4, we also plot the theoretical value of v

14)estimated from a snow-plow model that is written by

vp = 30 E
1 / 2 P 0"

1 M (m/s), (1)
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where E is the electric field strength (V/m), and pQ is the

initial density of the matter (kg/m ). We have calculated the

value of E so that it is divided by the inductance of the chan-

nel (L , ^0.36 uH) and that of the wiring to the apparatus (L

-V- 0.75 uH) . From Fig. 4, we see that the pinch velocity de-

creases with increasing channel pressure, being in reasonable

agreement with the existing theory. Furthermore, the pinch

velocity is on the same order as that in the absence of the re-

trun paths. '

Cross section of the channel plasma has been measured by use

of an image converter camera with and without return paths.

Figure 5 shows the typical shape. In the case of a single chan-

nel, the cross section of the main channel is seen to be circle.

In the overlapping scheme, on the other hand, the cross section

is seen to change in time. Particularly, we see clearly an

elliptical shape of the main channel (or deformation) that is

due to the compression of azimuthal magnetic field strength be-

tween adjacent channels.

Using a small-sized magnetic probe, we have also measured

a distribution of magnetic field around the exit of the main

channel, the result of which is presented in Fig. 6. From Fig.

6, we see that the magnetic field strength increases in time,

and that the deformed shape of the main channel again appears

as is similar to Fig. 5.

From these studies of image converter camera and magnetic

probe shown above, we have clearly found that the main channel

is deformed by the presence of return paths. If the LIB is

injected into such a deformed channel, the Lorentz force is de-

creased, resulting in the decrease in the radius of the particle
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orbits. Consequently, we may expect the enhancement of the

energy density of the LIB. In order to examine such an expec-

tation, V7e have carried out the propagation experiment of the

beam in the "ETIGO-I". As to the propagation efficiency of the

beam, we have measured the proton number by use of a conventional

carbon-activation technique. ' ' To measure it directly, we

have set a slit of 5-mm width in front of the carbon target

placed at the exit, as shown in Fig. 7. Eventually, the slit

limits the carbon (and hence the proton number) in the vertical

(y) and horizontal (x) directions. The cross section of the

carbon is the same, being to be 1 cm . Measuring the proton

number at the exit in both direction (N and N ), we have thus
y x

evaluated the effect of the deformed channel and/or the interac-

tion of the overlapping channels.

Figure 8 shows the relation of N vs N . From Fig. 8, we
y x

see clearly N > N in the whole region, which reasonably corre-
y x

sponds to the deformation of the main channel shown in Figs. 5
and 6. In addition, Figure 9 shows the relation of N,,/N. vs

y x

channel pressure. The ratio of N /N decreases with increasing
y x

channel pressure. It seems to be due to the fact the the lower

the pressure, the faster the time to form the magnetic field.

Finally, we show the result of the propagation experiment

of the proton beam. Figure 10 shows the propagation efficiency

of the proton number vs channel pressure, where the solid line

represents the theoretical estimate obtained by considering

stopping power due to scattering between proton beam and bound

electrons (or partly free electrons). ' The incident proton

number here is 2.03 x 10 /shot. From Fig. 10, we see the maxi-
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um propagation efficiency in such an overlapping scheme is ~

33 % at p . = 1 Torr, being in reasonable agreement with the

theory. The efficiency decreases with increasing channel

pressure. In a high pressure region, however, the experimental

data is considerably lower than the theoretical estimate. The

reason of such a discrepancy is studied in detail.

IV. Conelus ions

Adding two return paths (30-cm long) in both sides to the

wall-initiated, main channel (50-cm long), we have studied the

propagation of the intense pulsed proton beam (energy i» 800

keV). The conclusions obtained here can be summarized as fol-

lows.

1) The discharge in the main channel strats from the wall, and

tends to pinch toward the center. The pinch velocity meas-

ured experimentally reasonably agrees with that estimated

from a snow-plow model. The discharge of the return paths,

on the other hand, starts from the wall in the side of the

main channel, and expands toward the outer region due to the

difference of the magnetic pressure between the inner and

outer region.

2) The magnetic field of the main channel increases due to the

presence of return paths to form a elliptical shape.

3) Clear evidence has been obtained of the enhancement of power

density of the beam through such a deformed channel.

4) The maximum propagation efficiency of 33 % is obtained in the

overlapping scheme at p ^ = 1 Torr.
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Fig. 1 Outline of experimental apparatus.
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Fig. 2 Typical waveform of discharge current.
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Fig 3 Streak photographs taken at x-x' of Fig. 1.
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(a) Single Channel (b) Overlap Channel
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current
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current

t t
Image Converter *
Camera (I mac on 790)
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t=1-8}J36C

t=20)jsec

t=22/js?c

t=2-4usec

(b)

20mm

Fig. 5 Streak photographs of cross section of

main channel; a) single channel, b) over-

lapping channel.
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p =1 Torr . I -30kA
ch ch

10mm

a) t =0-5jJsec

R Return Channel

b) t=1-0psec

c) t=1-5jjsec d) t=2-0}Jsec

Fig. 6 Distribution of magnetic field in main channel.
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Main Channel

Return
Channel <=iH

Y

L,

Return
Channel

Fig. 7 Method to measure proton number with carbon-

activation technique, where protons are counted

in the shaded area limited by a 5-mm-width slit.

2 7 " Vd =887kV

I I I I

Efietlve Target Area
- 1 cm1

/

1 2 3

Pro ton Number
J3.

to X Direction , Nx (10 /shot)
Fig. 8 Relation of N and N .
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o
o

CC 1.2

Vd = 887 kV

160 mmR Anode

0.5 1 2 5

Channel Pressure , p . (Torr)

Fig. 9 Ratio of N/N x vs channel pressure (Pch)
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PULSED, HIGH REPETITION AND HIGH VOLTAGE POWER SOURCE

Juichi IRISAWA, Hironori KUMAZAKI, Saburo TAKANO

and Shingo IMAZU

Department of Electrical Engineering

Technological University of Nagaoka

Nagaoka, Niigata, 94-9-54-, Japan

In this paper, we have tested the applicability of a series

use of thyristors as a switching element in a transformer type

accelerator. At the same time we have shown a utility of a

diode connected parallel to a thyristor as a bypass circuit to

perform so called a dual resonance mode.

1. Introduction

The most common system of generating a high current Light Ion

Beam for inertial confinement fusion is composed of the Marx-

generator, a pulse forming line, a transmission line and a diode.

A repetitive operation of 10-100H seems to be difficult in this

system. On the other hand, a transformer type accelerator which

is favorable for a repetitive operation has been developed in

many laboratoriesC1}'(2}'(3}.

In this paper, we have tested the applicability of a series

use of thyristors as a switching element in a transformer type

accelerator. At the same time we have shown a utility of a diode

connected parallel to a thyristor as a bypass circuit to perform

so called a dual resonance mode.

2. General Description of Transformer Type Accelerator

A schematic circuit of high voltage transformer system is
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shown in Fig.l. A resistivity is neglected for simplifing the

circuit analysis. Performing the computer simulation on this

circuit, we can find three typical mode which are favorable for

repetitive systems. Using a coupling coefficient k and a tuning

ratio T defined as a ratio of a primary frequency to a secondary
(h )

one, the characteristics for each mode are described as follows.

(1) k = 0.8 , T = 1.0

A voltage and a current of primary and secondary circuit

in this mode are shown in Fig.2. The secondary voltage V, has a

maximum in a first half cycle. This is a favorable for a high

voltage machine because of a short charging time of the capacitor

C,. In addition, a life time of an insulator used in a trans-

former is prolonged for the transformer experiencing no high vol-

tage reversal. This has an another merit for a switching element

used in a secondary circuit that a stable operation is possible.

On the other hand, this mode has several demerits for repetition.

When Vj reaches its maximum, the secondary current I« is still

flowing. This cause a difficulty of current interaption for a

nessesity of repetitive operations. Energy transfer from a prim-

ary to a secondary is not optimum in this mode.

(2) k = 0.6 , T = 1.0

Typical wave forms of a voltage and a current in this

mode are shown in Fig.3. This mode is called a dual resonance.

V« reaches its maximum in second half cycle. At this time, VL,

1* and I2 equal zero. This means the energy transfer from a prim-

ary to a secondary is 100 percent. As for the switching opera-

tions, there exists no problem because a ratio of a second peak

voltage to a first one is two.
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(3) k = 0.525 , T = 0.147

Typical wave forms of V and I in this mode are shown in

Fig.4. The primary current does not reverse till the secondary

voltage reaches its maximum. This means that the switch used in

a primary circuit has only a characteristic of unidirectional

enough. The energy transfer, however, is not optimum as the same

as the case (1).

The results of a simulation of a voltage coefficient 9d vs. a

tuning ratio T is shown in Fig.5, where a quality factor Q is a

parameter and a coupling coefficient k = 0.57 is chosen. Based on

this figure, we can estimate the quality factor of the construct-

ed apparatus .

3. Experimental Apparatus

The common system of a repetitive transformer type is shown in

Fig.6. The charges stored in slow bank (5)is fed to the fast bank

(|) through the charging inductor (f)by a resonant charging. At a

top of the fast bank voltage, the switch SWj is triggered. Then

the charges stored in the fast bank is fed to the capacitor (§)for

a pulse forming line through the step-up transfomer (?)

The test circuit we used to perform the above system is shown

in Fig.7. The switches SW^ and SW~ are the fast switching thy-

ristors with the rated voltage and current of (1.5kV, 2kA) x 2

and (1.8kV, 15kA) x t, respectively. The transformer is an air-

core spiral strip design with a turn ratio of 1 : 27. The diode

Da plays a part of a bypass circuit to perform a dual resonance

mode.
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4. Experimental Results and Discussion

(1) Circuit constants and quality factor Q

Resultant circuit constants are summarized in Table.1.

A quality factor Q was determined from measured voltages and

simulated results Fig.5. Fig.8 shows a primary and a secondary

voltage under the condition of a number of the thyristors used as

the switch SW« being 4. From Figs.5 and 8, Q was estimared to 6

which is high enough for repetitive operation because only we use

is a first cycle.

(2) Switching characteristics

The experiments to investigate the switching character-

istics of a series use of the thyristors were performed by chang-

ing a number of the thyristors used as the second switch SW,. The

relation between the secondary output voltage V_ and a number of

thyristors used in SW2 is shown in Fig.9. In this experiment

the primary voltage V. is hold at 1.5kV and circuit constants are

adjusted as the same to perform same condition except for a num-

ber of thyristors used. This figure shows that the thyristor

works with constant voltage drop of 44V per each whatever the

applied voltages are. This result is favorable for designing a

more high voltage machine.

(3) Bypass circuit

To realize a dual resonance mode, a diode is connected

parallel to a thyristor as a bypass circuit. The primary volt-

ages V.. are shown in Fig. 10 with and without the bypass circuit.

The dual resonance mode is realized in the case with a diode.

The current in a primary circuit, a thyristor and a diode are

shown in Fig.11. The current flow are not so ideal that the
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primary voltage reversal was less than 46.7 % which was 56 % in

ideal case.

The results when a thyristor was used as bypass circuit were

not so good as the case of a diode. The commutation from the main

thyristor to the bypass one was not performed smoothly in the time

range of a micro second order because of the existence of a in-

ductance .

The case of k = 0.5*25 and T = O.t7 where we don't need a by-

pass circuit worked well needless to say. The efficiency of an

energy transfer was 85.6 % compared to a dual resonance mode.

5. Conclusion

The voltage drop of a fast switching thyristor used was only

3 % of the primary charging voltage in the range of microsecond.

This shows the applicability of a series use" of thyristor as a

switching element of a repetitive high -voltage system.

A diode is applicable as a bypass circuit to realize a dual

resonance mode of a high voltage transformer type accelerator.
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sw

Fig.l. Schematic cicuit of transformer system

Table.1. Circuit constants

1. Primary inductance: 1.87 uH
2. Secondary inductance: 390 uH
3., Mutual inductance: 15.1 uH
4. Primary capacitance: 0.99 uF
5. Secondary capacitance: 4.28 nF

6. Coupling coefficient:
0.57

7. Tuning ratio : 0.90

Fig.2 Voltage and current
of primary and secondary
circuit of k=0.8, T=1.0

Fig.3 Voltage and current
of primary and secondary
circuit of k=0.6, T=1.0
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Fig.1* Voltage and current
of primary and secondary
circuit of k=0.525,T=0.t7

Fig.5 Plot of voltage coefficient
vs. tuning ratio T for k = 0.57

Power
Suppiy

Slow
Bank

CD DC power suppiy Qy primary storage

capacitor (D charging inductor

©stow transfer interstage switch

(5) secondary storage capacitor

©high current switch © spiral-strip

transformer ©capacitor for pulse forming Sine

Fig.6 Diagram of experimental apparatus
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Li + L P

M

= 0.9
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0.57

Fig.7 Equivalent circuit of experimental apparatus

Fig.8 Primary voltage(left) and secondary voltage(right)
for k=0.S7, T=0.9
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n

Eig.9. Secondary voltage V^ vs. number of thyristors

Fig.10 Primary voltage V1 withCleft) and Without(right)
bypass diode

Fig.11 Primary current of total(left), thyristor(middle)
and diode(right)
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• PROGRAM

Collaborating Research Meeting on Particle-Beam Applications

to Fusion Research

Nov. 21 & 22, 1983

Institute of Plasma Physics, Nagoya University, Nagoya, Japan

Nov. 21 (Mon). 1983 .

9:30 - 12:00 Morning session

Chairman; K. Niu (Tokyo Inst. of Tech.)

9:30-10:00 T. Ikehata (Univ. of Tsukuba)

Production of Rotating Ion Layer by Normal Injection of

Pulsed Ion Beam

10:00 - 10:30 S. Kawata (Tokyo Inst. of Tech.)

A LIB ICF System and Problems to be Solved in Theory

10:30 - 11:00 M. Arai (Tokyo Inst. of Tech.)

Equation of State for Fuel and Target Implosion

11:00 - 11:30 M. Tamba (Inst. of Phys. & Chera. Res.)

Estimation and Pptimization of Target Gain

11:30 - 12:00 S. Kawata (Tokyo Inst. of Tech.)

Effect of Nonuniform Implosion of Target on Fusion

Parameters

12:00 - 13:00 Lunch

13:00 - 15:00 Afternoon session I

Chairman; K. Madarame (Univ. of Tokyo)

13:00 - 13:30 N. Nagata (Tokyo Inst. of Tech.)

Simulation of LIB Target Implosion

13:30-14:00 Z. Zinamon (Weizmann Inst. of Sci., Israel)

The Interaction of Charged Particle Beams with Matter
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14:00-14:30 S. Karashima (Sci. Univ. of Tokyo)

Charge Equilibrium Process of Energetic Incident Ions

and Their Range

14:30 - 15:00 T. Kato (Waseda Univ.)

Characteristics Analysis of Z-Discharge Plasma Channel

15:00 - 15:15 Coffee break

15:15 - 17:15 Afternoon session II

Chairman; T. Kato (Waseda Univ.)

15:15-15:45 H. Murakami (Metropol. College of Tech.)

Macroscopic Analysis of Rotating and Propagating LIB

15:45-16:15 M. Seto (Tokyo Inst. of tech.)

Microscopic Analysis of Rotating and Propagating LIB

16:15-16:45 H. Madarame (Univ. 6f Tokyo)

A Conceptual Design of LIB Fusion Reactor; UTLIF (2)

16:45 - 17:15 S. Takahashi (Tokyo Inst. of Tech.)

Fire Ball in LIB-ICF Reactor

Nov. 22 (Tue). 1983
e

9:30 - 11:30 Morning session

Chairman; K. Yatsui (Tech. Univ. of Nagaoka)

9:30 - 10:00 Y. Suzuki (Nisshin Electric Co. Ltd)

Pulsed Surface Flashover of Insulator used for Vacuum

Diode Assembly

10:00 - 10:30 K. Horioka (Tokyo Inst. of Tech.)

Pulsed Ion Source with Cryogenic Anode and Channel Ini-

tiation by Laser Excitation

10:30 - 11:00 Y. Matsukawa (Osaka City Univ.)

Semi-Point-Like Intense Ion Beam Source with High Bright-

ness
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11:00-11:30 S. Kawasaki (Kanazawa Univ.)

Comparative Study of Free Electron Laser Experiments in

Longitudinal and Transverse Wiggler Geometries

11:30 - 13:00 Lunch

13:00 - 15:00 Afternoon session 1

Chairman; T. Tazima (Nagoya Univ.)

13:00-13:30 T. Yoshikawa (Tech. Univ. of Nagaoka)

Intense Pulsed Light-Ion Beam Generated by Planar Type

Self-Magnetically Insulated Diode

13:30-14:00 S. Nakamura (Tech. Univ. of Nagaoka)

Propagation of Intense Pulsed Proton Beam through Wall-

Initiated, Overlapping Plasma Channel

14:00-14:30 S. Miyamoto (Osaka Univ.)

Pulsed Power Driven Fusion Researches at ILE Osaka

14:30-15:00 S. Miyamoto (Osaka Univ.)

LIB Generation and Pulse Compression

15:00 - 15:15 Coffee break

15:15 - 17:30 * Afternoon session II

Chflirman; S. Kawasaki (Kanazawa Univ.)

15:15-15:45 J. Irisawa (Tech. Univ. of Nagaoka)

Pulsed, High Repetition and High Voltage Power Source

15:45-16:15 T. Tazima (Nagoya Univ.)

Basic Research on ICF by LIMAY-I

16:15 - 16:45 J. Mizui (Nagoya Univ.)

LIB Production by Br MID

16:45-17:15 M. Sato (Nagoya Univ.)

Power Transport through Micro-MITL

17:15 - 17:30 K. Niu (Tokyo Inst. of Tech.)

Remarks and Acknowledgemetns
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