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PREFACE

On February 20 (Tuesday), 1990, "Symposium on Development of
Intense Pulsed Particle Beams and Its Applications”" was held at
National Institute for Fusion Science, Nagoya, as a collaborative
research program in the fiscal year of 1989. = 1In spite that such
the timing was not so good since everybody was so busy due to the
end of the fiscal vyear, which actually ends in March,.twelve papers
were presented at this symposium, which were discussed in more
detail among twenty five scientists attended from thirteen
universities or institutes.

It was recognized and warmly welcome by everybody that, par-
ticularly nowadays, young scientists or students significantly begin
to increase in Japan who are interested in pulse-power technology.
At the same time, its applications grow up so wide that many
industries are interested in practical use 1n commerce.

In summary, great achievements were obtained by this symposium
in the fruitful discussions and in the settlement of its prospects
in this particular field of interests. |

Kiyoshi Yatsui
Symposium Chairman

Nagaoka University of Technology
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RAYLEIGH-TAYLOR INSTABILITY IN LIB ICF

Shigeo KAWATA, Toshiaki SATO and Takayuki TERAMOTO

Department of Electrical Engineering,
Nagaoka University of Technology,
Nagaoka 940-21

Abstract

The Rayleigh-Taylor(R-T) Instability is studied in the Light-Ton-Beam(LIB) Inertial-
Confinement-Fusion(ICF)-pellet. The R-T instability is one of the problems in ICF. The
nonuniform acceleration field and the radiation effects on the LIB-ICF-pellet implosion
are investigated by the linear analyses in this paper. By means of these analyses we
obtained the following two results: 1) The nonuniform acceleration field in space does
not change the growth rate(vy) of the R-T instability. However this nonuniformity may
suppress the R-T instability in some particular cases. 2) The radiation may reduce the
growth rate(y). |

§ 1. Introduction

This paper presents how the growth rate(-y) of the Rayleigh-Taylor(R-T) instability
is affected by the nonuniform acceleration field in space and the radiation effects in the
Light-Ion-Beam(LIB) Inertial-Confinement-Fusion(ICF)-pellet implosion.

The acceleration and the density gradient in the fuel pellet cause the R-T instability! =%}
during the implosion process in ICF. The R-T instability may prevent the fuel compres-
sion to the high density which is essential to burn the fuel and extract the fusion energy
efficiently. Therefore it is important to investigate the growth of the R-T instability in
the implosion process. .

In this paper the nonuniform acceleration field and the radiation effects on the R-
T instability in the LIB-ICF-pellet implosion are investigated by the linear analyses.
Generally the nonuniform heating of the fuel surface is observed because of the limited
number of the incoming beams. This nonuniformity causes the nonuniform implesion.
In addition the radiation becomes a primary energy carrier especially in a reactor-size
pellet and may have the influence on the R-T instability. By means of our analyses we
obtained the following two results: 1) The nonuniform acceleration field does not change



the growth rate(+y)of the R-T instability. However this nonuniformity may suppress the
R-T instability in some particular cases. 2) The radiation may reduce the growth rate(y)
of the R-T instability at the ablating surface. In this case the spatial profiles of the
physical quantities in the zeroth order are obtained by the computations using the one-
dimensional implosion code!®!3}. The perturbation equations are solved self-consistently
based on these profiles.

§ 2. Influence of Nonuniform Acceleration Field in Space

In order to investigate the influence of the nonuniform acceleration field in space
on the R-T instability, we perform the linear analyses with the assumptions that the
flurd plasma is incompressible and inviscid. We also assume that the density and the
pressure of the zeroth-order are the function of the space coordinate z only. As the basic
equations we employ the following three equations:

dp

5tV () =0 (1)

v . 5 - .
p(§+(v-V)v) = —Vp+pg2 (2)
V-5=0 (3)

Here Z shows the unit vector directing along the z axis. Let us introduce the nonuniform
acceleration field:

9(z,9,2,t) = go+ég(z,y,z1) (4)
= go+ g f(z,y) exp(—B|=|)T'(t)

In eq.(4) A is a positive constant, g is the constant acceleration of the zeroth order and
the nonuniformity of the acceleration (8g) is the first-order one, having the spatial (z—y)-
dependency of f(z,y) and the time dependency of T'(t). The equilibrinm condition is

Ipo

0 odo. 5
92 Pofdo (5)
The physical quantities of the zeroth order are denoted with the suffix 0. The first-
order quantities are distinguished by attaching the symbol (§) to the expressions for the

physical quantities. In our analyses the perturbation velocity is denoted by (u, v, w), and
the density and the pressure have the forms of p = pg+ 8p and p = py + 6p, respectively.



Assuming go 3> ¢, eliminating the equilibrium term and taking the Fourier trans-
formation in space and the Laplace transformation in time, we obtain the following
differential equation:

DipoDE) = (~k*){~poi+ LD

Poglf(kx, ky) exp( ﬂ[z|)ff‘(7)} (6)
Y

where D = d/dz, k = /k2 + k2 and the physical quantities with a tilde denote those

after the transformations.
In this section we consider the two superposed fluids with the constant density p,
for z > 0 and p; for z < 0. Then eq.(6) is simplified as follows:

(D* = B)d = kg, fT exp(—Bz])/¥ (7)

The solution for @ derived from eq.(7) is

5 = Alks, b, 7) exp(+kz) + fTe’;E“ﬁ D (z<v) ()
= A(kg, k,,7) exp(—kz) + glf:re’;E( f:j) (z > 0). (9)

In eqs.(8) and (9) the arbitrary function A should have the form of
Alkz, ky, v) = 2n@6(ks — ka0)b(ky — kyo) /(v — ), (10)

in order to satisfy the condition that the perturbed velocity is in agreement with one for
the standard R-T instability with the wave number (k.o, k,0) and the growth rate o,
when 6g = 0. The amplitude of the perturbed velocity at ¢ = 0 is described by ®.

The boundary condition is obtained by integrating eq.(6) over the infinitesimal ele-
ment of z including z = 0.

BolpoD) = L 8(po)i(z = 0) (1)

Here Ag(F') = F(+0) — F(—0) for the physical quantity F. Inserting eqs.(8)and (9) into
eq.(11), we find the equation for the growth rate +:

kpfTBy o ogok’ ylfT
W— AgoR7Y = ﬂg

_ Here o is the Atwood number.

AY + =0 (12)



Then we obtain the growth rate under the nonuniform acceleration field by solving
eq.(12). Here we choose the nonuniform acceleration field as

§9 = g1 exp(ik.,z + ik,y) exp(—B|z]) (13)

for t > 0 and 69 = 0 for t < 0. This means that the nonmuniform acceleration field
distributes with the wave number k., in the z direction and k,, in the y direction. The
perturbation of the boundary surface of the two superposed fluids and the nonuniform
acceleration field are shown schematically in Fig.1. In this case the growth rate ob-
tained from eq.(11) is equal to v = /agok, which agrees with that of the standard R-T
instability®). Especially when the wave number (k) of the perturbation is equal to that
(kg = /K2, + k2,) of the nonuniform acceleration field, we obtain the velocity of the
perturbation in the real space (z,y, z,1). ‘

w = Oexp(ik.yz + 1k, y) exp(—k|z|) exp(yt)
—g1 exp(tkagz + tk,,y) exp(—B]z])t : (14)
= wo+w

The first term (ws) of eq.(14) corresponds to the R-T instability and the second (w,)
describes the free falling induced by the imposed nonuniform acceleration field. From
eq.(14) it is found that the mechanism of the suppression for the R-T instability exists
under the following particular cases: If the phase of the R-T instability coincides with
that of the free falling, the R-T instability may be suppressed by &g, though the R-T
instability may enhanced, if the phases do not coincide with each other.

Here we estimate the suppression effect of the nonuniform acceleration field on the
R-T instability. We define R at z = 0.

w gt

R:w—0x100=mx100 (15)
Table 1 shows the ratio R for the following case: The growth rate v = vagek(a = 1),
g0 = 1.0 x 10"*(m/sec?), g; = 0.1 x g9, ® = a x 6.185 x 10° (m/sec) and ¢ = 1.0(nsec).
It is found that the ratio R is several or several tens per cent in this case. These values
of R depend on those of the parameters employed. One may choose the appropriate
values for these parameters in order to overcome the growth of the R-T instability by
the imposed nonuniformity (6¢).

In an actual system the short wavelength (large k) region is stabilized by the effects of
the density gradient, the convection and the heat conduction. Thus the suppression effect
shown in this section may be effective for the long wavelength region. This fact suggests
that we may control the R-T instability as follows: For example we may introduce



the artificial nonuniform acceleration field by the input beams in the initial stage of
the implosion. After the perturbation by the R-T instability grows because of this
nonuniformity, we may change the phase of the nonuniformity of the input beams by .
Then we may suppress the growth of the R-T instability by the effect discussed above.

§ 3. Influence of Radiation

In a fuel pellet of areactor size the radiation transportation and the radiation pressure
have the important roles. In this section we discuss about the influence of the radiation
on the growth of the R-T instability at the ablation front of the pellet impinged by the
LIB. The space profile of the physical quantities during the implosion phase are obtained
by the computation using the one dimensional implosion code!®'®). In the analyses the
linear equations are solved as an eigenvalue problem and the self-consistent growth rate
is obtained.

The basic equations including the radiation terms are:

dp
LA v =
5V (e7) =0 -9
ML = = =
P (E-p (U'V)'U) = —V(p+ pr) + rj (17)
T . o S 5
pCy (E‘*(v V)T) =—(p+pr)V -7+ V(£ VT + kg VT), (18)

where Cy is the specific heat, pg is the radiation pressure and kg = 160igT*/3 is the
coefficient of the radiation heat conduction. Here o is the Stefan-Boltzmann constant
and Iy is the Rosseland mean free path!®).

Let us consider eqs.(16)-(18) on the coordinate moving with the ablation surface. In
order for the simplicity we assume that the plasma is an ideal gas with the constant .
charge z. The equation of state is p = pkT'/y where k is the Boltzmann constant, p =
m;/(1+ z), m; the ion mass and the specific heat Cy = 3/(2p). We normalize the basic
equations with the physical quantities at the radius rg (the density pg, the temperature
T, the acoustic sound velocity vs, the pressure ps and the radiation pressure PRS)-
Then we obtain the following equations:

dp 10, ... <5
Fr-rr 2Pvr) + V0 (p7L) = 0 (19)
oy % 3wt O .. Prs. %
p{§+((v'V)v),} = —g(P‘Fp—SPR)"‘PQ (20)



a7
$6(%L +(E- D) = -+ Bim) { B $(P5) + Vi)
o T 'Y o 113[2 g
+ T + e f e gl )

= - o . ~ :1“-"13[2:. ~
+ KV, - (TWVLT) + KoV, - (TVLT)

Here we denotes the radial components with the suffix 7 and the ammuthal components
with the suffix L. In these equations t = (vg/rg)t V= r¢V, V1 is the azimuthal
component of V , g = rgg/vs, Ky = KSPTS ,u/(psvsrs) where Kgp 1s the coefficient
for. the electron thermal conduction given by Spitzer and Kgo = KpT52u/(pdvsrs)
where Ky = 160lg/(3c).

Now we consider the perturbation equation. We assume that the first-order physical
quantities have the following form:

8f =~ fillF) exp(7)Yim(6, ¢) (23)

Here Y}, is the spherical harmonics. Assuming the spherically symmetry of the zeroth-
order quantities, we obtain the perturbation equations, which are written formally as
follows:

a;;(8/67, L, HTT(F) = 0. (24)

Here a;; is the (5 x 5) matrix and ¥ = (p;,v,, D;,T1, @), where D, = VJ_ 7, and Q, is
the perturbation of the heat flow. Solving eq.(24) as an eigenvalue problem, we obtain
the self-consistent growth rate of the R-T instability.

In order to accomplish this purpose we have to calculate the actual implosion process
to obtain the profile of the zeroth-order physical quantities. We use the one dimensional
implosion code for this purpose and employ the one-temperature model. The target
structure employed is shown in Fig.2, which is a simple direct-driven pellet consisting
of three layers of Pb, Al and DT. The pellet radius is 5(mm) and the thickness of each
layer is 26.7(pum) for Pb, 161.3(pm) for Al, and 55.8(um) for DT. The total mass of
the DT fuel is 3(mg). During the implosion process, we assume that the charge z is a
constant and, 13.3, 7.8 and 1 for Pb, Al and DT, respectively. The proton beam whose
particle energy is 5(MeV) is employed, and the total LIB energy is 5(MJ). The pulse
shape is as follows: The pulse rising time is 15(nsec) and the beam power increases with
the function of (time)? and is a constant(167(TW)) from 15(nsec) to 40(nsec). After
40(nsec) the beam power is equal to zero .



Figure 3 shows the density profile at the time ¢ = 40(nsec). The magnification of
the density profile at the ablation surface is shown in Fig.4. The solid line shows the
result for the case with the radiation and the dashed lLine shows for the case with no
radiation. It is found that the density gradient with the radiation is gentle compared
with that without the radiation. In addition the acceleration of the implosion with the
radiation is 5.0 x 10" (cm/sec?), which is small compared with that with no radiation
1.2 x 10*® (¢cm/sec?). This comes from that a part of the input energy escapes from the
outer surface of the pellet by the radiation energy transport. From these two facts we
can expect that the growth rate of the R-T instability may be reduced by the radiation
transport.

We obtained the growth rate of the R-T instability of these density profiles. Figure
5 shows the results of the calculation discussed above by a solid line for the case with
the radiation and a dashed line for the case without radiation, and also the estimation
by a dot-dot-dashed line for the case with the radiation and a dot-dashed line without
radiation of the growth rate. It is found that the radiation effects reduce the growth rate
as is expected above. This fact mainly comes from the fact that the radiation energy
transport causes the decrease of the acceleration. On the other hand the decrease of
the growth rate in the short wavelength region (large k) results from the effects of the
density gradient, the convection and the heat conduction. In Fig.5 the estimation curves

include these effects by the following expressions™%11):
gk 1 1

- Zk2? — 2k 25

i \/1+kL+4 v gt (25)

In eq.(25) k is estimated as {/r,, where [ is the spherical mode in eq.(23) and r, is
the radius of the ablation front. The parameter L is the typical length of the density
gradient (30.45(pm) for the case with the radiation and 29.8(pm) for the case without
radiation) and v is the speed of the convection (4.205 x 10°(cm/sec) for the case with the
radiation and 4.118 x 10°(cm/sec) without radiation). The eigen-value analysis agrees
with the estimation in the general tendency. We may say that the radiation effects
reduce the growth rate (7).

§ 4. Conclusion

In this paper we investigated the influence of the nonuniform acceleration field in
space and the radiation on the R-T instability. We found that the growth rate of the
R-T instability was unchanged by the nonuniformity in space of the acceleration field.



However the growth might be suppressed by the nonuniform acceleration field in some
particular cases. We also found that the zeroth-order density gradient became less steep
in the case which had the radiation and the growth rate of the R-T instability was
reduced by the escape of the radiation energy from the outer surface of a pellet and
confirmed the effects of the density gradient, the convection and the heat conduction
on.7. This reduction of the growth rate for the R-T instability comes mainly from the

reduction of the acceleration because of the escape of the input LIB energy from the
pellet outer surface.
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Table.1

k a=0.005 a=0.01
5 25.9 12.9
10 23.6 11.8
50 16.0 8.0
100 - 11.9 6.0
500 3.5 1.7
1000 1.4 0.7

The effect of the nonuniform accelera-
tion field on the perturbation velocity in
the case of the growth rate v = /agok,
g =0, go = 1.0 x 10%(m/sec?), g =
0.1g0,® = @ x 6.185 x 10° (m/sec) and
t = 1.0(nsec). The free falling may sup-
press the R-T instability.

p-T FULL AL{PUSHER)
; AWWMQMW®
/ / l"'c.
Z 377, 2

Fig.2 The fuel pellet structure employed
in the simulation in this paper. The LIB
impinges the fuel pellet and deposits its
-energif mainly in Al and partly in Pb.
The Pb behaves as a tamper and the Al
as a beam energy absorber. The inner
part of Al behaves as a pusher.

Ph{TAXFER}

/
\\/ AN

Fig.1 Schematic diagram for the pertur-
bation of two superposed fluids and the
nonuniform acceleration field ¢ = go +

91 exp(ikasgz + tkyy).
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Fig.3 The density profiles at the time ¢ =
40(nsec).
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Fig.4 The magnification of the density
profile at the ablation front in Fig.3. The
solid line shows the result with the radi-
_ ation and the dashed line with no radi-
o £ T ation. The density gradient in the case
t o1, with the radiation is gentle compared

1 |
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Fig.5 The estimation and the numeri-
cal calculation of the growth rate of the
R-T instability at the ablation front in
Fig.4. The numerical results are shown
by a solid line and a dashed line, and
the estimation by the dot-dashed line and
the dot-dot-dashed line. The estimations
include the effects of the density gradi-
ent, the convection and the heat conduc-
tion. The growth rate with the radiation
is small compared with that with no ra-
diation because of the radiation energy
transport.



TWO-STAGE ION DIODE EXPERIMENTS ON INDUCTION ADDER

S.Miyamoto, Y.Yasuda, M.Yamamoto, T.Honma, A Zakou, S.Uméha_ra
T.Akiba, K.Imasaki*, C.Yamanaka* and S.Nakai

Institute of Laser Engineering,Osaka University
2-6, Yamada-oka, Suita,Osaka 565, Japan
* Institute for Laser Technology, Osaka 565, Japan

Abstract

Two-stage ion diode experiment has been performed on an induction
adder accelerator "Reiden-SHVS". The second stage diode is operated in
an ion beam injection mode. Enhanced space-charge-limited current in
second stage diode indicates a formation of virtual anode due to the
energetic ion beam injection. The beam deflection by virtual anode
formation occurred only at inner part of the beam.. Two-stage charge-

stripping ion diode is demonstrated. Carbon beam of C* and C2+ are
stripped and partially recombined in thin stripping foil and accelerated at
second diode. :

I. Introduction

In recent years, ion diode have been the key subject of considerable experimental
and theoretical research for use as an inertial confinement fusion driver. Ion diodes
covert the pulsed power energy into a uniform ion beam suitable for pellet implosion. In
order to accomplish this efficiently, the flow of electrons across the diode gap must be
inhibited. This is accomplished with the application of a strong magnetic field parallel to
the diode electrode.[1] In most experiments, ion diode have used surface flashover
anodes to produce the anode plasma from which the beam ions are extracted. This type
of diode typically demonstrate a rapidly changing impedance. The impedance g.cncrally‘
starts out very high during the electrode plasma formation phasé. After that, the ion
current rapidly increases and diode impedance decreases rapidly. This fmpedance
~ behavior is unsuitable to generate a ramped-voltage beam for ballistic bunching/axial
compression system and also is less efficient in coupling between the pulsed power
generator and the ion diode. " Furthermore, a empirical scaling of ion diode impedance[2]
implies the existence of a limiting voltage V* at which the ion current diverges. A recent
theory[3] of ion diodes that includes the self-consistent virtual cathode motion has
explained the observed ion diode impedance characteristics.

To avoid this impedance collapse and limiting voltage of diode, ion source
limiting operation of diode is considered. One method is to use an externally injected ion
source plasma.[4] Ion current density is limited by the ion flux nivi where ni and vi are
density and drift velocity of the ion source plasma, respectively. Plasma injection ion
source improves turn-on delay of ion beam generation and lower the early time
impedance.[5] Another method to control the diode impedance is to use an ion beam
injected diode. Ion beams generated in a separaté ion diode (first stage) injected into the

{1 —



main acceleration diode (second stage). The potential distribution of ion beam injected
diode must be different from the case with a stationary anode plasma ion source.. With
increasing the injection ion current over a simple Chiled-Langmuir value of second diode,
the virtual ancde is formed near the anode. The space charge limiting current increases
due to the energetic ion beam injection. For strong insulation field, a maximum steady
state current of ion beam injection diode[6] .

9
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where JCLi = (4/9)8()(262./M)(1/2)V(3/ 2)/ds is simple Child-Langmuir current, W and V
are the voltage of first and second stage diode, M and eZ are the ion mass and charge,
and ds is AK gap of second diode. .

This operation regime is important to generate a high current density beam by the
two-stage charge stripping diode. In this paper, we show 1) an experimental
performance of plasma ihjection diddc, 2) a virtual anode formation and its effect on ion

beam wrajectory in ion beam injection diode, and 3) a demonstration of iwo-stage charge
stripping ion diode.

II. Experimental Apparatus

‘Experiments were performed on Reiden-SHVS induction adder accelerator.
Reiden-SHVS consists of a 500 kV, 100 ns, 1.25 ohm pulsed power generator, a power
divider, 32-high voltage cables and eight-stage induction adder cavities. It has a
capability to generate 4 MV, 40 kA, 100 ns pulse into single diode. Figure 1 shows
schematic configuration of the induction adder. Center electrode extended from right

500kV ., 100na3 pulse vacuum insulator

anode cathode Insulatien ol

1 1 t . 1 4 ] i
1 all 1 al(3 12 \f]

L

vacuum magnetic Insulation call

o

metglass core

Fig.1 Schematic configuration of eight stages induction adder “Reiden-SHVS”.



(left) hand side of induction cavities is positive (negative). Figure 2 shows two-stage
magnetically insulated ion diodes which are set between t\;vo center electrodes of
induction adder. The ground electrode is combined a cathode of first diode and an anode
of second diode. Each diode are powcrcd‘ by four induction cavities. All experiments
were performed with a voltage of 100 to 200 kV/stage, then 400 to 800 kV/diode.

The anode electrode of first stage diode is made from aluminum to exclude the
insulation magnetic field generated by cathode coil. Charge stripping foils which are
made by Formver film of less than 0.1 micro-meter thickness are optionally used. In
order to maintain the ion canonical momentum to be zero, these foils are set on the anode
surface of second diode where is approximately on a separatrix line between two coils
(first and second stage diode coils).

Ton sources used in the experiments are a pallafin grooves anode and an injection
plasma from carbon flashboard located behind the anode which have three circular slot of
6 mm width. The flashboard is driven by a 25 kV, 1.2 micro-farad capacitor bank. The
amﬁewmkmmmm99mﬁ.ﬂmﬁmmm&dﬁ%gmufq=92mmamthmmm
stage diode gap dg was varied from 8.3 mm to 33.3 mm. |

The ion current density 18 measured by biased charge collectors which are located
inside the center electrode of negative adder 12 cm behind the cathode. The energy
spectrum and species of the ion beam are measured by a Thomson parabola anélyzcr.
The ion beam trajectories are measured by the combinations of shadow-box and scatter-
ion pihhcle camera located four different Z-axial positions and three different radial
positions. |

ground electrode magnetic field line

cathode

e

flashboard charge collector

Thomson parabola

- d . _‘ - - ‘_ - - -___{ii

Fig.2 Two-stage magnetically insulated ion diode.




II1. Experimental Results
Electrical characteristics of injection plasma and diode
Figure 3 shows a driving voltage waveforms and a plasma signals from the

carbon flashboard without (a) and with (b) a transverse insulation field (3 kG). The
plasma signals shows two peaks. The plasma drift velocities of the first and the second
peak are 1.8 x 107 cm/s and 1.0 x 107 cm/s, respectively. The peak ion flux at the anode
is estimated to be 400 A/cm?2 and is correspond to the ion density of 2.5 x 1014 jcm3.
Considerable amount of plasma is measured through the strong transverse magnetic field
as shown in Fig.3(b). By changing the timing between the plasma injection and the
diode pulse, the diode operation can be chosen from no ion source diode to the plasma
prefiil diode. ' _ '
' Electrical characteristics of first-stage diode are shown in Fig.4. Early time
impedance is high in the both case of pallaﬁn groove ion source and no ion source. The
paraffin groove anode turns on about 30 nano-second after the voltage application and
then the impcdancé starts to decrease. An adequately injected plasma can reduce the early
time impedance to near the generator matched value (50 ohm).

| Typical voltage waveforms and impedance characteristics of two-stage diode are
shown in Fig.5. The impedance of second diode which is operated as an ion beam
injected diode rapidly tarn on and graduate increase during the later part of pulse. High
time impedance of second diode at early time is due to a finite ion time of flight between
the first diode and the second diode.

JTon current limitation

If the second diode gap increases with fixed ion beam injection, the ion current
density in the second diode change from source limited value to the enhanced space
charge limited value J;*. Figure 6 shows the ion current density measured at the back of
second diode. The data of single diode operation (second stage is shoried) are
represented in Fig.6 as the data point of second diode gap is zero (dg = 0). The solid line
in Fig.6 is calculated steady state limiting current Ji* ( Eq.(1)for Ct ions assuming the
first and second diode voltage were 0.45 MV,

Approximately four tomes higher ion current over the steady state limiting current
J;i* are observed for the diode with AK gap larger than 2.33 cm. In this condition,
monoplar theory predict that the ion flow should be unstable. Because of the maximum
transmittable current in the second diode is not at the maximum virtual anode potential.

In the case of high current injection (ds > 1 ¢m in Fig.6(b)), the humped potential
distribution in the second diode (due to the virtual anode formation) are modified by the
large ion current injection. The virtual anode width increases with increasing the injection

current andthen the effective diode gap decreases. Furthermore, the electrons are drawn
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Fig.3 Voltage waveform and plasma signals from the carbon
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Fig.5 Typical voltage waveforms and impedance characteristics of
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in the diode from both the anode and cathode side due to the enhanced ion space charge.
This electrons reduces the ion space charge and more ions can enter the diode. Schematic
configurations of potential distribution in the diode at different injection beam current are
shown in Fig.7. In LIB-ICF application, the second diode should be operated with small

_ virtual anode potential.
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Fig.6 The ion current density measured at 12 cm from the cathode as a
function of AK gap of second diode. (a) low injection current, and
(b) high injection current case.

J=Jd; J=J% N |
. A .
VitV
@ & é\ Qf.g&)\
v, vV, V., vV,
e
A K A K A K A K

Fig.7 Schematic configurations of potential distribution in the ion beam
injected diode with different injection beam current.



Beam trajectory
Beam trajectories are measured at four different axial (z-direction) position, z =

16.2 mm, 26.2 mm, 115.5 mm and 125.5 mm. Origin of z-axis is the anode surface of
first diode and the anode surface of second diode is z = 47.2 mm. Figure 8 shows the
measured beam trajectory in the two stage diode. Comparison of beam trajectories were
made between deferent diode operations; an ion source limiting operation of second diode
(ds = 8.3 mm) and a space charge limiting operation with virtual anode formation (ds =
33.3 mm)(Fig.8). No trajectory differences are observed for outer (r = 75.5 mm) and
center (r = 68.5 mm) part of beam. But inner part of beam (r = 61.5 mm) changes the
radial direction by 60 mrad. This angle includes an edge effect of virtual anode and also
the bending by the deformation of ¢lectron virtual cathode because of changing the
magnetic field line shape which is crossed by cathode chip. To avoid the large beam
deflection of inner part of beam, ihe diode should be operated in ion source limited

regime in which the virtual anode dose not so much grow.

45°Ta
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Fig.8 Measured beam trajectory in the two stage diode. The data at
z = 26.2 mm shows radially split beam (carbon and proton)
trajectories by the magnetic insulation field coil.
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Two-stage charge stripping diode
Thomson parabola traces are shown in Fig.9, with (a) and without (b) a stripping

foil between two diode. Without stripping foil (lower half of Fig.9), the maximum
energy of C* and C2+ ions are same value of about 1.1 MeV. Two-stage charge
stripping diode (upper half of Fig.9) shows obviously different ion spectrum comparing
with the non stripping case. The charge state equilibration of ions passing through a
stripping foil 1s calculated from the charge stripping and the charge recombination cross
sections. The calculated results of ion spectrum with the stripping foil is shown in
Fig.10. The carbon ions C* and C2+ are stripped (or partially recombined) after
acceleration at the first stage diode (W = 0.6 MV) and subsequently assume the
acceleration energy of the charge state times the voltage of second diode (V= 0.5 MV).
The maximum energy edges of each ion parabola traces are in agreement with the
calculation.

This experimental result implies the possibility of two-stage charge stripping
diode to obtain high energy ions suitable for the light-ion-beam inertial confinement
fusion. If we use Li* ions of 6 MeV energy, almost all ions are stripped to Li3+ ions
(>95 %) by an 0.01 micro-meter thickness foil and accelerated by 8 MV second diode
assuming the final energy of 30 MeV. The multiple scattering angle of 6 MeV Li ions by
the stripping foil is estimated to be less than 1 mrad and is sufficiently small for beam
focusing.

IV. Summary ,

Two-stage ion diode experiments are performed on Reiden-SHVS induction adder
accelerator. The diode impedance of first stage was adequately controlled by plasma
injection ion source. Second stage diode, which is operated as ion beam injection diode,
has the impedance characteristics of rapidly decreasing at pulse rise and gradually
increasing during the later part of pulse. The ion current density of two stage diode is
enhanced by the virtual anode formation. The ion beams are strongly deflected by the
solenoidal lens geometry of diode insulation field coil and the virtual anode effect was
relatively small. The two stage charge stripping diode is demonstrated, and the ion
spectrum and ion charge state are in agreement with the calculation.
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Abstract

Laser-based diagnostic methods are developed to improve our
understanding of the behavior of a flashover-type magnetically-
insulated, pulsed-ion diode. Effects of neutral pafticles on
the diode characteristics are examined with laser resonant
interferometry. For the quantitative estimation of the particle
density, a laser resonance scattering method is also 'applied.
These techniques could allow direct determination of the particle
distribution in the diode gap. |

A new diode which uses actively produced source plasma 1is
developed for the investigation of the anode plasma effect on the
diode <characteristics. Two types of diode configurations are
tested, over a wide range of pulse delays and peak flux of the

source plasma injection.



I. INTRODUCTION

Although magnetically insulated flashover-type éulsed ion
sources can be operated at TW power level, they have also some
drawbacks; impurity of the extracted beam and impedance
characteristics of the gap. Generally the impedance of this type
of diode falls rapidly with time, which is undesirable from the
point view of the coupling efficiency with +the pulse power
generatof and the energy spectrum of extracted beam.

A large amount of emission of neutral particles in the
initial phase seems to be significant and inevitable process for

the anode plasma fOrmation.l)

Any energetic neutrals emitted by
the flashover process can freely travel across the magnetic field
in the diode gap, which can .degrade the diode

characteristics.2'3y

For space charge limitted condition, the
total charge {(ions and electrons) in the A-K (Anode-Cathode) gap
must remain zero. It brings 'bootstrap' behavior in the diode
gap 1e; increase of the 1ion current density induces electron
emission into the A~K gap which further induces ion emissions).
To increase the spacial and temporal focusability of the
beam, our understanding of the diode gap behavior must be
improved, The developmént of a new diode which has non-flashover
ion source may be the highest priority. In this report, an
advanced diagnostic method for the investigation of the gap
behavior 1is pr0posed4) and preliminary results are shown. Two
types of diode configurations are tested for the investigation
of anode plasma effects on the conﬁentional passive flashover ion

diode.



II. LASER DIAGNOSTICS OF A-K GAP
II-1 EXPERIMENTAIL SET-UP

A schematic diagram of the experimentél set-up is shown in
Fig.l. An applied—Br magnetically insulated extraction diode was
driven with a 5Q-60ns Blumlein line. The beam ions are extracted
from a surface flashover plasma of a dielectric material
(Paraffin Wax;(CH2)n) on the anode surface. The diode typically
delivered 1ion current densities of 50—100A/cm2 at nominal diode
voltage of 200-300kV, d=4mm and B/B =1-2, where d is the width of
anode cathode gap, B denotes the insulation magnetic field in the
gap and B* is critical value.

The behavior of hydrogen atoms in the diode gap was
investigated with an interferometric technique and measurements
of hydrogen Balmer alpha (Hy)} fluorescence induced by a resonant
laser injection. The homogeneous line width of the Hyg line
emitted from the source plasma was Stark broadened fd)\=ev0.2nm)
and was correspondingly larger than the laser bandwidth. The
laser 1light was introduced intoc a Mach-Zehnder interferometer.
The Hyt fluorescence induced in the plasma was meaéured at a 25

scattering angle.

II-2., EXPERIMENTAL RESULTS
RESONANCE INTERFEROMETRY

To measure the guantitative behavior of neutral particles in
the gap, we are developing a resonant interfefometric technique,
.because the sensitivity of the conventional interferometric
method is too low for the measurements.

The enhanced refraction n, is given approximately as,
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where )\ is the wavelength, f is the absorption oscillator
strength, r; is the classical electron radius, N is the atomic
numbef density, g is the statistical weight and subscript r, u, 1
denote the resonance state, upper and lower resonance level,
respectively.

. The refraction induced by the plasma electron can ke

expressed as,

o ~2842
n - 1= -4.49%x107“"\n_ (2)
here, ng is the number density of plasma electron in cm“3 and
A is the wavelength in nm. For example, when AA=0.lnm, and at the
Ho line (656.3nm), their contribution to the refractivity can be
written as follows,
2 3

n-1=a{l1.42x(10 “N+10 Nr) - ne) (3)

and also when AA=-0.1nm, it is written as,

2

n-1=af(l.42x(10" N—103Nr) -n). (4)

e
For off-resonance line, it is expressed as,

n -1 = a(l.42x10°%N - n_) (5)
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where a is constant (1.93X10 ), Nr-Nl(l (glNu/guNl)) and N is

the hydrogen atomic number depsity (cm_3). We can estimate those
three values | Nr' N, ng ) by the measurement of the fringe shift
at three wavelengths { A\ = Ar+4X, A= ANr-AN , and A= A\ off),
here subscript "off" means off-resconance state.
| An example of the interferometry is shown with a typical
osciilogram of the pulse line output voltage{VBL) in Fig.2.
Here, the probe laser light of 0.07nm bandwidth was tuned to the
wavelength of 0.08nm longer than the center wavelength of the Hg.
As can be seen with this figure, it was observed that the fringe
shift by the electrons (shown in the photographs numbered 4 and 5
in Fig.2) follows that by the neutral hydrogenA(typically shown
by the photograph of No:3)l This result qualitatively supborts
the plasma expansion model, which explains that fast plasma
expansion of the pulsed ion diode is induced by charge exchanged
high energy neutral particles.z)
However, as shown in Eq.(l), the resconance interferometry
merely gives information about the population difference N of

the transition.4)

RESCNANCE SCATTERING METHOD

For the quantitative estimation of the particle density, the
resohance scattering of laser light was measured. The sgpectral
width of the dye laser was 0.07nm centered at H® line. The Hy
fluorescent scattered 1light was focused on the optical fiber,
which has rectangular shape and 7m in length, guided to a 50cm

monochromator (JASCO CT-50C) and observed using a HAMAMATSU R2257
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photomultiplier. The 1image of the gap was formed on the
rectangular fiber, which determined the spatial resolution. The
scattered 1light from the anode plasma of 1mm thickness was
detected together with the background Hoa intensity. A typical
oscillo-trace of the photomultipier output is shown in Fig.3,
where T shows the time from the rise of diode wvoltage. In
response to the incident laser light, the Hx 1light emission
increased two to three times compared with the background level.

At the saturation condition, the ratio of the population
between the upper and the lower level c¢an be written by,

N 92

= | (6)

N3 93

and the sample becomes completely transparent. Here g 1is the
statistical weight ( in our case g2/q3:4/9), and the superscript
s denotes the saturating condition.

By the intense laser injection, the HA 1intensity rises
rapidly from the initial background level corresponding N3 to a
peak value. On the other hand the fluorescence 1light is
proportional to the upper level population. Hence the ratio of

the transient peak (I’

Hu) and the background (IHu) Hy fluorescence

provides a measure of the ratio of initial level population N2/N3

as follows,

N2 i 9, + U3 Ii;u‘
N3 93 IHot

-1 (7)

On the condition that the laser intensity 1is at an
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intermediate level, gquantitative results relate. largely to
collisional or radiative rate for the resonance levels, which
decides the effective decay rate ie; effective saturation

intensity.G)

The saturation intensity must be determined by
measurements of the fluorescence intensity as a function of the
injection level of the probe laser light. In principle,
therefore, provided that the saturation level of the incident

laser 1light is precisely monitored, we can estimate the

population ratio without an absolute calibration of the system.

II1. EXPERIMENTS AT PLASMA INJECTION MODE
II1I-1 EXPERIMENTAL SET-UP

A Br-magnetically insulated diode driven by a 5%-60nsec pulse
forming line was used for the expriments. An equivalent circuit
cf the flashboard secticn is shown in Fig.4. The anode plasma
was actively supplied with four segmentea flashbeocard which is
inductively isclated from driving capacitor Ch- The source flux
was controlled with the charging voltage and timing of the
activation.

Figure-5 shows the schematic of the diode section. Two types
of configuration were tested. The first version {(version-1) used
flashboard directly attached on the anocde surface of the Br-
extraction diode. Then the dielectric surface was directly
exposed to the A-K gap. The second version (version-2) used a
flashboard-type plasma gun placed lcm behind from the anode
surface made from a perforated Al disk. The perforated Al plate
excludes the insulation field and stagnates the injected plasma.

Then the Al plate defines the ion emitting surface.
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III-2 EXPERIMENTAL RESULTS

Typical traces of the diode voltage V_ and diode current I

D D
of the diode (version-l) 1is shown in Fig.6, with 'delay time'
from the activation of the flashboard to the main voltage pulse
as a parameter. The turn-on delay of ion current was improved by
the plasma activation compared with conventionél diode. However,
as shown in the figure, when the delay was increased more than
100nsec, the diode impedance dramatically collapsed.

On the contrary, the version-2 diode was succesfully
operated, over a wide range of the delay time and plasma flux.

Typical waveforms of the V I, and the ion current density Ji

D’ D

for version-2 diode are shown in Fig.7. For the short delay mode,
the lon current rised rapidly coincident with voltage rise, after
that it gradually decreased probably because of ion depletion in
the source plasma as the beam is extracted. Generally diode
impedance was maintained at high value.

When the guantity of plasma injection was further increased
the lon current density increased more than Child-Langmuir level
and the rising impedance mode was appeared. The cause of
initial low impedance phase is considered to be the effect of low
density plasma pre-fill in the A-K gap.

Evidently impedance collapse of version-l1l diode is caused by
anode plasma effect including large neutral particles produced

with flashover process,.

Iv. SUMMARY
The physics of the pulsed ion source has not yet been

understood exactly, because of the difficulty of the diagnostics
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7)ie1é¢trode plasma.

of the localized énd highly nonequilibrium

New methods of laser diagnosticswwé}e‘.devéloped for the
investigati&n ofh the pulsed ion diode. The resonant
interferometry détects the population difference of the
transition énd the resonance scattered light reflects the ratio
of the population. With detection of the dispersion and the
scattering of resonaﬁf light, the population density of N2 and N3
can be directiy détermined. The behavior of diode acceleration
gap was observed with the resonant interferometry and laser
induced fluoresence.

It was concluded that the most critical factor of the active
diéﬁe ofuﬁersionfl was the time delay of the main voltage pulse
from the pre—ionization; In our experimental condition, it must
be controlled' 40-100nsec. Qut of this range, the impedance
characteristics was degraded severely, probably beéause of the
invasion of plasma and neutral particles in the gap.

Generally, the second version was successfully operated ; high
impedance was maintained through whole voitage pulse, at current
level 1lower than the Child-Langmuir value. When the current
level ie; plasma injection was increased, the rising impedance
mode was appeared.

Obviously, much more work must be done but preliminary results
exist ; the results gqualitatively support the anode plasma
expansion mechanism induced by the energetic neutral particles in
the gap. ‘'To increase the operatiocon range, a high flux capable
of providing high current, neutral free, and high purity

(including charge state purity), plasma source must be developed.
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. Abstract

Process of ablation due to irradiation of medium power
pulsed ion heams (PIB) with a power level of 107-108 w/cm2, which
have been proved useful for material processing, is investigated
with use of a charge collector method and a "collector-RRS
method". In the letter, the ablation particles are collected
onto a silicon probe surface, which is later subjected to
Rutherford Backscattering Spectroscopy (RBS). Preliminary
results of measurements on the ablation mass as & function of the
ion current density and the target material and on the ion energy
include some interesting features, which must be followed by

further investigation.



§1. Introduction : _

Application of medium .power (>107W/¢m2) pulsed ion beams
(PIB) to material processing is of growing interest owing to
their unique feature of energy deposition; instantaneous
deposition of energy into a localized region of a target
restricted to the particie range, and subseguent rapid cooling
[1]. :

Following the first application of PIB to annealing of
materials [2], interest _has been concentrated on reformation of
the target structure irradiated with PIB [1,3,4,5,6,7,8,9].
Mixing of atoms and formation of various novel compounds which:
are difficult to produce through conventional methods have been
found. Efforts have been also.concentrated on improvement of the
mechanical properties of the irradiated target surfaces, such as
wear resistance and microhardness [(10,11,12,13].

Recently, successful formation of thin films from the
ablation plasma induced by PIB bombardment has been reported
[14,15]: ion beams.with power density greater than 102 W/cm2 were
used to form electroluminescent ZnS:Mn films of submicrometer
thickness. They also have succeeded to form thin films of
YBa,Cus05_ TiBaO3, apatite and carbon [16]. Such a method of
thin-film deposition has distinctive features that the deposition
occurs in much shorter period of time from the ablation plasmas
having much higher density than in conventional plasma methods.
In addition, feedom 1in chosing the material and high
controllability of the plasma temperature are the great
advantages of this PIB evaporation technique, making this method
very atractive.

However, 1t is not always clear how the film properties are
influenced by the characteristics of the aklation plume, such as
electron temperature, ion energy, ionization degree, etc. In the
present study, we examine the basic characteristics of the
ablation plumes produced by pulsed ion beams of 107-108 w/cmz.
In addition to the chrage collector method to measure the ion
energy and flux of the plume, a collector-RBS method is applied
for the measurement of total fluence. The latter is similar to

the surface probe method used as a powerful diagnostic method for



boundary plasmas in magnetically-confined fusion expefimenté
(17,18]. | I

§2. Experimental procedure
" A schematic of the PIB irradiation system is shown in Fig.l.
Pulsed ion beams of 50 ns duration with current density of 1
kA/cm2 were produced with a pinched electron beam diode with a
polyethylene anode, which was operated at an anode véltage of 400
"kV fed by a 5-kJ pulse power source Eridatron-I [19]. The beam
composed of 80% protons and 20% carbon ions induced ablation on
the target; Pb, Cu, Mo, Ti, Fe or W. ' '
The ablation particles were collected with a Si collector
pfobe at three different angular locations, which is later

subjected to the Rutherford Backscatterihg Spectrometry {(RBS)

analysis using an MeV-accelerator. For measuring the ion
component of the ablation particles, the S§i collector was
replaced with a charge collector probe. It contains 2 collector

electrodes separated from each other by 16 mm for the purpose of
time-of-flight measurements with an oscilloscope. A bias voltage
of up to -100 V was applied to the electrodes. The beam current
density on the target was controlled by moving -the target-
collector assembly axially. The irradiation system was
maintained at a pressure below 1.5x10”2 Pa.

A schematic of the RBS system is shown in Fig.2. The Si
collector plate having ablation particles on it is analyzed with
a probe beam of 1-MeV c* ions from a tandem Pelleiron accelerator
[20]. The beam diameter on the Si ccllector sample was 0.5 mm,
which was small enough to restrict the analyzing area to the area
corresponding to the interested irradiation point on the ablation
target. Carbon was chosen as the probe ion, taking advantage of
its high resclution for the present combination of the substrate
Si and the material to be analyzed (Pb, etc.}. An example of the
energy spectra measured with the silicon surface barrier detector
is shown in Fig.3. Good isolation of the Pb peak from the’
substrate Si signal is realized. The number of ablation Pb
particles is calculated from the integrated counts of the Pb

peak.



£3. Results and discussion

~The angular aependence of the particle fluence in the
ablation plume measured with the Si probe is shown in Fig.4,
where the fluence data for several target materials under

2 PIEB are normalized to the value of

irradiation with 240 A/cm
cos® at 8=39°. A fair agreement of the angular distribution with
the cosine law is observed in the measured range of angle.

Integrating the fluence distribution over the half space
under the assumption of the cosine distribution, we get the
ablation mass expressed as target thickness T, removed due to the
ablation. A correlation is observed between the removed
thickness T, and the normalized deposition enerqgy E, which is
defined as the deposited energy within the particle range divided
by the energy neccessary for heating the target up to the boiling
point. The dependence of T, on E, 1is shown in Fig.5 for the case
of 240 A/cm2 irradiation. An abrupt increase of T, at E =1 means
that the sublimation energy is the threshold value for ablation.
The data for Pb suggests a nonlinear increase of T, with further
increasing E,. This is closely related to the dependence on ion
current density J; shown below.

In Fig.6% the removed thickness T, for the Pb target is
plotted as a function of j;. The abrupt increase of T, at 1;=30
A/cm2 shows the ablation threshold again. Above the threshold,

a
understood from the fact that the heated region does not increase

T_ does not increase linearly with ji+ This behavior can be

with increasing J;. The tendency that T, rather decreases toward
higher J; might suggest that the fluence distribution becomes
forward peaked at high ji' It is also interesting to note that
the saturation value cf T, is much smaller than the particle
range in the target. The further discussion requires more
detailed measurements on the ancular distribution of the particle
fluence. ‘
Typical traces recorded with the charge collector probe are
shown in the inset of Fig.7, which shows evolution of the ion
component of the ablation plume from the Ph target irradiated
with 240 A/cmz. The lower trace is from the collector near the

target, while the upper from the farther one. From the time-of-



flight_plots of 2 peaks shown in Fig.7, the velocities of the
first and the second component are deduced to be.6x104 m/s and
§110° m/s, respectively., It is reasonable to assume that these
are due to adsorbed hydrogen ions with mean energy of 18 eV and
Pb ions with 67 eV, respectively. It dis interesting to note that
the ion energies are rather low compared with those reported for
the ablation plasma generated by KrF laser irradiation [21].

Further investigation is reguired also in this respect.

$4. Concluding remarks _
The characteristics of the ablation plumes induced by PIB
with a power level of 107-108 W/cm2 are investigated with use of
a collector-RBS method in addition to the charge collector probe.
The preliminary results include some interesting features, which

must be followed by further investigation.

Thanks are due to Mr. S. Niina for his help in the

measurements.
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Theoretical Study of "Plasma Focus Diode"”
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Abstract

A theoretical model of self-magnetically insulated, .coaxial
type ion beam diode, "Plasma Focus Diode" (PFD), is developed and
analyzed 1in detail. In this theory, self—consistant electron
current and space-charge limited ion current are incorporated. The
steady-state charge and current distribution inside the diode 1is
calculated for given diode voltage. We compare the calculated
diode impedance with the experimental results obtained at the peak
power, and good agreement was obtained. Some diode behaviours
observed in the experiments are explained by the theory. From the
theoretical understanding about PFD, we obtain the scaling relations
of diode impedance and the ion-current efficiency, and use them to

discuss the possible ways to improve the diode operation.

1 . Introduction

Intense pulsed light-ion beam (LIB) has been studied for many
years for applications in inertial confinement fusion (ICF) and
material prosessing.':?’ In these studies, both the generation and
focusing of LIR are very important subjects.

We have previously introduced coaxial type, self-magnetically
insulated ion-beam diode, "Plasma Focus Diode" (PFD).% %’ The
principle of PFD is shown schematically in Fig. 1. Two coaxial

cylinders basically form the diode to which the pulse power is fed



from one side. The anode

plasma is generated by

earlier leakage of electrons Anode
and/or flashover on the l ,Flashboard
anode surface made of epoxy. J,/ ‘\S
Most electrons are moving F?.B s L ‘\
mainly in the axial (z) di- L =lé=&=é&‘ ‘\.\w,g
rection due to E x B drift. v v oV v
The ion emission from the —"—-—IOT B\ea\m\_-\ e
anode plasma is enhanced by ‘\':I]tly::i\!‘—‘./% Czily-j-:*‘ l’.’”‘}
the space-charge of the “G—)’B "E’Xa“" - /f
drifting electrons. Through ‘|\ .zg
a perforated cathode, the \ >
ions tend to focus to the ’ Cathode ?—>
center line. _— ; ; , vr

Compared  with other 0 10 20 30 40

z (mm)

kinds of ion diode, PFD 1is
found to be very attractive
mainly in its good focusing. Fig. 1 DBasic principle of PFD.
In coaxial type applied-B
diode, the magnetic field is usually in the axial direction. Exper-
imentally, it is difficult to compensate the influence of the axial
magnetic field on azimuthal momentum of ions, which limits the fo-
cusability at the center line. In PFD, however, the magnetic field
generated by every current component is in the azimuthal (&) direc-
tion so that only the axial (z) momentum of the ions is affected by
the magnetic field while the & -momentum keeps zero theoretically.
In addition, we are able to make PFD with small radial size because
no external field coil is required. As a result, the focusability
of PFD in radial (r) direction is better than any other diodes.
~The tight focusing gives very high beam power density on the center
line. Line focusing can alsc be interesting in some applications
other than ICF. '

Typical experimental data of PFD, as reported previouly,s-'°'

can be summarized as follows: focusing radius = 0.18 ~ 0.25 mm, lon-

— 46—
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Fig. 2 Typical waveforms of inductively-corrected diode voltage (V.),

total diede current (I.), and diode impedance (Z,). Shot No. 1709.
llere, r. {cathode radius) = 1| am, r. {anode radius) = 18 mm, and L

{axial length} = 40 om.

- current density at the anode surface = 1.4 ~ 1.9 kA/cm?, ion-beam
power density at focusing region ~ 0.1 TW/cm? (for ion energy of 1.5
MeV) .

Figure 2 shows the typical waveforms of inductively-corrected
diode voltage, total diode current and impedance of the diode.
From Fig. 2, we see that the diode impedance is ~ 12 {2 at the peak
power and then falls very rapidly to nearly zero before the end of
the power pulse. The internal impedance of our pulse forming line
is 6.5 Q.

The impedance behaviour of PFD is always a problem in diode
operation. It has been experimentally observed that breakdown
usually happens at sometime in the main pulse. For obtaining a
longer impedance lifetime, we have to increase the A-K gap and then
the impedance is increased as a result. Another problem is the
ion-current efficiency. For PFD, we are able to lengthen the diode
to increase the ion efficiency by lengthening the transition time of
electrons in the diode. However, "overlengthening” usually causes
the similar breakdown problem. In addition, the breakdown 1is
easily affected by many uncertain factors in the diode and become

very unstable. As a result, the reproducibility of PFD operation



is poor. For solv1ng these problems 1t is necessary to understand
behaviour of PFD theoretically. . N ; S

The behav1qur of applled-B diodes hes received 1nten51ve
‘studies byfmany authors. With the extension of the studles above,
we analyzelfhe'béhavior of PFD theoretically. Our early model'!’
is based oh one-dimensional laminar electron flow, the Antonsen and
ott model.'?’ Both the ion-beam current density and the diode
impedance predicted by the calculation, however, have been found to
deviate from the experimental results. . In this paper a new model
is developed andvpresented in detail. The calculated results are
compared with the expermental results. From this model, the
physical mechanism behind the diode impedance behaviour and the
instability of diode operation will be clearly understood. In
Section [ , the diode model and assumptions are presented. Section
[l contains the numerical calculation results along with comparisons -
between the model and the experimental data obtained at the peak
power. Some discussions about the diode behaviour are given in

sec. V. We give our concluding remarks in Sec. V.

. Model and Assumptions

An appropriate desciption of free electrons in the A-K gap is
very crucial in the theories of ion diodes. Early models'?:!'3’ are
considered to be not suitable because of the presence of electrons
coming from the power feed and the fluctuations in the gap.'4!%?
In our new model of  PFD presented in this paper, we allow the ex-
istence of electrons with velocity in non-z-direction and adopt the
flat density profile of electrons from the model of Desjarlais.'"®’
The constant density distribution not only simplifies the calcula-
tion, but also seems to be a good approach to the real situation.'$'®
In addition, even with the early equilibrium theory,'?® the viola-
tion of electron profile from the flat profile in coaxial diode,
particularly for smaller radius/gap ratic, is smaller than that in
planar diode.

With the flat profile assumption, we write the equations in r

direction:
n — 48 —



d(rE) = e(n. - n,)rdr/e 4, (r < re) (1)

d(rE) = - en,rdr/e o, (r > re) (2)
] 172

n, = Jara[ m; B (3)-

er 2e(Vi-¢ )

where r. denotes the radius of electron sheath surface, E the
electric field, n. the electron density, n, the ion density, J. the
ion-current density on anode surface, r. the radius of anode, m; the
ion mass, V. the diode voltage

Or—————— between the gap, and - ¢ the

electric potential. For these

equations, we give the following

bouhdary conditions: ¢ (r.) = 0,
d QS (ra) = Vdr E(rC) = Op E(ra) -
- S 0 and the contihuity of E and ¢
- at r.. Equations (1)-(3) were
integrated numerically to give
the potentiél profile in the
0 e gap. Among the three parameters
0 0.5 1 of J., ne and r., any prescribed
e one can be used to calculate the

other two.

Fig. 3 Calculated result of normalized Figure 3 shows the calcu-
enhancement ratio, J./Jecu, as a func- . +e3  result of jon-current
tion of p, the ratio of electron- . _
sheath thickness to the A-K gap, o© density as a function of elec-
= {r,-re)/{ra-re). tron sheath thickness. The

ion-current density at the anode

surface is normalized by the current density of zerc sheath thick-

ness {J..) so that it represents the enhancement ratio. Here, p 1is

the ratio of sheath thickness to the A-K gap. From Fig. 3, we see

that, for the fulfilled gap (p = 1)}, the enhancement ratio is ~
9.1.

The magnetic field is determined by assuming that the current

I. exists in the cathode. The equations are:



d(rB) = u cen.v.rdr, (4)
d(v,m) = eBdr, (5)

where B 1is the magnetic field, v, the axial velocity of electron,
and m the mass of electron. The boundary conditions are B(r.) =
oI /(2xr.), and v, (r.) = 0.

To determine the charge and current distribution in PFD, we
assume that the dicde is in a steady state. That is, for a given
voltage, every parameter can be determined, and does not change with
time. Because the electrons are not trapped in the gap, PFD can be
more suitably treated by the time-independent model than the other
~dicdes in which the electrons drifté in # direction. , .

Another assumption is that the surface of the electron sheath
reaches the anode at the downstream end of the diode, i.e., the free
electrons always fulfill the A-K gap there. Almost all electrons
drifting out of the diode regicon freely reaches the anode. From
the consideration of continuity, the electron-sheath surface should
be very close to the anode at the downstream terminal.

In this model, we do not take the electron loss inside the
dicode into account. We also assume that ions do not pull electrons
along with them to the cathode as they pass through the electron

sheath. We do not incorporate 3

¥ L L) L L 1

the A-K gap closure by electrode

plasma in our model. 10

I . Numerical Calculation Results
With the above assumptions,

the parameter distributions in =z

Fig. 4 Calculated result of electric-
field distribution for z = 0, 10,
20, 30 and 40 mm, where V, = 1.5 MV, \ . \ \ \ ,
The dashed line will be used for de- M 2 13 1% 15 18 17 18
riving the scaling law in Sec. .

r (mm)



direction are calculated numerically.
Figqure 4 shows the calcu- 1.8
lated results of electric-field - L a)

distri- bution with z positions

1.5

re {cm)

as a parameter. We see from i
Fig. 4 that the peak electric S

field is about 1.8V./({r.-r.}) and i
1.1 4 }

4

there is no significant varia-

L
7

— b)
tion along z-direction. E 10 /
Figure 5 shows the calcu- ,_i,
lated results of {a) electron- ~ 05 1
sheath thickness (r.) and (b)
ion-current density at ancde 00 ' ]'0 Zb 3'0 40
surface (J.). We see from Fig. z (mm)

5 (a) that the sheath thickness

does not change significantly in Fig. 5 Calculated result of axial varia-
' tion of (a) electron-sheath thickness

(r), and {b) ion-current density at
considerations, this is found to anode surface {(J.}.

the diode. From the following

be consistant with the assumption that the diode is in a steady
state. The axial momentum of electrons at radius r is determined
by the total magnetic flux between r and r., according to eq. (5).

The current that is flowing inside r (including that in the cathode)
is limited by the requirement that the axial velocity of electrons
does not exceed the absolute velocity determined by electric poten-
tial ¢ . In addition, compared to the current in the cathode, the
electron current outside the cathode contributes more to ¢ but less
to magnetic flux. Therefore, the largest total current (critical
current) corresponds to the situation that all the electrons are
moving only in z direction and the electron current outside the
cathode takes the largest fraction of total current as possible.
We incorporate this situation into our model at the upstream end.
Otherwise the total current will be smaller than the critical
cﬁrrent, and hence the diode is not in a steady state. In other
words, the steady state demands that electrons are only emitted at

the upstream region. Therefore, in our model, the current carried
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e~ Fig. 6 Calculated result of
' total diode current {I,) as
~a function of diode voltage
{Vq), together with the ex-
- perimental data obtained at
peak power of seven shots.
Shot Ne. 1707, 1701, 1704,
1706, 1703, 1606 and 1709
50 (from left). The dashed
line shows the simp lified
scaling law which is ob-
tained in Sec. [¥.
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by the electron sheath is a constant along z direction. The cathode
current is very small at the downstream end and is approximately the
total ion current at the upstream end.

The ion-current density in Fig. 5 (b) is compared with previoﬁs
experimental résults. We have experimentally observed the peak
ion-current density of 1.4 ~ 1.9 kA/cm?, which is much larger than
that obtained in Fig. 5 (b). However, we note that this peak ion-
current density usually appears later than the peak power. The
large enhancement at the later stage of the pulse (relative to the
peak power) may be caused by the gap closure because of plasma
expansion. This is not considered in our model.

The total diode current is calculated for voltages from 1.0 to
1.9 MV, and the results are shown in Fig. 6 together with experi-
mental data obtained at peak power of seven shots. The calculated
results are found to be in considerable agreement with the experi-

mental results.

IV . Analysis of Diode Behaviour
From the above studies, we have figured out the physical pic-
ture inside PFD. In this section, we simplify our calculation

model into some scaling relations and use them to discuss the



improvement of PFD.

a) Diode impedance _

As described in Sec. [[, the total diode current is determined
by the upstream end where the electrons are supposed to move only in
z direction. We assume that the relation E = vB approximately hold
there, and v = c(l-9y " *)'72%. We assume that the electric field
varies linearly in the gap from 0 to 2V./{r.-r.), that is shown as
the dashed line in Fig. 4. From Fig. 5 (a), we suppose that the

gap is entirely fulfilled by the electrons. Thus, we have:

ol /(2rr.)e{l-y "2}'72 = 2V, /{r.-r.), (6)

and then
4 . v
I, = % % : , (7)

MOC r.-r. (1_?.--?.)1/2

where I. is the total diode current. Equation (7) is also plotted
in Fig. 6 together with the calculated results of our model and the
experimental data. Because eq. (7) is derived by our model, it has

been found to fit well with the calculated results.

b) Ion-current efficiency
To estimate the relation of total ion current (I,) and the
electron current (I.), we assume that the electric field varies
linearly as the dashed line in Fig. 4 and the electrons fulfill the
gap. Considering the relativistic effect, we assume that the elec-
tron velocity is propotional to (r-r.)'7?. We also assume the uni-
formity of ion-current density along z direction. Thus, we have:

I, 2eN, /7 (2e/m.) ' 72Vy' 72L/ (ra-xr:), (8)

and

- T 4eNe/15 C(T—'r_z)lxz(3ra+2rc)/(ra+rc)p (9)



where N; and N, are the total numbers of ion and electron in the

gap, respectively. From the assumption that N, = N., we get:
Ij_ 15 2e V 1-2 ru+rc L
= (=) 17 - . (10)
I. 2 c m (1-9 ~2)'72 3r.+2r. r.-r.
where L 1s the diode length. Figure 7 shows the ion-current effi-

ciency of eq. (10) (dashed line) and the calculated efficiency of
our model (sclid line). From Fig. 7, eq. (10) is seen to give a
good approximation to our model.

¢) Diode operation
The application of egs. (7) and (10) for changing the diode
impedance and efficiency is limited by the instability of PFD. In
our model, an idealized assumption is that all electrons are emitted
from the cathode at upstream area and arrives at the ancde, outside
the downstream end as seen from Fig. 1. We suppose that the elec-

tron loss in the gap can be

neglected. Tt is necessary 40 ; T T 7
for stable diode operation
because large electron loss 30h i
to the anode will bring

considerable charge nonuni-

20

formity in the A-K gap which

causes unusual diode behav-

lon-current Efficiency (%)

lor. However, from our 10 -
theory we understand that,

except at the upstream end, , ' . .

the electron total momentum 0]_0 12 14 16 18 20
1s larger than its z-momen- V, (MV)

tum, that is, the electrons

move nonlaminarly. As a ,

Fig. 7 JTon-current efficiency calculated
by the model (sclid line) and that of

too small or the axial eq. (10) (dashed line).

length of PFD is too long,

result, if the gap length is



a large number of electrons are possible to leak to the anode inside
the gap, especially at the downstream area.
To avoid such a problem, it is

necessary to reduce the non-z-momen-

tum of electrons, that requires the

current at every z-position equal to

the critical current (cf. eq. (7)). a)d
Because the current varies with z,
it is necessary to change the geome-
try of PFD in 2z-direction. For

exanple, we suggest to use the diode

shapes shown in Fig. 8. Figure

8(a) comes from the design of the

electron emitter of virtual cathode b)

of applied-B diode.!®’ At present

stage, we believe that a complete
Fig. 8 Improved shapes of PFD

virtual cathode is not practical for by our model.

PFD because of the large length/ra-

dius ratio. In Fig. 8(a), therefore, the cathode is basically a
real cathode where only a gap difference 1is made. Figure 8 (b)
shows a tapered anode which gives a smooth variation of the gap.

With eqs. (7) and (10}, we can estimate the required gap dif-
ference between the upstream end and the downstream end. For
example, we take Vqy = 1.5 MV, r. = 17.5 mm and r. = 12.5 mm (at
upstream) . We have used the average gap to estimate the total ion
current. Then, the calculated results are as follows. For the
PFD shape of Fig. 8(a), we evaluate I, ~ 180 kA, I. ~ 48 kA, and r.
~ 10.7 mm (at downstream); for Fig. 8(b)}, in addition, I. ~ 180 kA,
I, ~ 45 kA, r. ~ 20.2 mm (at downstream).

We understand from our model that the experimental problems of
operational reproducibility and breakdown are closely correlated to
the electron movement in the PFD gap. From the above discussions,
we find it is possible to control the electron flow by the geometry
of PFD. From eqs. (7) and (10), or the more accurate numerical way

of previous sections, it is possible for us to calculate the suita-
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ble geometry. After moving the operating point of PFD -away from
‘the unstable region, we are possible to adjust the sizes of PFD to
change the diode impedance and to increase the ion-current efficien-

cy as indicated by eqs. (7) and (10).

V . Summary and Concluding Remarks

We have presented a new theoretical model for PFD. The model
assumes {a) that the electron density profile is constant in r-di-
rection, (b} that the electrons fulfill the A-K gap at the down-
stream end, and (c) that the anode is a space-charge limited ion
source. '

The model is supported by the experimental data of diode impe-
dance obtained at the peak power. The major conclusions of our
thedry are as follows:

1) For stable diode operation, the steady-state charge and
current distributions demands constant electron current in z-
direction, so that there is no large parameter variation in the
axial direction of PFD.

2) From the smooth parameter distribution in PFD described by
our model, we have derived the simplified scaling relations of the
diode impedance and ion-current efficiency.

3} Our theory shows that, by adjuéting the geometry of PFD, it
is possible to optimize the diode parameter without bring instabili-
ty in the diode operation.
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Abstract

Versatile Inductive Voltage Adder, "VIVA-I", with high potential
gradient has been successfully developed to be in operation. It has
been designed to produce output pulse of 4 MV, 60 ns by adding 2 MV
pulses in 2-stages of induction célls, where amorphous cores‘ére
installed. Within ~ 40 % of full charge voltage, pulse-power
characteristics of Marx generator, pulse forming 1line (PFL),
transmission line (TL), and induction cells were tested for three
types of loads; open-circuit, dummy-load of CuSO, resistor, and |
electron diode. In open-circuit test, ~ 2.0 MV of output voltage
was obtained with good reproducibility. Dependence of output
voltage on diode impedance was evaluated by using a dummy-load, and
good agreement was obtained with that expected. An E-beam diode was
operated successfully, and ~ 18 kA of beam current was obtained at
diode voltage of ~ 1 MV.

§ 1. Introduction
Tnductive voltage adder is a promising technology to obtain a
high-power pulse of voltage more than 10 MV. Using an amorphous

metallic material as magnetic cores, we expect a high potential



gradient of more than 2 MV/m,'-?’ due to its high saturation level
of flux dénsity as wéll as its high frequency response.!’

To demonstrate Sﬁbh a technology to be realistic, we have
constructed "VIVA-I", é compact, highly potential-gradient pulse-
power machine, the details of which will be described in this paper.

§ 2. Description of fVIVA—I"

"VIVA-I" consisits of a Marx generator, a Blumlein PFL, a pulse
distributer, four TLs, two induction cells, and a diode. The
primary energy storage of "VIVA-I" is Marx generator of ]7-stages.
étored energy of Marx generator is 43 kJ at charging vortage of + 75
kV, which yields 2.55 MV of output voltage.

_ Both PFL and pulse dlstrlbuter are located in delonlzed water.
fThe Cross- sectlonal view of this section is shown in Fig. 1. The
PFL used is cylindrical Blumlein line (BL) with switching reversed.
Intérmediate conductor (IMC) of BL is directly charged by Marx
generator in ~ 500 ns. BL switch is self-breakdown SF; —gas switch
located between IMC and outer conductor. Design parameters of BL
ouﬁput are written as follows: Z.. (output impedance) ~ 12.5 @,
T s (pulse width) ~ 60 ns, Vevr(nax, (output voltage) ~ - 2 MV.

The output pulse of BL is fed to pulse distributer through a
four-channel pre-pulse switch (water, self-breakdown), and divided
to four 50-Q pulses. They are transported to inductive voitage
adder section throﬁgh o1l filled, four coaxial TLs.

Figure 2 shows the cross-sectional view of the adding section,
which consists of two induction cells and a diode. The outer
diameter and length of one cell are ~ 1 m and ~ 0.8 m,
respectively. Two 50-Q TLs are connected to one cell in parallel.
Average potential gradient of ~ 2.5 MV/m is achieved by the
application of 2 MV. Amorphous cores are immersed in o0il and the
oil-vacuum interface is made of acrylic insulator. Properties of

amorphous metallic cores installed inside the cells are presented in
Table I.
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Fig. 2 Cross-sectional view of induction cells and diode.



Table I. Size and properties of amorrhous core (1 core)

Size
Outer diameter 700 mm
Inner diameter 300 mm
Width : 96 mm
Insulater : 6 um (PET)
Filling factor ~ 70 %
mﬂﬁagnetic properties of core (DC Value) o
B. (Saturation flux density) z 1.0 T
B, (Residual flux density) > 0,75 T
AB (Flux swing) | ~ 1.75 T
H. (Coersive force) : 4.0 A/m
V-7 ~ 0.034 Vs
Amorphous metallic tape
Thickness | ~ 21 um
Resistivity ~ 130 4 Q-cm

The output voltage from two induction cells are added in series
by a center conductor/MITL. Such the pulse added is finally
delivefd'to the dicde. 1In the initial test of the system, we have
installed a resistor of CuSO, solution or E-beam diode (shown in
Fig. 2).

Figure 3 presents the eqivalent circuit of the whole system of

"VIVA-I". Some diagnostics in the initial test are also indicated.
Iexz [d
Marx 50n TL. %L L, —=
Generator —E) )
0cC I:D
IMC Charging :—‘ deZI @
DS Inductor—€
IC » -
Iex.1 74;_' Vd
— O — :
PFL ,J,T 1 Vina @

T

Fig. 3 Equivalent circuit of whole system of "VIVA-I".



§ 3. Results of Initial Tests

Tnitial tests of the whole system were carried out at V.,
(charging voltage of Marx generator) £ 30 kV, which is less than 40
¢ of full charge voltage. To obtain characteristics of magnetic
cores in saturated level within the limited V.., we have first
installed two cores to each cell. As a result, the value of Vr of
one cell is reduced to ~ 0.067 Vs from the initially designed value
of ~ 0.1 Vs.

3.1. Open-circuit Test )

Open~circuit test was carried out by taking out the center
feeder/MITL of the adder. Figure 4 shows typical waveforms at V.. =
30 kV. As seen From Fig. 4 (a), charging voltage of PFL reaches 1.1
MV at t ~ 600 ns and then BL switch N
is closed. From Fig. 4 (b) of

applied voltage of cell O (V..4),

VppL (MV)

pre-pulse voltage of ~ 100 kV 1is

seen to be present for ~ 600 ns, and

after that negative main pulse of

Vina ~ 1.0 MV is obtained with pulse ost &y /\[\—
width of ~ 75 mns. Due to the Z (| i t—A—-
presence of pre-pulse, cores are \%~QS- ]
automatically biased, and good >

reproducibility was obtained even in e L

the absence of reset pulse. Figure

4 (c) shows the excitation current .(é)' C '

of cell O (I..). We see I.. builds or ]
wp at t ~ 610 ns, and gradually = 'O j
increases, and reaches ~ 8 kA at the —§-20-

peak Of V.4 (t ~ 700 ms). After t =30l i i ‘
~ 780 nmns, Iex significacantly t {(ns)
increases, and réaches the peak Fig. 4 Typical waveforms of
value of 25 kA at t ~ B850 ns, open-circuit test.
indicating the  saturation  of (@) Verr, (b) Vina
magnetic cores at t ~ 780 ns. and (c) I...



Integral of V;,, from t ~ 610 ns to ~ 780 ns is calculated to be -~
0.065 Vs, which reasonably agrees to the value of Vr of the cells
(~ 0.067 Vs) stated previously.

. Figure 5 shows the dependence of Veer, Ving, and I., on V... We
see that both Ver. and V... increase almost propotionally to V...
Such the linsar increase in Vina oOn V.. suggests that magnetic core

is not saturated before the peak of V,...

I 1 ] L 1 J

# 405-430

10 -

S

=y

T p

—

T .y 10

= ©YPFL x
025" °:Vind '_?

O: lg i3

P | ] ] 1 1 1 4 .
0 %2027 242 26 28 30 © Filg. 5 Dependence of Vee.,
Ven (kVv) ’ Vine and 1., on Ver o

3.2 Dummy-load Test

Pulse-power characteristics were measured by using a resistance
of CuSO, solution as a dummy load. Three kinds of resistances (R, =
50, 120, and 580 Q) were used in this test.

Figure 6 shows V. (peak diode voltage applied to the load) and
Vinae vs. Voy. We see V, and V;,; are propotional to V... The
difference between V. and V..., which is due to the inductive
voltage drop in the center conductor (L, (dI./dt)), increases with
decresing R.. We have calculated L, from the dimension of the
center conductor to be ~ 450 nH, which almost agrees with that

estimated from these experimental results by using the relation,

Va (: RlId) = (Vin‘d.] + Vina.z) - Ll (dId/dt) - (1)



] 1 T ] L | B

1.6k #106-215 PP o 40.8
1.4

AI.Z
> 1.0 o '
2108 & Dependence of V, and
;0.6 Vine On Ven.
0.4 .:Vd at R] =SOQ,
0.2} - A: V. at R, =120 Q,
) K. 1 1 1 B 1
O M5 27 26 26 28 30 ° B: V. at R, = 580 Q,
Vch- ( kv ) . O: Vise @at R, =50 Q.

3.3 Electron-Beam Production
As shown ‘in Fig. 7, E-"

beam generation experiment

was carried out by using an

Guide Coil

annular diode (cathode; | Fmada cu
carbon, anode; Ti foil of _ -
thickness ~ 20 um). The

inner and outer diameters of :- _MITL :]]

the cathode are ID = 58 mm -
and oD = 76 mm, ?
‘respectively,_ and the gap

length di-a = 17 mm. Axial | | Pmku Coil
magnetic field of B, ~ 0.84 \(h\ 0

T is applied to the diode

and a drift region. The E- Fig. 7 Cross secticnal view of

100mm

beam current.is measured by ’ E-beam diode.
a Faraday cup at ~ 160 mm
downstream from the ancde.

Figure 8 shows these typical waveforms. Clearly, E-beam is
generated with V, ~ 1 MV (estimated from V,,. and Is by using eq.
(1)), I. ~ 20 kA, and I, (beam current) ~ 1B KA.
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Fig. 8 Typical waveforms of E-beam production experiment.

g€ 4. Concluding Remarks

"WIVA-I" was successfully constructed to be in operation, of
which initial operating tests were carried out less than 40 % of
full charge voltage. 1In the open-circuit test, ~ 2.0 MV of output
voltage is obtained with good reproducibility. Dependence of output
voltage on diode impedance was evaluated by using dummy load, and
good agreement was obtained with that expected. An E-beam diode was
successfully operated to produce ~ 18 kA of beam current.

The experiment is continued to increase the output voltage,
optimize the parameters of each part, and improve the accuracy of
diagnostics. Ion-beam diode experiment is also planned to be

carried out soon.



Acknowledgement

This work was partly surported by a Grant-in Aid for Scientific

Research from the Ministry of Education, Science and Culture of

Japan.

References

1) J. P. Corley, C. E. Heath, D. L. Johnson, S. E. Rosenthal, J. W.

2)

4}

Poukey, W. G. Adams and J. J. Ramirez: Proc. 6th IEEE Pulsed
Power Conf., Arlington, VA, VW A, 571 (1987).

J. J. Ramirez, K. R. Prestwich, J. A. Alexander, J. P. Corley, G.
J. Denison, C. W. Huddle, D. L. Jhnson, R. C. Pate, G. J. Weber,
E. L. Burgess, R. A. Hamil, J. W. Poukey, T. W. L. Sanford, L. O.
Seamons and G. A. Zawadzkas: Proc. 7th Int'l Conf. High-Power
Particle Beams, Karlsruhe, West Germany, I, 148 (1988).

I. Smith, P. Corcoran, H. Nishimoto and D. Wake: ibid. I, 127
(1988).

T. Aoyama, Y. Hozumi, K. Shimiya, M. Shigeta, K. Shibata, K..
Masugata and K. Yatsui: Proc. Symp. Production and Target
Interaction of Particle Beam, IPPJ-900, Inst. Plasma Phys.,
Nagoya, 100 (1989).



REDUCTION OF LOW ENERGY COMPONENTS IN PULSE ION BEAM
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Abstract:

We tried reduction of low energy components in pulse ion beams with
self-crowbar switch of which operation was achieved by expansion of
electrode plasmas in a small MITL. The experiments were carried out with
the small MITL (self-crowbar switch) and the "Inverse Pinch Ion Digode".
From the experimental results, the times required for dropping of -pulse
high voltage were shortened from 40 to 15 ns, As the result of this
shortening, the ions accelerated at a relatively low voltage decreased,

and the energy ranges of proton beams were reduced from 60 to 30 keV.

€1, Introduction

In an experiment with a pulse power generator, a diode voltage is
generally dropped slowly by the effect of the inductance between the end
of the generator and a diode., That is, a diode current 1is held after
ending cof a pulse high voltage by inductively stored energy. The
differential coefficient of this diode current and the impedance generate a
voltage. " This voltage corresponds to the tail of the diode voltage, and is
caused by slow dropping of it. In this tail, ions are also accelerated.
However the energies of these ions are considerably lower than that of the
ions which are accelerated at the top of the diode wvoltage, These low
energy ions broaden the energy ranges of the ion beams. The broad energy
ranges are not desirable in utilization to development of new materials,
e.g. modification of surface layer.

From the previous experimental resultsl), transport of pulse power is
limited by expansion of electrode plasmas in a small magnetically insulated
transmission 1line (MITL). That is, expansion of a cathode and an ‘anode
plasma shorts the gap between the inner conductor (cathode) and the outer

conducteor (anode) of the small MITL. On the other hand, it 1is expected



that this shorting of the gap is utilized as self-crowbar switch operation.

Figures 1 (a) and (b) show the schematic drawings of the small MITL
and a small relativistiec electron beam diocde reported in ref. 1. Initially
the small MITL operates as a diode, and an electron current Iyrpr, flows
across the gap of the MITL. When a diode current Ip exceeds a critical
current (e.g. the current calculated by the para-potential flow model?) ),
Iyrqr, decreases by magnetic insulation., However initially produced plasmas
on the conductors expand with the velocity of 247 x 10° cm/s 3) (Fig. 1
(a)), and the gap between the conductors is closed by several tens of nano-
seconds (Fig. 1 (b)). 1In this time, it is expected that the diode voltage
drops sharply if a crowbar current Icg decreases sharply. In order to
sharp decreasing of Icg, it is required that the impedance of the diode 1is
high and the inductance from the small MITL to the dicde is low.

In this paper we present initial experimental results on reduction of

low energy components in pulse ion beam by self-crowbar switch operation.

§2. Experimental Setup

The schematic drawings of the "Inverse Pinch Ion Diode" (IPD) “) and
the experimental setup are shown in Figs. 2 (a) and (b), respectively. The
small MITL, which plays a role of a self-crowbar switch, consists of a
metal rod (inner conductor) and the inner surface of an aperture drilled on
the metal plate (outer conductor). In Fig. 2 {a), a brass rod which held
the cathode of IPD was used as the inner conductor. The inner surface of
the aperture located at the center of the ring anode of IPD was also used
as the outer conductor. A& gap length between these two conductors A was
varied 1 te 4 mm in order to change a time reguired for turning on the
switch,

The "Inverse Pinch Ion Diode" was used as the load of the self-crowbar
switch. This dicde consists of a ring cathode preojected from a circular
plate and a ring anode. When a pulse high voltage is applied to the diocde,
the electrons emitted from the ring cathode are accelerated to the anode,
and bombard the anode surface. On this anode surface, the ring made of a 2
mm thick acrylic plate was attached. This ring is bombarded by the
electrons, -and its surface layer becomes a plasma which plays a role of an
ion source. At the same time, the current flowing along the center
conductor generates the azimuthal magnetic field, This magnetic field

makes the electrons move radially, so that the lifetime of the electron is



lengthened. Consequently, effective ion beam generation is expected.

The pulse power generator- "HARIMA-II" (400 kv, 3 {i, 50 ns) was used in
the experiments reported here. Figure 2 (a) shows the experimental setup
arranged at the end of the "HARIMA-II". Voltages were measured at the end
of the "HARIMA-II" (Vy) and at the diode (Vp). A copper sulfate and a
resistive voltage divider were used for measurement of- Vy and Vp,
respectively. A diode current {Ip) was measured with a Rogowski coil. A
biased ion collector (BIC) was used to measure the total current of the ion
beam (Ii’). An grounded plate, which has many small apertures, is set in
frent of BIC. The diameter of the aperture and the distance of separation
' between the apertures are 0.5 and 10 mm, respectively. From these values,
the transparency of the grounded plate is 0.2 %. A charge collector in the
BIC was biased at -450 V to remove the accompanying electrons. A Thomson-
parabola ion spectrometer was employed for analyzing the species and those
energies -of ion beams, and consisted of a cellimator, an electric and a
magnetic deflection section, and a film holder. The collimator has the two
pinholes of which diameters are 0.2 and 0.5 mm. The maximum values of the
magnetic and the electric field are 0.54 T and 6 kV/cm, respectively. The

film CR-39 was used for detection of analyzed ions.

§3. Experimentai Results
3.1 C¢Change in Wave-Form of Diode Voltage

The wave-forms of the diode voltage with operation and without
operation of thé self-crowbar switch are shown in Figs. 3 (a) ana (b),
respectively. The both shots were fired under the condition of 40 % of the
maximum output voltage and the anode-cathede gap length 8 of 3 mm. In the
case of Fig. 3 (a), the gap length between conductors of the small MITL A
was set by 1.5 mm. This short gap length‘permits the electrode plasmas to
close the gap during the duration of the diode voltage; the small MITL
ope}ates as a self-crowbar switch. As a result of switch operation, the
diode voltage drops sharply at the end of it (by about 15 ns). In the case
of Fig. 3 (b), A was set by 3 mm, and the small MITL does not operate as
the self-crowbar switch. In this case, the diode voltage drops by about 40
ns. The difference between these two values mean- that the time required
for dfopping of the diode veoltage is able to be shortened considerably by

switch operation,



3.2 Energy Analysis of Ion Beams

The épecies and the energies of the ions were analyzed with the
Thomson-parabola ion spectrometer. The traces on the film CR-39 are shown
in Figs. 4 {a) and (b). Spot like traces are found at the intersections of
the vertical and the horizontal lines. These correspond to the traces by
neutral particles, and correspond to the origins of the coordinate in the
Thomson-parabola ion spectrometer. The experiments to obtain these traces
were carried out under the condition of 60 % of the maximum output volfage
and the ancde-cathode gap length of 3 mm. The gap lengths A of 1.5 and 3
mm were employed in the shots of Figs. 4 (a) and (b), respectively. In the
case of Fig. 4 (a), only aclyric plate was used for the ion source, but
Aquadac was painted on the aclyric plate in the case of Fig. 4 (b).
Therefore the carbon ions are detected in Fig. 4 (b).

With switch operation (Fig. 4{(a)}), the maximum and the minimum energy
of the proton beams are 130 and 100 keV, respectively. The difference
between these two values is 30 keV, Without switch operation (Fig. 4 (b)),
the low energy ions increased. The maximum and the minimum energy of the
proton beams are 140 and 80 keV, respectively, The difference between
these two wvalues is 60 keV, From these values, the energy range of the

proton beams is reduced to half with switch operation,

3.3 Voltage Amplification by Magnetic Insulation

Figures 5 (a), (b), (¢) and (d) show the wave-forms of the voltages
measured at the end of the "HARIMA-II" Vi, the diode voltages Vp, the diode
currents Ip and the total currents of the ion beam I, respectively, In
Figs. 5, data obtained by two shots are displayed. These two shots were
fired under the condition of 60 % of the maximum output voltage and the
anode-cathode gap length of 4 mm. With switch operation (four figures at
left hand), the gap lengths A was set as 1.5 mm. Without switch operation
(four figures at right hand), the gap lengths A was set as 3 mm.

In Fig. 5 (a), the maximum voltage in each shot is about 300 kV, and
similar wave-forms are obtained with and without switch operation, In
contrast to the case of Vp, the wave-forms of Vp are quite different,
Without switch operation, the diode voltage reaches to a peak value of 170
kV by 15 ns, and dfops sharply. After that, the voltage returns to 170 kv,
and drops slowly. The ions are accelerated by the voltage under 120 kV,'

and its acceleration period is very long. With switch operation, the



voltage at the initial peak is a lower value of 120 kV, and returns to a
higher value of 190 kv. After that, the voltage drops sharply. The ions
are accelerated by the voltage under 190 kV, and its acceleration period is
very short.

Here we -compare the maximum values of the diode voltage which
contribute to ion acceleration. In Fig. 5 (b), this value increases from
120 to. 190 kV with switch operation. The value also increases from 100 to
140 kv in iFig. 3. From these values, the méximum value o¢of the diode
voltage which contributes to ion acceleration increases by about 50 % with
switch operation, The reason why the diode voltage is increased 1is not
made clear, but we consider that the phenomenon like as the plasma erosion
opening switch®) occurs. That is, the current flowing across the small
MITL is switched over to the diecde by magnetic insulation. In other words,
voltage amplification by magnetic insulation occurs.

Without switch operation, the dicde current linearly increases up to
the maximum value of 80 kA in Fig. 5 (c). With switch operaticn, the diode
current linearly increases up to about 40 kA, From this time, the rate of
increase in I changes, and reaches to the maximum value of 110 kA. This
~change is caused by shorting of the gap in the self-crowbar switch.

In Fig. 5 (d}, the pulse width of I; is short with switch operation,
and 1is long without switch operation, The difference in these two wave-
forms of I; suggest that low energy ions are decreased by sharp dropping
of the diode voltage. In other words, the energy range of ion beams

becomes narrow.

§4. Summary
We tried reduction of low energy components in the pulse ion beams
with the self-crowbar switch of which operation was achieved by expansion
of the electrode.plasmas in the small MITL. The experiments were carried
out with the small MITL (self-crowbar switch) and the "Inverse Pinch Ion
Diode". The major results are followings;
1. With switch operation, the times required for dropping of the pulse
high voltages were shortened from 40 to 15 ns.
2. The ions accelerated at a relatively low voltage decreased, and
the energy ranges of proton beams were reduced from 60 to 30 keV,
3. The maximum value of the diocde wvoltage which contributes to ion

acceleration increased by about 50 % with self-crowbar switch



operation.
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GENERATION AND FOCUSING OF CARBON ION BEAM
BY THE "INVERSE PINCH ION DIODE"

Y.Hashimoto, M.Sato, M.Yatsuzuka and S.Nobuhara

Department. of Electrical Fngineering, Faculty of Engineering,
Himeji Institute of Technology, Shosha, Himeji, Hyogo 671-22, Japan

Abstract. Focusing of intense ion beams has been attained with the
"Inverse Pinch Ion Diode” which has a flat anode. The energy of the ion
beam was 180 keV. At the focal point, the ion current density of 0.5
kA/cm® has been obtained and thelfocusing radius of the ion beam (FWHM) is
10 mm. Focusing -of the ion beam is due to the electrostatic field in the

"Inverse Pinch Ion Diode”.

1. Introduction

In recent years, intense ion beams generated with the pulse power
- generator have been studied an energy driver for inertial confirement
fusion (ICF)!’. The intense ion beams have been also utilized +to
development of new materials, e.g. surface modification, annealing and
prepuration of thin films= 47,

For applications of the ion beams as a heat source, focusing of
intense ion beams is one of desirable characteristics. In order to focus
ioti beams, the magnetic lens or the diode having a curved electrode are
generally used. These methods need a power source of the magnetic coils or
the anode of a cohcave surface. A simple method to focus ion beams 'using
the "Inverse Pinch Ion Diode" (IPD)™ ®’ with a flat anode is successfully
studied in this paper. In this method, the electrostatic field in IPD
leads to focusing of ion beams. An advantage of IPD is very simple for
focusing of ion beams. '

For application of surface modification, medium or heavy ion beams
are required, because hydrogeh ions are only damage to waterials.
Generation of the carbon ion beam have been tried with the anode painted
in Aquadag by using of IFD.

in this paper, generation and focusing of intense ion beams with
IPD having the flat anode is reported.



2. Experimental Setup -

Figure 1 shows the schematic :drawing of IPD.. The diode consists of
a ring cathode projected from a circular plate and a ring anode. The
circular plate is connected teo a ground plate with a metal rod which is
located on the axis of the ring anode. When a pulse high voltage is
applied to the diede, the  electrons emitted from the cathode are
accelerated to the anode. Electron bombardment produces an anode plasma
from which ions are extracted. At the same time, the current flowing along
the metal rod generates a strong azimuthal magnetic field.. By this field,
magnetic insulation- of the electrons'is achieved and effective ion.beam
generation is expected.

The experimental setup of IPD is shown in Fig. 2. This diode was
set at the end of the pulse power generator "HARIMA-II"(400kV, 3 Q, 50ns).
" The outer diameters of the cathode' and the anode were 15, 50 mm,
respectively. A 2 mm thick acrylic plate was attached to the anode surface
as a plasma source.

A dicede vollage (V) is measured at the anode plate by using a
resistive voltage. divider. A diode current (Ig) is measured ‘with a
Rogowski . coil. Two .types of biased ion collectors (BIC) are used to -
meésure-ionabeam currents. A small BIC with a small aperture of 0.5 mwm in
diameter is used to estimate the current density of ion beams. A large BIC
(210 mm in diameter) with the mesh of the transparency 0.2 ¥ is used to
estimate the total cwrent of ion beams. Each collector of the BICs are
biased at —450 V to remove accompanying electrons. A Thomson—parabola ion
spectrometer is employed for analyzing the species and those energies of
icn beams. ‘The collimator has the two pinholes of which diameters are 0.2
and 0.5 mm. The waximum.values of the magnetic and the electric field are
0.54 T and 6 kV/cm, respectively. The film CR-39 is used for detection of

analyzed. ions.
3. Experimental Results

3.1 Focusing of the intense ion beam with IPD
3.1.1 Diode characteristics

~Figure 3 shows the typical waveforms of the diode voltage (Wd) and
the diode current (Ig). In Fig.3, V¢ reaches to the peak value (180kV) in

about 10 ns, and the pulse width (FWHM) is 80 ns. The diode current vises



up in avout 10 ns afler V¢ is initiated, and reaches its peak value of 95
KA by 75 ns. Here inductive correclion for Vg was not carried out, because
the voltage divider was located cievse to the anode plate.

Figure 4 shows the ion beam current density measured by the small
BIC with.the bias voltage to the collector (ji) and with no bias voltage
(ig). In Fig.4, jj has a peak value of 200 A/en®, and there is a little
signal with no bias voltage because of neutralization for the ion beams

due to accompanying electrons.

3.1.2 Measurement. of ion beam with BICs

Figuwre 5 shows the waveforms of the total ion beam current (Ij)
measured with the large BIC located at 120 mm frow the anode. As seen in
Fig.D, the peak value of Ij is 5 kKA. The generation efficienéy of the ion
beams { » =Ij /1ld) is roughly calculated by using the peak values of Ij
{"5kA) and Id (T100kA, from Fig.3), resulting in 33.

The radial profiles of the ion beams at various positions on the
diode axis are shown in Fig.6. These profiles were obtained by combining
the several dala measured with the small BIC. As seen in Fig.6, the ion
beans generated with the flat anode have the maxinaum value of the current
density on the diode a_xis. This means Lhat the ion beam is focused. From
Fig.6, the maximum current density (jj ) is 0.5 kA/cm® at 120 mm distance
from Lhe anode‘ surface on the diecde axis. And the focusing radius (r') of

the ion beam (FWHM of these profiles) is 10 mm at this point.

3.1.3 Calculation of electrostatic field in IFD

The electrostatic field in IPD was calculated by solving Laplace's
equation ( V¥¢ =0) with the finite element wmethod. The calculated
equi-potential lines are shown in Fig.7, where the outer radius of the
cathode and the anode were 7.5 mm and 25 mm, respectively.

As ions extracted from the anode are accelerated perpendicular to
the equi-potential lines in Fig.7, it is expected that the ions are
focused at a point on the diode axis. Ion beam trajectories would be
considerably affected by electron cloud (virtual cathode) in front of the
anode. When ion beams are extracted by the virtual cathode, ion beams
might travel parallel to the diovde axis and tend to diverge. However, the
glectron beam current in this experiments is not so large that the

electrostatic field is dominant for ion heeam focusing than the effects of



eiectron - space—charge, resulting in the ion beam focusing due to the
electrostatic f{ield in the diode. Furthermore, in order to get exact
lrajectories of ions, it is necessary to calculate the electric field

including ithe space—éhar\ge effects in the diode.

3.2 Generation of carbon ion beam with TFD
3.2.1 Typical waveforus

Carbon i1on beams have been generated by IPD. This experiment was
performed with the same set up shown in Fig.2. An acrylic plate painted in
Aquadag was attached to the anode surface as a plasma source.

Figure 8 shows the typical waveforums of the diode voltage (Vg) and
the diode current (Ig). The top value of Vd was smaller than that obtained
in Fig.3, and was 100 kV. This is due to shortening the A-K gap by paAinted
in Aquadag on the anode. And the peak value of T was 120 kA.

3.2.2 The total currents of the ion beams

The total currents of the ion beams were measured by the large BIC
located at 120 mm from the anode surface. Figure 9 shows the peak values
of the ion beam currents correspond to Ht and Ct against the numbers of
shots. In the first shol, the values of both hydrogen and carbon ion bean
current were small. The currents of carbon and hydrogen ion beam have the
waximum values in the second and the third shot, respectively. And these
values were 8 and 14 kA, After a few shots, the values of carbon and
hydrogen ion current were decreased. This means that Aquadag painted on

the anode surface was consumed.

3.2.2 Analysis of ion species with Thomson—parabola ion spectrometer
Figure 10 .shows the typical traces on the film CR-39 located in the
Thomson—parabola ion spectromeler. This trace was obtained at the second
shot. From Fig.9, the main components of the ion beam are found to be
hydrogen and carbon, and these ions have the energy ranged from 80 to 120
kV. The Ctand C2% have two Lo three times higher energies obtained by the
diode voltage in Fig.8. These ions are produced charge exchange from C3+.

4. Summary
Generation and focusing of the ion beam by the "Inverse Pinch Ion

Diode” with the flal anode was experimentally studied. The major result



are follows

i. The energy of the ion beam was about 180 keV, and the total cwrrent
of the ion beam was 3 KA.

2. In spite of the flat anode, extracted ions were focused at a point on
the diode axis and the intensity of the ion beam was 0.5 kA/cm®.

3. Calculated electric fieids in the diode without space—charge effects
indicate that trajectories of ions are bent towards the diode axis.

Generation of the carbon ion beam have been tried. The total current

of the carbon ion beam was 8 kA on the second shot.
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Generation of Pulsed Ion Beams by an Inductive Storage Pulsed

Power Generator

Sunao KATSUKI, Hidenori AKIYAMA, and Sadao MAEDA

Kumamoto University

Abstract

" A pulsed power generator by an inductive energy storage system
is extremely compact and light in comparison with a conventional
pulsed power generator, which consists of a Marx bank and a
water pulse; forming line. A compact and light pulsed power
generator is applied to the generation of pulsed ion beams. A
thin copper fuse 1is used as an opening switch, which 1is
necessary in the inductive storage pulsed power generator. A
magnetically insulated diode is used for the generation of ion
beams. The pulsed ion beams are successfully generated by the

inductive storage pulsed power generator for the first time.

§ 1. Introduction

Developments of pulsed power technologies produced many
interesting fields, for example, microwave sources, free
electron lasers, soft X-ray sources, neutron sources and mass

D]

drivers. The pulsed intense ion beams'~™ are one of those
fields, and have many potential applications as inertial
confinement fusion, heating of confined plasma and implantation

of ion beams.

The conventional pulsed power generators, which consist of a



Marx bank and a water pulse forming line, have been used as
pdwer sources to generate the pulsed intense ion beams. Since
the conventional pulsed power generators are too large, a
development of compact pulséd power generator has been desired
to study many applications of pulsed ion Dbeams. The
conventional pulsed power generators have been improved by
adding an inductive energy storage pulse compression, using the
plasma erosion opening switch(PE0S).® ® However, these pulsed
power generators are still large machines. An inductive storage
pulsed power generator, which does not use a Marx bank and a
water pulse forming line, is extremely compact and light., and

has been developed. —'9°

Before constructing many compact pulsed
power generators to study applications, we have to know if an
inductive storage pulsed power generator is able to be used as a
power source to produce the pulsed ion beams.

. In this paper, we present the first experiment of the pulsed
ion beam production by the inductive storage pulsed power
_generator, which has not a Marx bank and a water pulse forming
line. A magnetically insulated diode is selected as a typical
ion beam source. A thin copper fuse is used as an opening
switch, which is necessary in the pulsed power generator of the
inductive energy storage system. The dependence of the ion beam

current density on the magnetic field and the radial position is

investigated.
8§ 2. Experimental Setup

Figure 1 shows the schematic configuration of the experimental



apparatus. After the capacitor{(C=10 g F)is charged 10kV, the
trigatron switch is fired. The capacitor is discharged through
the solenoid Inductor (L=84 g H) and a copper fuse. When the
energy stored in the capacitor is transferred to the inductor,
the fuse vaporizes. Then the induced voltage, Ldi/dt, 1is
produced across the fuse. The water is selected as the ambient
material of the fuse.® '°” The voltage multiplication factor,
which is the ratio of the output voltage across the fuse on the
charging voltage of the capacitor, is about teﬁ for the fuse of
0.15mm in diameter and 36cm in length. These fuse parameters
are selected.

The pulsed power is supplied to the magnetically insulated ion
diode through the spark gap, which 1is operated in air. The
spark gap 1is used to achieve the prepulse suppression and rise
time sharpening. The breakdown voltage of the spark gap 1is
adjusted by the gap separation. Therefore, the voltage waveform
of the pulsed power supplied to the ion diode is changed by the
gap separation. The maximum diode current increases with the
decrease of the inductance of the energy storage inductor, since
the maximum current,  Io, transferred‘from the inductor to the
diode is expressed by ID=VDjE7E at the optimum fuse selection.
The voltage, Vo, is the charging voltage of the capacitor.

The plastic anode of 2mm in thickness and 3.5c¢m in diameter
and the -stainless mesh cathode of 40 % transparency are used as
electrodes of the ion diode. The thirty nine copper pins of 1lmm
in diameter are buried into the plastic anode. The length of
pins near the anode center is a little longer than that at the

circumference to get the homogeneous radial distribution of the



ion beam current density. The magnetic field, which is produced
by discharging the capacitor of 400 g F through one turn coil
surrounding the anode, is used to avoid for electrons to move
across the gap. A part of one turn cocil 1s the mesh cathode.
The gap separation of the diocde is 2Zmm. The ions are extracted
from the plasma produced on the plastic surface, and accelerated
by the pulsed power.

The diode current and voltage are measured by the Rogowski
coil and the resistive potential divider respectivelly. The ion
beams are measured by the biased ion collector (BIC),''’ which
is radially movable at the axial position, 2cm, from the

cathode.
§ 3. Results and Discussion

Figure 2 shows the typlcal waveforms of the diode voltage, Va,
the diode current, 1., and the ion beam current density, J:. The
ratio of‘ the magnetic field at the diode on the critical
magnetic field for the insulation of electrons is 1.8. The
waveform of Vs is able to be changed by the gap separation of
the spark gap placed between the fuse and the magnetically
insulated diode. The <voltage waveform with the prepulse is
obtained at a small gap separation. The maximum voltage of 80KV,
which is about two-fifth of the output voltage obtained for the
open-circuit load, is supplied to the diode. The maximum voltage
increases with the increase of the gap separation of the diode.
The maximum diode current increasés with the decrease of the

inductance L in Fig.1l. The diode and ion beam currents start to



increase at the same time, and then the diocde voltage decreases.
When the diode voltage becomes almost zero, the diode and ion
beam currents become almost maximum and zero respectively. The
Child-Langmuir ion current density‘z’,j;o, which is calculated
from the diode voltage, 20kV, at the maximum ion current
density. is about 4A/cm®. The measured ion current density 1is
larger than J:-, since the electron sheath extends to the anocde
by the effect of the magnefic insulation.'®’

Figure 3 shows the dependence of the ion beam current density
on B/Bc, where B and Bo are the applied magnetic field to the
diode and the critical magnetic field for the 1insulation of
electrons. A typical error bar is shown in Fig.3. The ion beam
current density 1is maximum at B/Bo 1, and becomes near Jio
with the increase of B/Bo.  This experimental curve
qualitatively_ coincides with the theoretical curve.'® The
maximum ion beam current density is about 5.5 times the
Child-Langmuir ion current density.

Figure 4 shows the radial distribution of J:, where B/Bo=1.8.
A typical error bar is shown in Fig.4. The 1length of copper
pins, which are buried into the plastic anode, 1is carefuliy
selécted as shown in Fig.4, to get the homogeneous distribution
of J:. If the length of copper pins is equal to the thickness
of the plastic anodé. the extremely inhomogeneous ion beams with -
the high density' at the circumference are generated. It 1is
important for getting the homogeneous radial distribution of the
ion beam current density that the length of pins near the anode
center is a little longer than that at the circumference.las is

shown in Fig.4,.



§ 4. Summary

It is demonstrated that the pulsed ion beams are able to be
produced by the inductive storage pulsed power generator, which
is extremely compact and light. The inductive storage pulsed
power generator has not a Marx bank and a water pulse forming
iine but a fuse as the opening switch. The magnetically
insulated ion diode is selected as the typical ion beam source.
The maximum ion current density, 24A/cm®, is about 5.5 times the
Child-Langmuir ion beam current denéity. The homogeneous radial
distribution of the ion beam current density is obtained by the
proper selection of the 1length of copper pins buried into the
plastic ancde.

The further intense ion beams will be obtained by the pulsed
power generator ASO-1, ﬁhich is able to generate the higher
output power. The detail comparison between the inductive
storage pulsed power generator and the conventional pulsed power
generator in the dion beam production will be doné by ASO-1,
which generates the same output power as a conventional pulsed

power generator.
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POWER PLANT BY LIB FUSION

Keishiro Niu, Takayuki 2Aoki and Hiroya Naramoto
Department of Energy Sciences, the Gratuate School at Nagatsuta
Tokyo Institute of Technology, Midori-ku, Yokchama 227, Japan

Abstract
A fusion power plant of 1GW electric output is proposed here by
using proton beam of 12MJ for energy driver. The flibe for the coolant
in the reactor cavity with a thickness of 50cm thermalizes the neutrons
which produced by fusion reactions and protects the solid wall from
being damaged. Tritium-breeding-radio can exceed unity. An indirect-
driven-target will implode in a spherically simmetric way even in the

nonuniform beam irradiation.

§l1. Introduction
Although a proposal of power plant by light ion beam (LIB) fusion
1)

has been given, another proposal of power plant of LIB by inertial
confinement fusion (ICF) is given here as a reasonable one from technical
and economical points of view. The paper includes the analysis for the
thermalization of neutrons which are generated by fusion reactions and

tritium breeding in the coclant--flibe. The indirect-driven-target is

proposed to be used for spher'ically symmetric implosion of the fuel .2)
§2. Pulsed Power Supply System
The power supply system is similar to those proposed befo.re.3) Here

proton beam is extarcted from the diode with a particle energy of 8MeV.
In order to extract the proton beam from a diode with a particle energy
of 8Mev (4Mev for propagation, 3Mev for rotation and 1MeV for thermal
oscillation), the output voltage of Marx generator is 16MV. This value
seems to be the upper limit for the ordinary Marx generator. For LIB
impinging on a spherical target, a spherically symmetric irradiation of
LIB on a target may be difficult to bezr)ealised. Therefore, the indirect

driven target is proposed to be used. In this case, the beam energy,
required to release the fusion energy of 3GJ from a target, is 12MJ.
Here, 12 power supply systems are prepared. Each two of them are combined
together to extract one proton beam of energy of 2MJ. The power supply

system is as follows:



Table 1. Power supply system.to extract proton beam.

Marx Generator. : 12 modules
charging voltage 200kV capacitance of a banck 2.%F
nurber of capacitor banks stored energy - 4MT
80 output voltage 16MV
Cylindrical Intermediate Strage Capacitor 12 modules
insulator water inner (ancode) radius 3m
outer (cathode) radius length . 3.5m
' 5m charging time 155ns
Pulse Forming Line . .12 modules
input voltage “leMv output wvoltage BMV
length 0.67m pulth width . Tb=30ns

Once the power in a Marx genervetor is shifted to an intermediate
storage capacitor, which is a coxial cylinder filled with water for the
directric material. The inner (anode) radius is 3m, the outer (cathode)
radius is 5m, and the length is 3.5m. The charging time is estimated to
be 155ns. The pulse forming line has the length of 0.67m for the pulse
width of 30ns. The input voltage is 16MV and the output voltage is 8MV.

To construct the total power supply systems of 12 modules, the cost
is estimated to be US$120M, which is less than 10% of the construction
cost of light water reactor of 1GW. Economically and technically, LIB
fusion system seems to be reasonable.

As explained in section 4, the electron beam is launched from a
triode to the target at the same time with the launching of proton beam
in order to neutralise the charge of the proton beam during propagation
in the reactor cavity. To let the electron beam have the same velocity
with that of proton beam which has the propagation energy of 4Mev, the
cathode voltage of triode to accelerate the electron is -6.20kV. This
voltage is supplied by a kind of Marx generator, whose stored energy is
3.93x102J .  The tctal energy stored in the Marx generators of 6 modules
to extract the six-electron beam is only 2.38kJ. To the grid of triode,
the voltage of 168%XV is supplied through a capacitor bank of 3.54uF,
where 50kJ 1is initially stored. Thus the total stored energy for six
capacitor banks of grid circuits is only 300kJ. Required energy to
extract six electron beams 1s negligible in comparison with that for

proton beams.
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§3. Neutron Thermalisation and Tritium Breeding in Flibe

The reactor to be used is just the same with that proposed by Niu

and Kawata. 4

The flibe is proposed to be used as the coolant in the

rotating reactor. The flibe is chemically stable and the neutrcn with
the energy of 14.6MeV is thermalised in the flibe layer with the
thickness of 50cm. Mo damage is expected to be accepted on the

structural -reactor—wall by the
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From Fig. 1, nunker of neutrons, which leak out from outer surface
of flibe with the particle energies more than 10keV, is counted to be 10
18. Among the damages in the solid wall, swelling is the most severe.

If one neutron is assumed to knock on lattice atoms on the average in the

— 101 —

LT 2SIy Nt e, Yoy oy mowhua—erTy nesrong



.solid wall outside the flibe, it takes 420 years (the life time of wall)
until the solid wall with the thickness of 1/4 inch accepts the damages
of 20% by impinging neutrons.

The volume of flibe per fusion reactor is required to be 300m3, when
‘the thickness of flibe layer is 50cm. The corresponding mass of flihe is
600t, in which the lithium mass is 200t. The total lithium mass on the
earth is estimated to be 1.8x1010t. Encugh number of fusion power plants
with the flibe-wall can be constructed. The difficulty to operate the
fusion power plant is diminished and the cost to construct the plant
decreases by using the liquid wall of flibe.

Figure 2 shows the accumlated tritium-breeding-ratio versus the time
for the flibe with the thickness of 50cm. At t=150ns, the breeding-ratio
is saturated. But the ratio is less than unity. Figure 3 indicates the
breeding ratios in the flibe with the thickness of 1lm for 7Li with
high-energy-neutron, 6Li with intermediate-energy-neutron and 6Li with
thermalized neutron. The natural lithium in flibe includes 97.5% of 7Li
and 2.5% of 6Li. Figure 3 shows that 6Li plays an important role on
tritium~breeding. If the mixing ratio of 6Li increases Lo 5% in the
lithium in flibe, the tritium-breeding-ratio will exceed unity in the

flibe with the thickness of 50cm.

§4. Diode for Proton Beam and Triode for Electron Beam

The diode for proton beam and triode for electron beam are schemati-
cally shown in Fig.4. Two powers from the two pulse-forming-lines are
supplied to a diode to extract a proton beam of 2MJ. The parameters of
diode is tabulated as follows:

Table 2. Diode for proton beam

anode inner radius ri=50cm anode ocuter radius r0=23.6cm
anode area SAél.67x103cm2 electro gap distance d=9.5lmm
magnetic field for insulation of |in the azimuthal direction

electron current in the radial (average) Be=3.90T
direction (average) Br=0.921T total intensity Btot=4'55T
proton current intensity on the total proton current Ib=ijA=8.33MA
anode surface jb=5kA/bm? Ib||=4.l7MA

By the action of the Lorentz force due to Br, the proton particle is
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accelerated in the azimuthal direction. Thus the proton beam has the
particle energy as follows, the total particle energy: ep=8MeV, the

average propagation energy; e =, /2 4MeV, the average rotation enerqgy:

e TV /2 3MeV, the average +hermal energy; e _=mv_ /2 1Mev.

The proton beam is confined

in a small radius of S5mm by the

G
K/ A . . . .
%,,’ electron azimuthal magnetic field Be which
% l rlode -
{ : is induced by the beam current
A a:'lx b Ibl |=4.17MA. This beam propaga-
on A
tdipde 3 7L

tion 1is stabilised by the large

thermal motion e. and by the axial

_ magnetic field B, which is induced

Haen :\\; by the beam rotation. Since all
¢, 1 the proton particles rotate around

—j;—- e the axis extracted from a diode

Fis. 8. blogs for pron berm and telote for elcetron besn,  SNOWN in Fig. 4, the proton beam
' forms a hollow cylinder with the

inner radius of 2mm and the outer radius of Snm.
At the leading and trailing edges of a strong proton beam, there
remains the partlcle charges unneutralised and they induce a strong
electrostatic field 3) and causes to diverge the beam propagation. To

delete these unneutralised ion charge, the proposal is given for

launching the electron beam with the proton beam as follows;G)
Table 3. Triode for electron beam
cathode inner radius rin=25cm cathode outer radius rout=320m
cathode area SK=1.06xlO cm2 cathode voltage ¢K=-6.20kV
distance between cathode grid capacitor bank CG=3.5&JF
and anode dKA=lcm grid voltage ¢Gf168kv—150kv
grid curcrent IG=800kA distance between cathode
electron current density on { and anode dKG=2.mnn
the cathod surface je=8kA/cm2 total electron current
T =)oSg=4-1TA

The velocity of electron accelerated by the wvcltage of ¢K=—6.2'0kv is
ve=2.12x107m/s which is equal. to the proton welocity v, with the

propagation energy of ez=4MeV. Since the partial electron current of
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800kA flows in the grid circuit, the grid voltage decrease from the
initial wvalue of 168kV to the final value of 150kV during 30ns because
the grid capacitor bank is 3.54pF in which the initial stored energy is
500kJ. Thus the electron current Ibe decerases from the initial value of
4.17MA to 3.97MA with time, although the electron velocity remains
constant due to the constant cathode-voltage. Figure 2 shows that the
proton current Ibll' the electron current Ibe and the effective current
Ief=Ib| I"Ibe versus the time t. Thus the electron beam neutralises the
proton charge at the leading edge of the proton beam and the effective
current Ief(=200kA at t=1b=30ns) is expected to confine the beam in a

small radius, if the heam temperature is of order of 100keV.

§5. Indirect-Driven-Target

The indirect-driven-target which is proposed to be used 1is
schematically shown in Fig.6. The target is irradiated by 6 proton beams
whose particle energy is 4MeV and total energy is 12MJ with the pulse

width of 30ns. The parameters of the target are summarised in Table 4.

Table 4. Indirect-driven-target for beam energy E.b=12MJ
and pulse width Tb=30ns.

target radius rt=8.716mn

tamper _(lead}
density  epgmlls 3g/cm® | thickness spp =234
mass : Mpb=}.20mg rate of beam energy deposition
temperature | ‘I‘pb=8K-500keV CPb=20%



leaking out radiation
energy loss Erlzl'SMJ
radiator {lead)
density Dra=2-l3g/cm3 _thickness 5,,=690um
mass . Mra=l.49g rate of beam energy deposition
temperature Tra=1.76kev Cra=80%
expansion velocity Vra=l.61x105m/s inward radiation intensity
Ira=4.06x1013W7bn?
radiation gap {smoother, wvacuum)
thickness 65m=ann |
pusher (absorber, aluminium)
density pAl=2.Tg/cm3 . thickness 6A1=2l7pm
mass MA1=264ng | temperature _ TA1=8K*200eV
propagation velocity of transparent time aAi/Vh=40ns
hot surface Vh=5.42x103m/s
DT fuel
density ODT=0.199/bm3 thickness GDT=286um
mass , MDT=23mg
inner void
radius rv=5.5mm . saturated vapour pressure ;
Pv=7x10 Pa

When the target is irradiated by proton beams of 12MJ, 80% of the -
beam energy is deposited in the radiator layer, and the temperature of
radiator layer increases to T}a=l.76keV, 2.4ns after the start of the
beam irradiation. At this temperature, 60% of the deposited beam energy
" is converted to the radiation energy. About 12% of the radiation energy
leaks out from the target through the tamper layer. Thus the average
inward radiation (soft x-ray) intensity is I_=4.06x10°W/cm’.  The
radiation gap of thickness of 2mm smoothes out the nonuniformity of the
radiation intensity on the outer surface of -absorber. The temperature at
the outer surface of pusher layer becomes uniform (200eV) after 3ns of
x-ray irradiation, even in the case that proton beam irradiates the

7)

target from one direction This radiation gap closes 20ns after the
beam-irradiation starts, by the expansion of radiator and absorber
layers. The temperature ThL=2OOeV of the outer surface of aluminium

absorber corresponds to the pusher pressure of PA1=7.15x10129a. Since the
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temperature of inner absorber layer is
so small as 8K that the radiative mean
free path is very short. The outer
layer of absorber absorbs =x-ray and
beacomes hot to be transparent for the

_ x-ray. Thus the hot region advances in
Projectile

the absorber layer from the outer layer

to the 1nner layer with the velocity V

pusher =5.42x 10 m/s This velocity is slower
Fig. 7. Projectile, accelerated by pusher, - than the sound velocity (s =5x104m/s)
Dies with supersonic velacity in a converg- Al
ing nozzle. in the solid aluminium. Thus the

pressure p,, at the boundary between

the alminium absorber and DT fuel increases gradually to pAl—7 15x1012Pa

‘Quring 7.5ns and it saturates at that value because of the expansion of

absorber layer. In the case that this increase in pressure is not too

steep, the fuel acceleration is done in an adiabatic way.8’9) The
. _ 14 , 2

acceleration of the fuel reaches a:pAlSDT/MDT—l.ISXIO m/s°, where SDT

means the outer surface of DT layer. Thus the fuel-implosion-velocity u
arrives at u=at=3x105m/s for 1=2.6ns. As Fig. 7 shows, a spherical

hollow target forms a supersonic converging nozzle for the DT fuel.m)

To compress the fuel to 2000 times the solid density, the adaiabatic
compression is very important. In a supersonic converging nozzle, the
fuel is compressed adiabatically, and by the action of small pusher
pressure pAl—7 15x10 Pa, the fuel obtains the final high pressure of Ppp
*lONPa According to another method for adiabatic compression proposed
by Morreeuw and Saillarda) or by Kidderll), always pusher pressure should
be larger than the fuel pressure, and the DT fuel cannot be compressed
2000 times the solid density. In the supersonic converging nozzle, the
fuel density Py at the sonic surface rg is given by

2 1/{¥y- l)

P /D -r2/(Y+l) {1+ (- l)M /2} (1)

where R is the initial (solid) density, and MO is the initial Mach

number. The sonic surface 'rs is given by

~(y+1}/4(v-1}

r_/r =M l/2{2/(wr+1)'{1+(\r—l}91102/2;i] (2)

s""o o
The initial oosition of fuel is r0=5x10-3m. and the sound wvelocity of the
fuel is s =2.34x105m/s. Therefore, the initial Mach number of fuel is M

0 0
=12.8. Bquations (1) and (2) lead to p_=2.69x10%0,=5.12x10*kg/m’ and .
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=2.63x10—6m- In the nozzle inner than T the flow is subsonic and
flow—choking occurs. The strong shock wave propagates outward in the
fuel. Thus again the fuel is compressed to 2000 times the solid density
and especially heated to 4keV. The most important process for ICF is the

adiabatic compression of fuel in the supersonic converging nozzle.
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Control of Gap Closure in Applied-B diode
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Abstract

The'ra[')id gap closure due to the build-up of the electron sheath is analyzed by a new
one dimensional particle-in-cell code. It is found that the diamagnetic effect of the electrons
enhances the ion emission from the anode and increases the amount of the ion charge in the
diode gap. The ion charge cancels out the electron charge in the sheath, so that the electron
density of the sheath increases and the diamagnetism has more effect on the build-up of the
sheath toward the anode. Two methods are proposed to control the gap closure. One is
to increase the applied magnetic field and another is to limit the flux emitted at the anode
surface. In the simulation results, it is shown that these methods improve the impedance

characteristics of the diode.

§1. Introduction

An intense light ion beam (LIB) is one of the promising candidates for the energy
driver of inertial confinement fusion. The applied-B ion diodes!) have many advantages to
extract the high current LIB. The enormous experiments have been carried out, and two large
problems have been noticed. These are the impedance characteristics and the focusability of
the extracted jon beam. A lot of studies are concentrated on these problems?%:4}, however,
these have not been improved so much. In this paper, we pick up the rapid impedance
collapse of the diode. The diode impedance is determined by the applied voltage in the gap
and the width of the gap, if there is no electron sheath and the ion density of the anode
surface is infinity. In reality, the sheath electrons confined by the applied magnetic field
decrease the effective gap width. Concerning to the ion source, the emitting surface is not
sure to be the anode surface. When the flashover ion source is used, the ion density is
enough to extract the ion beam, however, there are neutral particles of several ten times the
ion density. The accelerated ions collide with the neutral particles and creat the fast neutral
particles by the charge exchange process. These fast neutral particles are ionized in the
gap, so that the anode plasma expands rapidly in the gap.®%") In this paper, because the
effect of the fast neutral particles is not clear, it is assumed that the anode ion source is the

pure plasma. In the sheath, the electrons do the Larmor motion and E x B drift, and the
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diamagnetic effect of the electrons appears. Desjarlais has shown the steady solution that
the location of the virtual cathod moves toward the anode®%). In the case of the real cathod
construction, it is shown that the electron sheath moves toward the anode and decreases

the effective gap of the diode in the following sections.

§2. Particle Simulation Code

In order to study the characteristics of the diode, we have developed a new 1D particle-
in-cell (PIC) code MIRKY, coupling with the external circuit for the system of the pulse
power supply. Electrons and ions are solved by using PIC model between the anode and the
cathode (A-K) gap, in which the electromagnetic fields are applied to accelerate the jons
and to insulate the electrons. The motions of the charged particles are employed by the

relativisic Newton equation. The numerical differencing forms are described as followed,

p"tl — p» ' '
o = (BT VB 1
mn+lc2 - mnc2 n N
At = q(E" - vy, (2
rn—i—l — " L
—ar -V 3)

where v and r denote the velocity and the position of the particle and the momentum is
written in the form p = mv and m = mg,/1 — %;- The symbol my is the rest mass, ¢
is the charge of the particle and c is the light velocity. The time interval of the numerical
calculation is represented as At and the superscript » means the step of the time difference.
The symbol E and' B are the electric and the magnetic fields at the particle position. We
use the Cartestan coordinate, whose z-direction is fixed to the A-K direction.

The electric field is applied in the 2-direction, and the magnetic field is applied in the
x-direction. The electrons have E x B drift in the y-direction and induce the diamagnetic
current in this direction. In eq.(1), the y and z components are solved to describe the
Larmor motion, however, the charge density and the current density of the electrons and the

ions are summed up only in the z-direction of the space. Using the scalar potential ¢ and

the vector potential A, we are able to solve the electromagnetic fields, E, = —%‘f — ia-g‘;‘-,
E, = —%1, B, = —%-‘f-, by using the following Maxwell equations,
5% _ _pe @
322 £p ’ .
1 9%2A 8%°A .
2o T gE = THole (5)
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where p, is the charge density and j, is the y component of the current density, respectively.
The electrons and the ions are emitted from the anode and the cathod surface and their
fluxes are determined by the local Child-Langmuir limiting current density. The surface
charge densities are obeied by the Gauss law. To confirm the reliability of the code, two
types of well-known solutions have been checked. One of these is the monopolar Child-
Langmuir limiting low'®), and another is the steady solution of the applied-B diode without
diamagnetic effect of the electrons.!!) Both of the simulation results have good agreements
with the analytic solutions. '

The diode is connected with the external circuit as shown in fig. 1. The pulse power
system is described in the following equation.
dl,
dt

where the inductance of the power supply system is denoted as L and the resistance is R.

L— +(BR+ Za}i = Vear (6)

The output voltage of the puise forming line is V., and Z; is the diode impedance and
the diode voltage is given as V3 = Z4I;. Equation (6) is nonlinear with respect to I,
because the diode impedance depends strongly on the diode voltage and the amount of the
charged particles in the diode gap. Therefore, we have to solve this equation iteratively in

the implictt differencing form.
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Fig. 1. The equivalent circuit model of the pulse power supply system for the diode

simulation,
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£3. Diamagnetic Effect

The build-up of the cathod sheath electron reduces the effective gap width in which
the external voltage is applied. It causes the rapid impedance collapse of the diode in
the operation.. Desjarlais pointed out the shift of the virtual cathod location due to the
diamagnetic effect.”®} In this section, a new explanation of the electron sheath is presented
in the case of the real cathod. When only the sheath electron is considered, the diamagnetism
has less effect'?) on the width d* of the electron sheath!®, '

_ (2eVo/r )2 (1 + eV /2m. e?) /2

d*
< B> ’

(7

where < B > 1s the magnetic field averaged over the sheath width, V} is the applied voltage
and 7. is the classical electron radius. In the case that there is the ion flow in the sheath,
their ion charges cancel the electron ones, and the electron density increases to maintain the
constant net charge. The magnetic field becomes small inside the sheath and.is enlarged
outside, because the diamagnetic effect is proportional to the density. According to eq.(7),
the sheath front moves toward the anode. When the gap width d* decreases, the ion current

density Jor, is enhanced, obeying the Child-Langmuir Law,

N1/2y 302
460 (228) I/(] (8)

Joer® = <\ P
where Z is the charge of the ion. Equation (8) holds good when the anode ion source has
enough ion density and there is no limitation for the ion emission. The flashover ion source
Is approximately satisfied with such conditions. The ion charges in the gap are also increased
in association with-the enhancement of the ion current. The electron charges in the sheath
increase again owing to the enhanced ion charges. Consequently, the diamagnetic effect
in the electron sheath becomes stronger. On the other hand, the magnetic field outside
the sheath becomes stronger and the insulation effect balances with the diamagnetism.
The effective gap is much smaller than the case without account of diamagnetism, and it
depends on the initial magnetic field. The ion current does not affect this phenomena for
itself, however, the charge is quite important.

In order to confirm the above mechanism., we use MIRKY code with the fixed applied
voltage. The enhancement factor, that is, the ion current density normalized by Child-
Langmuir current and the location of the electron are shown as a function of time in fig.2.
The dark lines mean the results with account of the diamagnetic effect and the shaded lines
show the results without account of the diamagnetic effect. The symbol J; and L mean the
ion current density and the real gap width, respectively‘. In the case that the diamagnetic
effect is taken into consideration, it results that the enhancement factor J;/JQL is about

2.5 times greater than that in the case of no consideration of the diamagnetic effect. The
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Fig. 2. The enhancement factor and the location of the sheath surface as a function
of time. The dark lines mean the results with account of the diamagnetic

effect and the shaded lines show the results without account of this.
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position of the sheath surface also moves toward the anode by half of the initial gap width.

It is sure that the diamagnetic effect induces the rapid collapse of the diode impedance.

§4. Impedance Control of Appiied-B diode

it is not so difﬁcult to give the method to control the enhancement of the ion current,
because the mechanism becomes clear in the previous section. The chain of the ion current
enhancement depends on two reasons. One is the ion emission which is determined by
the local Child-Langmuir limitation, that is, the ion current increases to infinity as the gap
is closing. Another reason is that the diamagnetic effect depends on the amount of the
accumulated electron charges which is supplied from the cathod surface. Therefore, it is
possible for us to propose two methods to break the chain of the ion current enhancement,
corresponding to the above reasons. '

The first method is to increase the applied magnetic field for insulation of the electron
current. The electron charge accumulated in the sheath is decreased, so that the diamagnetic
effect becomes weak. The electron sheath keeps the constant width, even if there is the
ion current. The enhancement of the ion current no more occurs. To prove the efficiency
of these methods, we use the simulation code MIRKY connected with the external circuit.
The pulse powerlsystem is assumed to support the voltage for 10 nsec pulse duration. The
voltage keeps a constant of 5 MV for 5 nsec. The pulse has the rising and the tailing of 2.5
nsec. We choose the 10 nsec pulse width to prevent the time consuming of the calculation,
because it is enough to simulate the diode characteristics. The inductance and the resistance
of the external circuit are 10 nH and 2 §2, respectively.

When the applied magnetic field Bapplied is 1.0 Tesla, the enhancement factor and the
location of the electron are shown as a function of time with the dark lines in fig.3. The
maximum voltage in the diode gap reaches 2.0 MV and the ratio of the applied field to the
critical field, B.ppijea/B., is reduced to 1.2. In this case, the diode gap is closed by the
build-up of the electron sheath, and the ion current is enhanced extremely at 6 nsec. At
this moment, the gap is filled with the electrons and the potential gradient becomes initial
state. Then the magnetic field is enough to insulate the electron current, and the width
of the sheath is decreased. After 3 nsec, the electron sheath grows and the ion current is
greatly enhanced again. In fig.5, it is shown that the diode impedance falls dawn rapidly.
For Bapplieca = 1.5 Tesla, the applied field is more than 1.8 times the critical field strength.
The results are written with the shaded lines in fig.3. The enhancement factor arrives at 3 at
most, and the width of the electron sheath keeps half of the real gap. It is understood that
“the diamagnetic effect is suppressed effectively by the applied magnetic field and depends
on its strength sensitively.
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Fig. 3. The enhancement factor and the location of the sheath surface as a function
of time. The dark lines mean the results with the applied magnetic field of
1.0 Testa. In the case of 1.5 Tesla, the results are shown with the shaded

lines.
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Fig. 4. The enhancement factor and the location of the sheath surface as a function
of time. The dark lines mean the results in the case that the limited ion
source is used, while the shaded lines are the same ones of fig.3 with the

applied magnetic field of 1.5 Tesla.
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Fig. 5 The impedance characteristics of the diode. The dark lines mean the results
with the applied magnetlc field of 1. 0 Testa. In the case of 15 Tesla, the

results are shown with the shaded lines.
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Fig. 6. The impedance characteristics of the diode. The dark lines mean the results
in the case that the limited ion source is used, while the shaded lines are the

same ones of fig.3 with the applied magnetic field of 1.5 Tesla.
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Second method is-to limit the ion flux at-the anode surface. 'f a flashover ion source
is used, it seems to be impossible to control the ion flux there. When other types of ion
source such as the plasma injection is used, the ion flux at the anode is determined by
the injected ion, even if the applied electric field increases. Therefore, the ion charge in
the sheath does not increases and the electron density keeps constant. The diamagnetic
effect does not become strong, and the sheath has the constant width. In the case that
the ion flux is limited to the monopolar Child-Langmuir current, the simulation results are
shown with the shaded lines in fig.4, while the dark lines represent the same results with
that of fig.3 for B, niieqa = 1.5 Tesla. It is found that the build-up of the electron sheath is
suppressed. The impedance characteristics are shown in fig.6, and both cases have similar
nature. The impedance is almost kept constant during the pulse. These simulation results

show the validity of the explanatidn in the section 3.

§5. Summary and Acknowledgements

It was understood that the rapid gap closure due to the build-up of the electron sheath
was induced by the diamagnetic effect of the efectron. The build-up of the sheath enhanced
the ion emission from the anode and increased the amount of the ion charge in the diode
gap. The ion charge canceled out the electron charge in the sheath, so that the electron
density of the sheath was increased and the diamagnetism had more effect on the build-up
of the sheath toward the anode. Two methods was proposed to control the gap closure and
examined by using a new particle-in-cell code MIRKY . When the applied magnetic field
was more than 1.8 times the critical field, the sheath width kept half of the real gap length.
When the emitted flux at the anode surface was limited, the electron sheath did not move
" toward the anode, even if the applied magnetic field was 1.2 times the critical value. The
diode impedance characteristics was improved greatly by these methods.

We would like to thank Dr. Horioka for his useful discussion and advice from the
experimental point of view. This work was carried out under the Collaboration Research
Program at the Institute of Plasma Physics, Nagoya University (National Institute for Fusion
Science), and partly supported by the Scientific Research Fund of the Education, Science
and Culture. |
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