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I. INTRODUCTION

The propagation of intense ion beams down plasma channels is an essential
part of most 1light ion beam fusion reactor designs. Plasma channels provide
renewabie connections between the ion diodes and the fusion target and thus
allow the diodes to be moved to a safe distance from the target explosion. In
addition, the pulse width of the ion beam may be shortened in the channel
through time-of-flight bunching, thus easing the pulse width constraints on
the diode and pulsed power machinery. This requires a diode voltage that is
increasing with time so that the tail of the beam will catch up with the head
of the beam while the beam is in the channel.

The success of this scheme of ion beam propagation depends on the ion
beam and channel remaining stable during transport. One can identify five
ways that the system would cease to work: (1) the beam may generate electro-
static turbulence in the channel; (2) the beam may filament through inter-
action with the channel; or (3) it may cause filamentation in the channel
return current; (4) the beam may heat the channel to such a degree that the
channel experiences significant radial expansion during the beam transit; and
(5) there may be too much beam energy lost to the channel. These effects have

1(1-4) and determine

been translated into 1imits on the beam power per channe
an operational window for the beam-channel system.

The WINDOW computer code(l) was developed as a design tool to find the
power Tlimits on the beam. The length of the channel, the power compression
due to bunching, the energy spread in the beam, and the fractional energy 1oss
by the beam while it is in the channel were fixed in the code so the operator

did not have control over them. In the new version of WINDOW presented here,

the user is given the choice of channel length, power compression factor and



fractional energy loss. The beam energy spread is calculated by the code.
Also, the optimum density for minimum energy loss is calculated while it was
not in the earlier version.

This report begins with a summary of the formalism modeling the behavior
of the beam, with an emphasis on the improvements made. Then the WINDOW code
is described. Finally sample results are presented.

[I. FORMALISM

A. Summary of Existing Theory

The earlier work done at the University of Wisconsin and at Fusion Power
Associates(l) followed the formalism laid down in a series of articles written
at NRL.(2'4) This work has provided limits on the beam power that may be
transported down a plasma channel as functions of the many channel and beam
parameters, most importantly the maximum angle of injection into the channel
of the ions. These power limits are derived from considerations of the growth
of electrostatic microturbulence (ES), beam current filamentation (BFIL),
channel current filamentation (CFIL), the avoidance of excessive
magnetohydrodynamic motion of the channel during beam propagation (MHD) and
beam energy loss in the channel (ELOSS).

For the present, the Tlimits on beam power due to ES, BFIL, CFIL, and MHD

are taken from the earlier work. Thus,
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are also used in the present formalism. In these equations, the power per
channel P is in TW, x is the ratio of the channel gas density to the optimum
density described in Section II.B and r, is the channel radius in cm. R is

the diameter of the diode in cm, F is the focal length of the diode in cm and

Aaj is the Coulomb logarithm,

Aos = 24 - Wn[(10% Rey /RA) (252 {(2,)1003 (¢ 3 PL/4] (5)

ei b

Z;, is the charge state of the beams ions in units of electronic charge, Ay is
the ion mass in amu and 7ty is the pulse width of the beam before bunching in
seconds. E is the average ion energy in the beam in MeV.

B. Bunching Requirements and Channel Length

The bunching of the beam to compress the power through pulse width short-
ing 1is dependent on waveform of the diode voltage and the length of the
channel. In the work presented here, the bunching factor and the energy
spread of the beam are used explicitly in an expression for the channel
length. In the earlier work values for these were assumed and the choice of
channel Tength had been removed. In the WINDOW computer code that is de-
scribed 1in Section III, the channel length and the bunching factor must be
provided by the user and the energy spread is calculated by the code.

The diode voltage may be ramped to bunch the beam while it is in the

channel. The ideal diode voltage waveform is

#1) = ¢ (1 - t/rt)-z . (6)



This leads to a velocity of ions leaving the diode which is also ramped
_ _ _ -1
Vi(t) = vi(t—O)(l t/rt) . (7)

The length which is required for the pulse to converge by a factor of a 15(4)

E(T.)
)(Tt - Tb)(jgil—)l/z cm .

L=1.3x10 (1- (8)
E(ry) is the final ion energy at the end of the pulse in MeV and 1, is the
initial duration of the pulse.

From Eq. (7), one can find Ty in terms of the voltage spread between the

end and beginning of the pulse
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if one expresses the energy spread of the beam as

$(1,) = 6(0)(1 + 6) . (11)

Thus the channel Tength L can be written in terms of a, 6 and 7y with Egs. (8)

and (10},
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C. Beam Energy Loss in Channel

While the ion beam is propagating through the plasma channel, it will
lose some of its energy. The energy loss consists of a collisional slowing
down component and a loss due to work done by the beam ions against an axial

d.(3’4) This electric field has an ohmic term and an inductive

electric fiel
term proportional to the inverse of the channel gas density. The inductive
part of the axial electric field is due to the radial hydrodynamic motion of
the channel and the azimuthal magnetic field of the channel. We will neglect
the ohmic contribution to the axial electric field. The collisional energy
loss is proportional to the channel gas density. Because of the inverted de-
pendence on the plasma density of the collisional and inductive terms, there
is an optimum density where the energy loss is a minimum.(4) For a deuterium
gas, the optimum channel plasma density is

1/2P1/2(

pyoq = 0.167 E rb)l/z(em)z/{(rb)zzb} (13)

op

where 6 is the maximum angle at which ions are injected into the channel and

is equal to R/F for most cases of interest. This equation depends on an ex-

pression for the radial expansion of the plasma channel which may be valid

only for a deuterium channel.(Z) This equation and those that follow dealing
with the energy loss are only valid for deuterium.

With the help of expressions found in Refs. 3 and 4, the fractional ener-

gy loss for the beam ions can be written as
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where I, is the beam ion current. There is a strong dependence on fp of 6
because the main energy loss mechanism occurs through a v,. x Bg force on the
beam ions. Bg is the confining field, whose required magnitude is « ei. One
can invert this expression and find the power limit on the beam due to energy

loss,
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ITI. WINDOW COMPUTER CODE

A. General Code Description

The WINDOW computer code uses the theory outlined in Section II to study
the constraints on the propagation of an ion beam down a plasma channel. A
listing of the code is given in Appendix A. The code calculates the limits on
the beam power per channel for a range of R/F. The optimum mass density of
the gas in the channel is also found at the maximum allowable beam power as a
function of R/F. Results are both printed out and are stored in files for
plotting. WINDOW is written in FORTRAN 77, is 199 lines long including com-
ments, and requires 51 kilobytes of memory on an IBM personal computer for
just the executable code. The input and the output are described in the next
two subsections.
B. Input

The input for WINDOW 1is through a formatted read of a file labeled
INPUT.DAT. A sample of this input file is given in Appendix B. Obviously,

the filename would have to be adapted if one wished to use WINDOW on a com-



puter other than an IBM PC. The input consists of 14 lines with one E10.4
formatted record per line. The first line is a flag called IPLOT that is not
used in the present version of WINDOW. Next comes the number of values for
R/F, then the minimum and maximum values for R/F in radians and a maximum
value for the power per channel in TW. This is followed by x, ry in cm, Ay in
amu, T in seconds, E in MeV and a. The last two lines are the channel length
in cm and the fractional energy loss in the channel. To facilitate reading
the input, we recommend that a portion of each line past column 11 be used to
describe the 1input as is shown in Appendix B. This will not affect the code
in any way but it helps one keep the input in the proper order.
C. Output

WINDOW provides both printed output and output filed for plotting. The
output files are summarized in Table I. An example of the printed output is
given in Appendix C for the input shown in Appendix B. The output for print-
ing is stored in the file PRNT.OUT. The output begins with a 1ist of the
input parameters. Then comes the calculated value of the energy spread para-
meter 8. WINDOW uses an iteration method for finding & which involves recal-
culation of the channel length until it equals the inputted channel length,
so, as a check, the calculated and inputted values for the channel length are
then given. This is followed by a table of the calculated power limits due to
ES, CFIL, MHD, and ELOSS in TW as well as Popt in g/cm3 for all of the values
of R/F in radians. The final entry is a table of the power limit due to BFIL
in TW versus R/F. The same things that are given in these two tables are
stored in the files PLT1.DAT, PLT2.DAT, PLT3.DAT, PLT4.DAT, PLT5.DAT, and

PLT6.DAT, as described in Table I. These plot files are written as one record



Table I. Output Files

Filename Description

PRNT.OUT Output to be printed

PLT1.DAT ES power Timit in TW versus R/F in radians
PLT2.DAT CFIL power 1limit in TW versus R/F in radians
PLT3.DAT MHD power limit in TW versus R/F in radians
PLT4.DAT ELOSS power 1imit in TW versus R/F in radians
PLT5.DAT BFIL power 1imit in TW versus R/F in radians
PLT6.DAT Popt in g/cm3 versus R/F in radians

per line where the record contains R/F followed by the quantity to be plotted
in a (G10.4,1X,610.4) format.

IV. EXAMPLE CALCULATIONS

We have performed several sample calculations with WINDOW, which we will
now present. These include determination of beam transport windows for a base
case light ion fusion reactor design and for such a reactor design with a
large radius channel. We will also present for the base case design calcu-
lations of the optimum mass density, a study of the dependence of the ELOSS
power 1limit on channel length, and a study of the interrelation of the beam
ion energy spread, the channel length and the bunching factor a. The para-
meters for the base case reactor design are shown in Table II.

A. "Reactor" Base Case

The WINDOW computer code has been used to find that region of beam power

per channel versus R/F space where ion beam propagation is possible from the



Table II. Base Case Reactor Design Channel Parameters

Channel Length (cm) : 1000
Channel Radius (cm) 0.5
Channel Gas Deuterium
Ratio of Channel Density to Optimum Density 1.0
Average Beam Ion Energy (MeV) 30
Fractional Energy Spread 0.2

Power Compression Factor 3.0

Ion Type Lit3

Beam Pulse Width at Diode (ns) 50
Fractional Beam Ion Energy Loss During Transport 0.25

points of view of ES, CFIL, BFIL, MHD, and ELOSS. The power limits due to
these five constraints are shown plotted against R/F in Fig. 1 for the base
case light ion fusion reactor design. The cross-hatched region is where all
of these constraints are met. One can see that the optimum value for R/F is
0.06 radians and the maximum power per channel is roughly 2.5 TW. This means
that about 44 such channels would be required to transport the needed 250 TW
to the target when one considers the power compression due to bunching and the
energy lost during transport down the channel.

B. Large Radius Case

One way to increase the amount of transportable power per channel is to
choose a larger channel radius. The transport window is shown in Fig. 2 for

the case where all of the parameters are the same as in Table II except that
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the channel radius is 5 cm, where once again the cross-hatched region is where
transport is permitted. For this case a single channel can carry the 250 TW
but the diode R/F must be 0.2 radians.

C. Optimum Mass Density

As R/F changes, so does the optimum channel mass density. As Eq. (13)
shows, if all else is equal, the density is proportional to (R/F).(4) This
behavior is clearly shown in the low R/F part of Fig. 3. This is a plot of
the optimum density for the base case light ion fusion reactor. The optimum
density 1is independent of R/F at large values of R/F because here the power
limit that is important is the one due to energy loss. From Eq. (15), one can
see that Prjgss varies as (R/F)-4, which cancels out the R/F dependence in Eq.
(13). A curve such as this is needed when one designs a beam propagation

system for a Tight ion fusion reactor.

D. Energy Loss Power Limit

Since the energy loss power limit Pp| ggg defines the high R/F side of the
transport window,(4) it is interesting to study its dependence on the channel
length. Figure 4 shows Pp ggg Pplotted against R/F for channel lengths of 4,
6, 8, 10, and 12 m for the base case parameters. One should not take the con-
vergence of the 6, 8, and 10 m lines at R/F = 0.02 radians seriously because
it is due to the setting of the maximum power to 250 TW. Equation (15) has an
L'2 dependence, a behavior that is shown in Fig. 4. The maximum transportable
power in Fig. 1 was 2.5 TW at 0.06 radians, where the channel length was 10 m.
In Fig. 4, at 0.06 radians one finds that for a channel length of 4 m, P ggg
is about 15 TW. So, by going to a shorter channel and a slightly higher R/F,
one can substantially increase the power per channel. However, the channel

length is often dictated by geometrical constraints which cannot be relaxed

12
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but one can have the same effect by increasing the allowable fractional energy
loss.

E. Bunching Requirements

The WINDOW code has been used to study the interrelations between the
parameters governing bunching of the beam. The fractional energy spread is
shown in Fig. 5, plotted against the channel length for a few values of the
power compression factor, a, The base case parameters of a 10 m channel
Tength and a 3-fold power compression yield a fractional energy spread of 0.2.
There is a minimum achievable fractional energy spread for today's diodes
somewhere around 0.1 that puts an upper limit on the channel length. One can
see that at moderate and large channel lengths the fractional energy spread,
§, has only a rather weak dependence on the power compression factor, a.

V. CONCLUSIONS

The WINDOW computer code has been updated to allow the user to explicitly
choose values for the channel 1length, the power compression during bunching
and the fractional energy loss by the ion beam while it is moving down the
channel. The code still is only valid for deuterium channel gases. The code
provides separate files for plotting all of the power limits as well as the
optimum channel mass density and now has a detailed printed output.

WINDOW has been used to study the bunching of beams while in the channel
and the sensitivity of the beam transport window to the channel length and
radius. The dependence of the optimum channel gas mass density on the maximum
beam injection angle has also been studied. In these and other ways WINDOW

will be a useful tool in light ion beam fusion reactor design studies.
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APPENDIX A:

WINDOW SOURCE LISTING
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APPENDIX B

SAMPLE WINDOW INPUT FILE
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APPENDIX C

SAMPLE WINDOW PRINTED OUTPUT FILE
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