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STABILITY AND SYMMETRY REQUIREMENTS

OF ELECTRON AND ION BEAM FUSION TARGETS¥*

R. 0. Bangerter, J. D. Lindl, C. E. Max, and W. C. Mead

Lawrence Livermore Laboratory, Livermore, California 94550

Abstract

Considerations of hydrodynamic stablility impose severe restric-
tions on the design of electron and ion beam imploded fusion targets.
Furthermore, in order to obtain a sufficiently spherical implosion,
many target designs require electron or ion beams having a high degree
of spherical symmetry.

We have studied the stabllity and symmetry requirements of several
recently proposed target designs by numerical simulation using the com-
puter program LASNEX.

The ion beam targets we have studied are more vulnerable to insta-

bility than the electron beam targets.

¥Research performed under the auspices of the United States Energy
Research and Development Administration, Contract No. W-7405-ENG-48, and
Defense Nuclear Agency, Contract No. IACRO 75-825.
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T. Stability

The familiar phenomenon of Rayleigh-Taylor instability occurs when
two fluids of density Py and Ps (p1 # p2) are placed in contact and accel-
erated in a direction normal to the interface and directed toward the denser
fluid. Specifically, let us assume an acceleration a along the z-axis. If a
perturbation of the form n g sin kx is applied to an interface at z = Z, the

amplitude n at time t is given by

2
n T’]Oe s (l)
where y = aka (2)
p p
and o = __2__?*._1.
Po ™ Py

is the Atwood number. In this case we assume that the fluid of density

Py occupies the region z > zO so that exponential growth occurs when
Py > Py and a > 0.
Equation (1) is valid for n < A = 2n/k. For n > X the growth rate

. . . 1
becomes more nearly linear in time.

In this paper we consider only spherical fusion targets. In this
case we expand the perturbation in spherical harmon1052 of order £ and
replace k in Equation (2) by k = %/r where r is the radius of the inter-
face.

There are at least three cases in typical electron and ion beam
fusion targets where Rayleigh-Taylor instability is likely to play an

important role. These are shown in Fig. 1.



Case I occurs when an initially uniform spherical shell is heated
on the outside by an electron or ion beam. The region in which the beam
is deposited expands, producing a low density medium which accelerates
the denser material lying inside of the beam deposition region. It
might be expected that Equation (2) would not be valid in this case,
since one does not expect a density discontinuity but a more gradual
density transition. If the density transition between Py ard Ps is

exponential, such that

Py e 5-Zo
_ B(z-z )
p= ple o) zo <z < Zl
p2 zl <z

where z. is chosen to insure the continuity of p, it can be sh.own3 that

1

one must make the replacement

kB
k'*m (3)

in equation (2).

Case II can occur in target designs having an initial density
discontinuity.

Case IIT occurs near the end of an implosion when the pressure in
a relatively light fuel region becomes sufficiently great to decelerate
the dense pusher surrounding the fuel.

In Cases I and II the effect of the instability depends on the

wavelength. If the wavelength is sufficiently large the growth rate

17
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will be too small to be of any consequence. If the wavelength is
comparable to the shell diameter, the results will be gross shell dis-
tortion and are coupled to the symmetry requirements of the incoming
beam. If the wavelength is much shorter than the shell thickness,u
saturation of exponential growth will occur before the amplitude becomes
of sufficient size to destroy the shell. The effects of turbulent trans-
port and mixing could alter the implosion behavior, but these effects

are not included in our treatment.

Perturbations having wavelengths comparable to the shell thick-
ness are expected to be most destructive, since they can grow exponen-
tially to amplitudes of the order of the shell thickness and cause shell
break-up. Figure 2 illustrates these wavelength domains for a typical
shell.

Similar comments apply to Case III instability if we replace shell
thickness by fuel radius.

In fusion targets one might expect Equation (2) to be substan-
tially modified by such things as thermal transport and ablation. We
have, therefore, studied the behavior of a number of suggested target
designs using the 2-dimensional lLagranglan computer code LASNEX,5
written by George Zimmerman. This code includes electron and ion depo-
sition, energy transport, and separate electron, ion, and radiation
temperatures. As options one may also include multigroup photon and
particle transport and magnetic fileld physics, although we have not
done this in our simulations.

We believe the most serious defficiencies of our calculations

involve the particle deposition. We have assumed classical energy loss



neglecting self-generated filelds, plasma effects, and temperature depen-
dence. Also in the current version of LASNEX, the deposition is calcu-
lated along the radial Lagrangian grid lines. This is incorrect when
the mesh becomes distorted. These defects are currently being elimin-
ated.

The five target designs6 described in Figures 3a-e and Table I
have been chosen as case studies. Using LASNEX we have been able to
study instability Case I for all designs and Case II for design E. In
most cases we impose a shell thickness perturbation equal to about 1
part in 106 of the initial shell radius using zoning similar to that
shown in Fig. 4. This initial amplitude is sufficiently large to dominate
over numerical nolse and sufficiently small to allow large growth factors
satisfyling the conditions n << A.

Test cases indicate that using only 4 angular zones per wavelength
reduces the growth rate to about 0.8 times its analytic value.' Most of
our conclusions are insensitive to this size of variation in growth
rate. Also, using only 4 zones per wavelength effectively suppresses
the growth of modes of higher order than the one under study. For these
reasons, and for computer economy, most problems have been run with 4
zones per wavelength. The thickness 6r of the radial zones must be chosen
to satisfy the condition kér < 1. This results from the fact that the
perturbation extends a distance v 1/k beyond the unstable interface.

Figures 5 to 8 are frames from a movie showing the unsuccessful
implosion of the low power target design A. In this case £ = 200 ard
only the outside shell is shown.

Figure 9 shows the shell thickness as a function of time together
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with the r.m.s. amplitude8 of the instability. The dashed curve is a
simple calculation using equation (1) scaled by the ratio of the instan-
taneous density to the initial density in order to account for compres-
sional effects. The growth is evidently catastrophic. Furthermore, we
assumed an initial r.m.s. perturbation of only 7K. This is rather small.
In practice, it seems feasible to manufacture targets with surface pertur-
Bilons et S50y T0G, AR % 0 b fay BE passia o

Figure 10 refers to target design B. Because of its small radius
and large shell thickness, it is probably the most stable design of its
type to appear in the literature. Our calculations indicate that this
target survives Case I instability for £ = 100. We have also simulated
£ = 200 with the same conclusion. In these calculations we had diffi-
culty in satisfying the kér < 1 criterion with a reasonable number of
zones. Since the temperature effect on ion stopping power has not been
taken into account, and since we may well start from a 100 X pertur-
bation, the survival of this target should be considered tentative.

Figures 11 and 12 illustrate the behavior of designs C and D.
The behavior of these targets imploded by 1 MeV electrons is dramat-
ically different than the ion imploded designs A ard B. Figure 13 repre-
sents the deposition profiles for 10 MeV protons and 1 MeV electrons in
gold. This difference in deposition profile results in rather different
density profiles as shown in Fig. 14. Fig. 14 corresponds to a time
about midway through the implosion. In the electron case k >> B so that
relation (3) gives k + B and the growth rate becomes independent of £, as

seen in Figs. 11 and 12. 1In fact, the lower order perturbations are

shown growing slightly more rapidly than the higher order. We believe



this to be due to zoning difficulties associated with the kér < 1 criterion
at late times. There 1s thus some point in time at which the validity
of the calculation breaks down. Before this time the growth rates are
in reasonable agreement with that predicted by Relation (3). Case I
instability thus seems to be unimportant for 1 MeV electron beam implo—
sions. Unfortunately the electron deposition profile that results in
such benign instability is inefficient in terms of energy requirements.

Target design E survives both Case I amd Case II instability.
The Atwood number at the Fe-Au interface is 0.25 to 0.4 during most of
the implosion, and furthermore, the acceleration is relatively low since
the unstable interface is located relatively far out in the ablation
region.

We now turn briefly to the question of Case III instability.
This has been analyzed for electron and ion beam targets using the concept
of the free-fall line. This model in its simplest form rests on the
assunption that no material from a high Z pusher can achleve a velocity
greater than the maximum velocity of the pusher, and thus can arrive at
the center of the target no earlier than time to defined in Fig. 15.
If ignition occurs before t = to it is assumed that the implosion will
survive the instability. Fig. 15 corresponds to target C.

Roughly 2% of the yield of target C has occurred by t = t at

ol
which time the temperature of the fuel was about 5 keV. Comparison
with other targets is shown in Table II. We have been unable to quantify
the degradation of burn caused by Case IIT instability, but the above

analysis provides a rough comparison of the various targets.
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II. Symmetry

As mentioned above, the concepts of stability and symmetry are
closely related. Shell thickness perturbations of £ ~ 100 quite clearly
belong in the realm of stability problems, while shell thickness pertur-
bations having & v 2 are normally considered to be symmetry problems.

Low order symmetry perturbations can be produced by variations in
radius, thickness, density, beam power, or time jitter in multiple beams.
For example, one expects a two beam target irradiation scheme to have
2 =1 jitter asymmetry, as well as £ = 1 and £ = 2 beam power asymmetry.

Because of fuel turbulence induced by asymmetries, we have had
some difficulty in studying this problem with our Lagrangian code LASNEX.
However, our 2-D LASNEX calculations indicate that smoothing effects
such as thermal conduction have little effect on an & = 2 perturbation.
Because of this fact it is possible to make some rather general state-
ments.

We define convergence ratio as ri/rf, where r, is the initial

radius of the outermost pusher, ard r_, is the final compressed radius

f
of the fuel. Assume a small angle dependent variation S§E in the energy
E deposited in some region of target. From a variety of simple models
one expects that the variation &V in pusher velocity V to be given by
8V/V = ¢ 8E/E where ¢ is of order unity.

In order to achieve a large convergence ratio the pusher must
move a distance v ri. Thus, a perturbation in velocity will result in a
radial perturbation ér = r, § V/V = ery SE/E. We expect degradation of
the implosion when &r ~ r. or rf/ri v ¢ SE/E. We thus obtain the rule that

the required energy symmetry is proporticnal to and roughly equals the




reciprocal of the convergence ratio. Similar arguments can be made
for other types of asymmetries. An £ = 2 perturbation can be crudely
similated by running two 1-D LASNEX calculations representing slightly
different input powers at :the pole and equator of the target. By this
method we obtain Gr/rf % 0.5 for a 5% power difference on target B. This
is shown in Fig. 16. The convergence ratio of target B is about 20, so
that the LASNEX results are in agreement with our simple calculations
for ¢  1/2. The results for other targets are given in Table III.

In these examples it seems likely that an 2 = 2 fractional energy
perturbation of rf/ri would degrade but not destroy thermonuclear burn,

however, considerably more work is needed in this area.
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Conclusions

We find that 1 MeV electron beam targets are rather invulnerable
to stability problems. This is a result of the broad deposition profile
which produces small density gradients and large shell thickness. By
contrast, lon beams produce larger density gradients and thinner shells,
and consequently suffer more severe instability damage.

Our preliminary symmetry results confirm the simple rule that the
required energy symmetry is roughly equal to the reciprocal of the
convergence ratio of the target. Thus symmetry requirements are more

stringent for the large, low-power targets having high convergence ratios.
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TABLE I
Target Designs

Outside Peak Input Output
Voltage radius power energy energy
Target Beam (MeV) (mm) (TW) (kJ) (kJ)
A Alpha 5 1.07 8 35 30
B Proton 10 0.72 110 1070 1100
C Electron 1 2.68 250 4400 5400
D Electron 1 1.26 1200 6280 7700
E Electron 1 1.44 400 3200 7860
TABLE 11

Free-Fall Analysis Shows Ion Beam Target and Multiple Shell
Electron Beam Target Have Superior Ignition Characteristics

Percent Fuel tem-

yield at perature

Target Beam t=1t, att=t,
B Single shell 10 MeV protons 2.6 4.4
C  Multiple shell 1 MeV electrons 2.1 54
D Single shell 1 MeV electrons 0.55 3.1
E Fe on Au shell 1 Mev electrons 0.48 3.0

TABLE III

Results of Symmetry Calculations

Target 5P/P r./r, or/r, C
B 0.05 23 0.50 0.44
C 0.01 75 0.36 0.48
D 0.05 13 0.24 0.36

E 0.05 22 0.45 0.42
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instability can occur in electrons or ion
beam fusion targets,

) 10000 [T ¢ T 1
=
= Shell thickness
> Shell destruction
® time
5 \
8 1000 [~Intermediate £ =
o
= Large ¢ rapid growth =]
g but saturates. __-7" v
g \ r" /,
R4 ’ ’
£ 100 ¢ ’ o
- 4 /,
T / .
< ] ’
/ ’
E ) Vi \—Small 4
= 10 F ¢ P slow growth —]
4
o / ,
2 / ’
= / ’
Q / ,’
E 1/s
& 1 e e Gl )
0 Time (arbitrary units)

Figure 2, Behavior of small, intermediate, and large £
perturbations, showing some intermediate £
value to be the most destructive,



28

1.0656 mm
1.0080 mm

Density =
1.38 x 107

CH,
Au
DT

0.100 mm
0.093 mm
0.082 mm

(b)

1-MeV electron beam,
target C

0.72 mm

0.50 mm

Figiwre 3,

LiD

(a)

5-MeV alpha beam,
target A

2.6784 mm
2.3040 mm
0.3997 mm CH,
0.3720 mm Au
0.3283 mm DT 31.1 ug

(c) 10-MeV proton beam,

target B

Five target designs studied



1.0 mm
100 ug
DT

(d) 1-MeV electron beam,
target D

1.44 mm

1.10 mm »
1.00 mm

(e) 1-MeV electron beam,
target E

Figure 3. (Cont.)

29



Typically ~100 B SR 4 angular zones

radial zones. per wavelength

The radial
Perturbation is
S typically ~10 A

zone thickness
must satisfy

kér < 1 at the
unstable
interface.

|
TTLTVV
\ \\\\\\\\ » Axis of

rotation

"

Figure 4, Lagrangian mesh for a typical problem. The perturbation
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Figure 8, Frames from a movie to be presented with talk, The movie
shows the unsuccessful implosion of target A
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Figure 9, Perturbation amplitude (r, m. s, ) and shell thickness as a
function of time for target A,

32



10-2 .

_3 |
10 Shell thickness

1074 |

' TARGET SURVIVES
1
|

LASNEX ¢ = 100
—l_l_]

0 1 2 3 4 5 6
Time (ns)

1075 | Initial surface
perturbation

1076 | /
107 |

1078

Amplitude and shell thickness (cm)

Figure 10, Perturbation amplitude (r, m, s, ) and shell thickness as a
function of time for target B, The amplitude is measured
at a given mesh line, This results in a small amplitude at
early times, The initial shell thickness perturbation is
indicated by an arrow,

107 y T ' T ' T T
- \/_T— _

W Shell thickness

1073 + s

gl LASNEX ¢ = 100 &

TARGET SURVIVES

107

107

Amplitude and shell thickness (cm)

1077

1078 R | L i s 1 R t
0 10 20 30 40
Time (ns)

Figure 11, Perturbation amplitude (r,m, s, ) and shell thickness as a
function of time for target design C, The amplitude is the
amplitude of the unstable interface and does not represent
a fixed mesh line since the beam voltage varies as a function
of time for this target design,



34

Figure 12,
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LOW POWER MULTIPLE SHELL FUSION TARGETS FOR USE WITH
ELECTRON AND ION BEAMS*

J. D. Lindl and R. 0. Bangerter

University of Californla, Lawrence Livermore Laboratory

Livermore, California, 94550

ABSTRACT

Use of double shell targets with a separate low Z, low
density ablator at large radius for the outer shell, reduces
the focusing and power requirements whille maintaining reasona-
ble aspect ratios. A high Z, high density pusher shell is
placed at a much smaller radius in order to obtain an aspect
ratio small enough to protect against fluld instability. Vel-
oclty multiplication between these shells further lowers the
power requirements. Careful tuning of the power profile and
intershell density results in a low entropy implosion which
allows breakeven at low powers.

Jon beams appear to be a promlsing power source and
breakeven at 10-20 Terrawatts with 10 MeV alpha particles ap-

pears feasible. Predicted performance of targets with varilous

energy sources 1s shown and comparison i1s made with single shell

targets.

¥Research performed under the ausplces of the United States

Energy, Research and Development Administration, Contract No.

WT7405-ENG-48, and Defense Nuclear Agency, Contract No. IACRO 75-

825.
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For a given mass of fuel and tamper, the minimum energy
required to implode it to ignition will be approximately cons-
tant, for the best designs. One must do a certain amount of
work per unit mass on the fuel tamper system in order to
achieve ignition.

Since the efficiency with which one does this does not
vary by a large factor between various low entropy designs,
the input energy per unit mass is reasonably constant. This
required energy is on the order of 1 Joule per nanogram of
pusher and fuel.

E = f Power dt = Pt = EB, where r is the target radius,

<

P the average power,and V is the average velocity. ¥V is the
average velocity required for ignition which is independent of
design. For shell type targets P is close to the peak power.
For constant mass, E is approximately constant so P varies as
1/r. Hence, a larger radius allows you to drop the power. For
such a target, pAr varies as l/r2 or AF % 1/pr2. Since E-BEAM
and I-BEAM targets have shells which are about 1 range thick,
this means the range of the particle used has to vary as l/r2
This scheme allows one to drop the power while keepling the
yield and input energy the same.

If one is constrained to a particle with a given range,

required power drops somewhat for decreasing radius. Prar



for constant thickness shell so P ar. However, since E ar2 and
yield Y is proportional to Mpr OLr'll for a given compression, the
yleld ratio is proportional to r2 and drops rapldly as you shrink
the size. This means that long range particles are goilng to
require large-size targets, high powers, and large energies re-
gardless of the design.

To minimize the input power required at a given input en-
ergy, one would like to use the highest aspect ratio shell pos-
sible. This aspect ratio is primarily determined by consider-
ations of fluid instability and implosion symmetry. For a given
aspect ratio shell, Pr a r3 or P al/r2 so that decreasing the
radius results in a rapid power drop. With Y a Mpr or rll and E
ar3, the yield rate drops only as r and gives the prospect of
achieving breakeven at low powers and energies. This also re-
gquires that one go to short range particles since, for constant
aspect ratio, the range of particle used must be proportional
to r.

E-Beam and I-Beam targets have absorption shells about one
range thick, essentially because there is no ablation front
which propagates through the shell. This occurs for two reasons:

1l. There 1s little density or temperature dependence in

the range, so except for spherical convergence effects

the beam deposits in the same mass throughout the

implosion. Since some of the mass moves inward and
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some moves outward, the convergence effects are
small.

2. The matter temperatures achieved are only a few
hundred eV at most and electron conduction is inef-
ficient at carrying the energy beyond the matter
where it is absorbed.

Single shells of high Z material can be used with parti-
cles like 1 MeV electrons, which have a long range to achileve
fusion breakeven. For these long range particles, the thermal
radiation generated by the hot plasma is substantially self-
trapped, thus limiting the radiation losses. For example, i1n
a typical target with 1 MeV electrons on gold, radiation losses
are about 40% of the input energy. For 1 MeV electrons on iron,
the losses are about 20%. On the other hand, for 100 keV elec-
trons or 10 MeVa's on gold, virtually all of the input energy
is radiated away as thermal x-rays. Such targets may be useful
as x-ray sources but not for implosions. To limit the thermal
x-ray losses to a tolerable value, these short range particles,
which are necessary for breakeven at low energies and powers,
must be absorbed in low Z and hence, low density materials.
Even in CH2, using 10 MeV a's, thermal x-rays result 1in about
a 50% loss of input energy. This loss can be limited to about

20% by using LiD or LiH.



Low Z materials are very poor pushers and tampers. Un-
less one can design a target which achieves sufficient velocity
to ignite without a pusher, one must have an added layer of high
Z material for a pusher. With double shell targets, one can
use a low Z, low density material for the outer shell. This
allows one to increase the radius while keeping down the mass
and maintaining a sufficiently small aspect ratio that fluid
instabilities can be tolerated. The high Z pusher-tamper layer
needed for ignition and efficient burn at the low velocities
one is generally able to generate with E-Beams or I-Beams is
placed at a much smaller radius. This keeps its thickness suf-
ficient to survive fluid instability and also to act as a pre-
heat shield against photons or high energy electrons and ions.
If one tried to put a high Z pusher against a low Z exploding
ablator, it would be very thin, making it very susceptible to
preheat and fluid instability.

The larger radius of a double shell design at a given
energy also reduces the focusing requirements of the beam. The
penalty one pays for this advantage is a larger convergence ra-
tio Ro/Rmin' Here Ro is the initial radius of the outer shell
and Rmin is the minimum radius of the fuel. The convergence

ratios for the various double shell designs given below are

about 100, implying a one percent uniformity of deposition.
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By contrast, convergence ratios of various single shell designs
that have been published are 20-30, implying a uniformity of 3-5%.

The lowest power, double shell, ion beam breakeven target
designed to date is shown in Figure 1. This target and all
others to be presented here have been calculated using the LASNEXl
computer code written by George Zimmerman of LLL. This target
gives a theoretical yield of 65 KJ with 45 KJ of 9 MeV alphas
which have a range of .0114 gm/cm2. It requires a peak power
of 11 TW. The target performance characteristics and pulse
shape are given in Table 1. The energy deposition profile in-
cludes range straggling and 5 milliradians of beam divergence
at 10 cm from finite temperature and scattering at the source.
Also, for this target, the range of the ions was varied linearly
with the power, a crude attempt to model a constant impedance
machine. For 3-T this feature of the deposition profile does
not significantly affect the peak power required compared to
that which would be required for a constant range profile. Its
principal effect is to keep the higher energy thermal photons
from leaking out of the outer shell and getting into the inner
gold shell, thus degrading the implosion.

To achieve breakeven at this low power and energy, several
features of the design must be closely controlled. These features

will be examined for a target scaled upward 15% in radius from

that in Figure 1. It used 11 MeV alphas, 15 TW peak power, and



72 KJ input energy. During the implosion, the LiD outer shell
1s nearly completely penetrated and exploded by the ions. This
explosion drives the inner 228ugm of the LiD inward to a maxi-
mum velocity of 22.8 cm/usec. The linear rise in power early

in the ion pulse 1s designed so that a weak shock of about 1
cm/ycm is sent through this inner layer of LiD. This weak shock
insures that the entropy of the LiD layer 1s low. A low entropy
outer shell helps to provide an efficient collision with the
inner gold shell.

In this collision, the gold receives a velocity of 32.5
cm/usec. This is a velocity multiplication of 1.426. The for-
mula for the elastic collision of two bodies of unequal mass
gives a velocity multiplication of 2/(1+x) = 1.61 for the masses
involved here so the collision was nearly elastic. X is the
ratio of the Au mass to the LiD mass. The actual velocity im-
parted to the pusher i1s fairly insensitive to X, however. Al-
though the energy transfer efficiency from the outer shell to
the inner shell is proportional to X, the transfer of energy
from the exploding ablator is inversely proportional to X. This
is seen for a simple case of a rocket with constant blowoff vel-

ocity whose efficiency is given by

[m/M_-m] [1n (m/M)) 12,
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where MO is the initial and m the final rocket mass. The vel-
ocity achieved by the gold as a function of the mass of LiD
moving inward is shown in Figure 2.

The peak pressure between the shells 1s given approxi-
mately by l/2(pv2) of the outer shell, just before it starts
to slow down. This is the kinetic energy density in the shell
that can be converted to pressure. If there is no material be-
tween the shells,this pressure will develop very early in the
collision and a shock of this magnitude will be transmitted to
the inner shell. Such a collision would result in a very high
entropy pusher and hence a low pr, low density implosion,and
poor efficiency. If there is material between the shells, it
i1s shocked and heated by the incoming shell. By adjusting its
density, one can control the arrival time and magnitude of the
shock that is transmitted to the inner shell and achieve a near-
ly elastic collision. If that material density i1s too high,
however, the pressure will rise too slowly and the implosion
will be over before significant energy transfer can be achileved.

Figure 3 shows the yield as a function of the intershell density.

Figure 4 shows the pressure versus time history between the shells

for the various density fills. The line A is the estimate for
the peak pressure given above. For the lower density fills,

the dip in pressure before the final rise is due to the fact



that the pressure starts to drop when the velocity of the inner
shell exceeds that of the outer shell. The subsequent rise is
due to spherical convergence. The degree of drop is essentially
determined by the aspect ratlo of the shell. The distance that
the inner shell moves before it gets a veloclty comparable to
that of the outer shell is a few times its initial thickness.

A very simple analysis shows why this is reasonable. If
V., is the inner shell velocity and VO is the outer shell vel-

1
ocity, then

— - P
Vv = adt =aldt 2 — At
1 / Dlel

2
1/2 pOVO
pplXq

At

VO and po are measured at the time just before the outer shell
starts slowing down. If the outer shell does not slow down
much in accelerating the inner shell, then the pressure starts

to drop when V. ~ Vo' Letting VOAt = x, the distance pushed,

1
we get x/Axl = 2p1/po = 2-4 for typical calculations.

When the pressure starts to drop, two competing effects
act on the shell. The shell has an internal pressure about eq-
ual to the driving pressure. As the driving pressure starts

to drop, the shell will start to decompress to be in pressure
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equilibrium. This decompression can lead to a drop in the final
pr and hence in the effectiveness of the inner shell as a tamper.
Acting to oppose the shell expansion 1is spherical convergence
which acts to increase the density by constraining the mass to
a smaller volume.

The compression of the shell at a time after the pres-
sure starts to drop is given by the ratio of the volumes and

is given approximately by

U R 2 Ar R 2Ar
o) o o) o)
2 2

4 xR AP (Ro-Vt) (Ato+vst)
1

= —_— VTV t )
VB2 S
(1- ﬁ—) G- Z;_)
o o

where Ro and Aro are the radius and thickness of the shell at
the start of the free fall, V and VS are the shell velocity and
sound velocity. Because of the gquadratic dependence, spherical
convergence eventually wins out. The decompression can be mini-
mized by minimizing VS/V and maximizing R/Aro.

In practice, spherical convergence starts dominating at
a radius of a few times the shell thickness. The aspect ratio
of the inner shell is pretty much determined by considerations
of fluid instability. This limits one to aspect ratios of about
ten. The yield 1s not terribly sensitive to the aspect ratio

for the above design for aspect ratios from 8 to 17.5. The yield



was calculated with the mean pusher radius at 120, luo,and 160 ¢
for the same mass of Au and DT. At the smallest radius the
fuel represented a solid DT fill. For the larger radii, the
fuel was assumed to be frozen as a shell against the pusher.
The targets with the larger radii worked somewhat better be-
cause the energy transfer from the outer shell was slightly
more efficient and the fuel was put on a slightly better adia-
bat. These results are shown in Figure 5. At a given radius,
the yield is not very sensitive to small changes in the pusher
mass or thickness. The higher mass pusher will receive a
smaller velocity but the pr will be larger and the fuel will
have longer to ignite from the lower temperature achieved. With
less mass, the velocity ls higher, but thel final pr 15 lower sSo
the fuel ignites more rapidly but has less time to burn. The
functional dependence of yield on pusher mass at a radius of
120 u 1is shown in Figure 6.

Recent 2-D calculations indicate that the design shown
in Pigure 1 will not survive Rayleigh-Taylor instability. The
target can be redesigned to have a more rapid early accelera-
tion and a thicker outer shell. These modifications will prob-
ably result in about a factor 2 increase 1n required power but
other comments above will not be affected.

In comparison with single shell targets for longer range

particles, the advantage of a double shell target is not so
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obvious. Since the outer shell must have the same gm/cm2 as
the single shell target, its larger radius means it must have
more mass. For example, the target shown in Figure 7 for use
with 1 MeV electrons has about twice the radius of a breakeven
single shell target. The iron mass is about 3 times that of
the breakeven single shell in Figure 8. Because of the velocity
multiplication on the gold, the average implosion velocity is
about half and its radius twice that of the single shell, so
one might expect similar power and a somewhat greater energy
input than for the single shell. In fact, the calculations do
show a slightly reduced power and increased input energy. With
the target in Figure 8, Sweeney2 achieves breakeven at about
350 TW. LASNEX calculations of the same target indicate a re-
quired power of 400 TW and 3 MJ, but gets twice breakeven. The
double shell design 1n Figure 7 achieves a little over break-
even at 250 TW with 4.5 MJ input. Its performance character-
istics are given in Table 2.

The performance of the pusher and fuel in the two cases
is radically different. Figure 9 shows the pusher adiabat for
the two types of target. Because of its low adiabat, the pusher
uses what energy it gets very efficiently in the double shell
target. But the transfer efficiency to the pusher from the beam
is only 0.6%. This low efficiency occurs because of the large

mass of iron that must be imploded inward to shield the Au pusher



from the bremsstrahlung tail of the 1 MeV deposition profile.
This bremsstrahlung preheat is a serious effect if it penetrates
the pusher because of the long time that the gold waits before
being hit by the iron. 1In the one shell design, the transfer
efficiency to the pusher is about 5%, but the entropy is very
high because of the bremsstralung preheat.

Figures 10 and 11 show the single shell and double shell

3

equivalents for 10 MeV protons. Clauser- calculates that, using

a radial deposition profile, the single shell will break even

at 60 TW. LASNEX calculations, using an ion deposition profile
that includes range straggling and 5 milliradians of beam diver-
gence at 10 cm due to finite temperature and scattering at the
source, require 110 TW and 550 KJ. This only includes the en-
ergy that hits the target. Because of the beam divergence
assumed, 15% of the beam energy misses the target. In the double
shell target, the outer iron shell 1is about 25 times as massive
as that for the single shell. However, the implosion efficiency
is higher and the mass fraction imploded is smaller. The accept-
ance time is increased from 8 ns to 40 ns because of the increased
radius. The overall result is an increase in the required energy
by a factor of 3 to 1.65 MJ but a drop in power to 50 TW. The
yield is about 6.0 MJ. Performance characteristics are given

in Table 3. The calculations of Kirkpatrick,u et al, using a

constant deposition profile are most nearly applicable to the
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10 MeV proton results given here. The two sets of results are
qualitatively consistent.

An interesting feature of E-Beam and I-Beam implosions
is the fact that the imploslion pressure in the ablator %s not
a monotonic function of power. Since the energy is being de-
posited in a constant mass whose density is dropping, the pres-
sure can actually drop while the power is rising. This is seen
in Figure 12 where pressure and power versus time are plotted
for the 10 MeV protons deposited in the iron shell in Figure
5 [ 38

Other targets for implosion with 100 keV and 200 keV elec-
trons are shown in Figures 13 and 14. Implosion characteristics
are given in Tables 4 and 5. The powers are significantly lower
than for 1 MeV electrons but the currents are about the same.
Conclusion:

Carefully tuned double shell targets can lower the power
requirements for ion beam fusion breakeven to 10-20 TW with 10
MeV alphas. The focusing requirements are also reduced from
those required for single shell targets. One pays for these
advantages by an increased sensitivity to fluid instability and
by more severe requirements on the required uniformity of energy
deposition. Because convergence ratios are about 100 for typical

double shell targets,the energy deposition must be uniform to

about 1%.



For the longer range particles such as 1 MeV electrons
and 10 MeV protons, one can achieve about a factor of 2 decrease
in the power required for breakeven,although the energy required

increases.
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TABLE 1

Properties of 9 MeV alpha driven target

Time (ns) Power (TW) Range (gm/cm?2)
0.0 0.11 0.000114
6.8 1.1 0.00114
13.6 11.1 0.0114

Power and range vary linearly between listed values

Input energy (kJ) 46.0

Yield (kJ) 66.0

pr (DT) (gm/cm2) 0.33

pr (Au) (gm/cm2) 2.0

Vmax (Au) (cm/sec) 3.20 x 107
Vmax (LiD) (cm/sec) 2.25 x 107
Burn temp (keV) 17.0 keV
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TABLE 2

Properties of 1 MeV electron driven double shell target

Time (ns) Power (TW) Range (gm/cm2)
0.0 2.5 0.00471
35.0 250.0 0.471

Power and range vary linearly between listed values

Input energy (kJ) 4400

Yield (kJ) 5500

pr (DT) (gm/cm?2) 0.75

pr (Au) (gm/cm?2) 5.1

Vmax (Au) (cm/sec) 2.05 x 107

Vmax (Fe) (cm/sec) 1.22 x 107

Burn temp (keV) 34.0
TABLE 3

Properties of 10 MeV proton driven double shell target

Time (ns) Power (TW) Range (gm/cm2)
0.0 0.1 0.2238
5.0 1.0 0.2238
10.0 50.0 0.2238
40.0 50.0 0.2238

Power varies linearly between listed values

Input energy (kJ) 1630.0

Yield (kJ) 5800.0

pr (DT) (gm/cm2) 0.84

pr (Au) (gm/cm2) 5.45
Vmax (Au) (cm/sec) 1.99 x 107
Vmax (Fe) (cm/sec) 1.24 x 107
Burn temp (keV) 38.0



TABLE 4

Properties of 100 keV electron driven double shell target

Time (ns) Power (TW) Range (gm/cm?2)
0.0 0.1 0.01953
5.0 1.0 0.01953
10.0 25.0 0.01953
15.0 25.0 0.01953

Power varies linearly between listed values

Input energy (kJ) 193.0 kJ

Yield (kJ) 553.0 kJ

pr (DT) (gm/cm2) 0.48

pr (Au) (gm/cm2) 3.32

Vmax (Au) (cm/sec) 2.59 x 107

Vmax (LiD) (cm/sec) 1.72 x 107

Burn temp (keV) 27.0
TABLE 5

Properties of 200 keV electron driven double shell target

Time (ns) Power (TW) Range (gm/cm2)
0.0 0.1 0.055
5.0 1.0 0.055
10.0 35.0 0.055
17.0 35.0 0.055

Power varies linearly between listed values

Input energy (kJ) 408.0

Yield (kJ) 516.0

pr (DT) (gm/cm2) 0.485

pr (Au) (gm/cm?2) 3.35
Vmax (Au) (cm/sec) 1.39 x 107
Vmax (LiD) (cm/sec) 2.49 x 107
Burn temp (keV) 25.0
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STABLE CONFINEMENT AND COMPRESSION OF DENSE
THERMONUCLEAR PLASMAS IN A DETONATION DRIVEN VORTEX

F. Winterberg

Desert Research Institute, University of Nevada System, Reno, Nevada 89507

Abstract
In plane detonation waves of high explosives, pressures up to " 1012
dyn/cmz, corresponding to fluid velocities of 106 cm/sec, can be reached
by the employment of implosion and explosive lens techniques. If such high
explosives, having the shape of logarithmic spirals, are arranged around
the shaft of a hollow cylinder and simultaneously ignited from their periphery,
an ultrastrong vortex collapsing towards the axis of the cylinder will be
generated. If thermonuclear material is placed in the center of this vortex
and with a high current discharge passing through it, a stable high density
pinch is formed. The stable confinement time of this pinch is only determined
by the lifetime of the vortex and confinement times well above the Lawson
value seem to be possible. The amount of explosives needed is rather small
and in the order of 100 grams. Alternatively, the collapsing vortex may be
also formed by replacing the explosive with some inert material which is
externally bombarded and driven by either a laser-relativistic electron-
or ion-beam. A Taylor-stable collapsing vortex cavity can be also used to
confine and compress laser- or electron- (or ion-) beam produced dense

thermonuclear plasmas.




1, Introduction,

During the early stages of the research efforts towards the controlled
release of thermonuclear energy, great hope was placed on the linear pinch
effect. Due to the highly unstable nature of this discharge mode, these
hopes though were soon abandoned and the main thrust towards controlled
thermonuclear fusion has since been shifted towards other approaches lacking
the simple confinement geometry of the pinch effect. These early hopes
resulted from the convincing simplicity of the pinch discharge and its close
similarity to the arc discharge. With arc discharges, rather high temper-
atures have been produced and it is therefore quite natural to ask whether
by a proper modification of this technique thermonuclear temperatures can
be reached.

In contrast to a pinch discharge, which is surrounded by vacuum, an
arc discharge under normal conditions is surrounded by a cooler gas and the
magnetic pressure resulting from the arc current is always small compared
to the gas pressure. It is for this reason that arc discharges do not
exhibit the instabilities of the pinch discharge. Only if the arc current
is raised to values at which the magnetic pressure becomes comparable or
larger than the gas pressure of the surrounding medium is the stability
destroyed, though due to the hydrodynamic coupling of the arc plasma with
the surrounding gas the instabilities are less violent than in a pinch dis-
charge. However, even for arc currents not sufficiently strong enough to
produce these instabilities, an arc is never completely stable due to
convective forces. Arcs operated at atmospheric pressure, as they are used
for welding, operate at temperatures of several lO3 °K.

In order to stablize arc discharges and to reach higher temperatures
three techniques have been successfully employed:

1) By increasing the pressure of the arc environment much higher
temperatures can be obtained, In these so called high pressure arcs, which
work at higher than atmospheric pressure, temperatures up to 2 X lO4 °K have

been reached.
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2) By confining the arc in a vortex, the arc is stabilized by the
buoyant centripetal force acting on the lower density arc medium resulting
from the centrifugal force within the vortex flow, This method of stabilizing

(1)

vortex was created by the flow of a gas. The method since then has been

(2)

the arc was first proposed by Schonherr. In this original proposal the

greatly improved by Gerdien et al. who confined the arc in a water vortex.
This method, known as the Gerdien arc, has been perfected more recently by

(3) (4)

Maecker. It was shown that by this technique, with an arc current of

" 1500 Amp and an arc voltage of ~ 500 Volt/cm, temperatures of 5 x 10% °x
can be reached.

3) If a strong axial magnetic field is applied parallel to the arc
discharge, the electronic heat conduction losses in the radial direction can
be greatly reduced.(s) This method was originally proposed in an unsuccessful
attempt to reach thermonuclear temperatures. The same method was subsequently

(6)

applied to a hydrogen arc reaching temperatures up to 105 °K, and it
was estimated that for a 10 m long arc temperatures up to " 106 °K may be
attainable.

An attempt has been also made to reach higher arc temperatures by
simultaneously stabilizing the arc in a gas vortex and reducing the electronic
heat conduction losses by the application of a strong magnetic field, “but
for a steady state thermonuclear reactor the energy losses due to radiation
would be prohibitive. Rather than trying to reach higher arc temperatures,
other attempts have been made to improve the pinch stability by embedding

(8)

the high current discharge in a gas. Such proposals were made by Tidman

(9)

and the author, In the scheme studied by Tidman the discharge occurs
along the ionization trail left in the wake of a high power laser beam
propagated through a dense gas placed in between the electrodes over which

a large capacitor bank is subsequently discharged. In the method studied

by the author, the pinch is produced by the self-magnetic field of a
relativistic electron beam penetrating into a dense gas or solid target. In
elther case, because of the high plasma densities involved, the radilation

losses are much less severe than for the previously considered steady state

low density plasma configurations. In such a gas embedded z-pinch, the



magnetic pressure is much larger than the pressure of the surrounding gas,

and the well known pinch instabilities reappear. However, because in the

gas embedded z-pinch the discharge is strongly coupled to the gas environment,
the growth rate for these instabilities can be greatly reduced, This fact

is apparent from the observationally exhibited stability of a lightning
discharge. For the large currents required in a thermonuclear pinch, the
stabilizing effect of the surrounding medium at best is marginally sufficient

if one goes to solid state densities,(lo)

(9)

although in the scheme studied by
the author this situation is considerably better since higher stability
can be expected if the current is carried by a relatively small number of
relativistic electrons with stiffer trajectories.

In order to overcome the outlined limitations we will show here that a
rethinking of the different arc and pinch techniques will logically lead to
an approach of substantial simplicity and much higher promise to reach
conditions required for a positive thermonuclear energy balance.

The same technique can be also applied to the stable confinement and
compression of laser- or electron- (or ion-) beam produced dense thermo-

nuclear plasmas.

2. Thermonuclear Pinch in a Detonation Driven Vortex.

We listed three principal modifications to increase the arc temperature

1) higher pressure, 2) confinement in a vortex, and 3) application of a strong

axial magnetic field, and furthermore 4) one modification aimed at increasing
the stability of a pinch by surrounding it with a dense gas. We will now
show that by a logical combination of these various modifications a stable
thermonuclear pinch with a lifetime sufficiently long to ensure a positive
thermonuclear energy balance can be established.

To 1): In order to obtain high pressures, the pinch channel filled
with the thermonuclear material is to be surrounded by explosives which

upon detonation create an environment of pressures up to and excess of
12 2
~ 10 dyn/cm”,
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To 2); By properly shaping explosive and inert material, whereby both
have the shape of logarithmic spirals axially centered around the pinch
discharge as shown in Fig. la, a detonation driven and collapsing vortex,
as shown in Fig. lc, is created upon simultaneously igniting the explosive -
from the periphery of the spirals. This vortex stabilizes the pinch discharge
during the lifetime of the vortex.

To 3): By using a high current pinch discharge, a large azimuthal
self-magnetic field is established, the effect of which on reducing the
electronic heat conduction losses is similar to the effect of an axial
magnetic field of the same strength,

To 4): By properly shaping the high explosive, the maximum vortex
contraction will lead to a minimum core radius of the vortex which is equal
to the pinch radius, thus embedding the pinch in a gas environment

One may even try to make the pinch radius slightly smaller than the
inner vortex radius, whereby the vacuum gap in between the outer pinch and
inner vortex surface would be filled with a strong magnetic field. In this
case the electronic heat conduction losses would be further reduced and,
if the gap in between the outer pinch and inner vortex radius is small enough,
the stability would be almost the same as without this gap.

The pinch discharge along the vortex axis can be triggered in optimal
synchronisation with the vortex implosion. Preferably this may be done by
a laser- or electron-beam trigger creating a preionized path over which a
large capacitor bank is discharged.

During the implosive phase of the vortex, material is ablated from
the outer part of the vortex, thereby creating a strong pressure causing the
contraction of the vortex core. The ablated material carries angular
momentum which by angular momentum conservation is equal and opposite to the
angular momentum acquired by the vortex flow,

After the centrifugal force on the surface of the vortex core is
equal to the pressure force, no further contraction takes place and the
vortex from this moment on will remain quasi-stationary until all the
detonated material is ablated. During the state of maximum contraction, the

stream lines will form rather tight spirals around the vortex core.




A pinch enclosed in such a vortex will be stable if the stabilizing
buoyancy force exceeds the destabilizing magnetic force, It will be shown
below that with such an arrangement stable confinement times substantially
in excess of the Lawson time are possible,

The discharge can take place as it is shown in Fig. 2. The cathode
C is hollow to permit the passage of a laser- or electron-beam preionizing
the channel passing through the core of the cylinder surrounded by the
explosive charge and which becomes the core of the vortex. Over the thusly
formed channel of ionized material is a large capacitor bank subsequently
discharged. The easiest way to simultaneously ignite the high explosive
charge from its periphery is by a convergent cylindrical laser-beam impinging

and igniting the charge in the desired moment.

3, The Formation and Collapse of the Vortex.

In order to obtain a simple picture of the vortex formation, we will
assume that the fluid flow in the vortex can be described by an incompressible
fluid. This assumption implies that the vortex shall not change in times
which are much smaller than the acoustic transit time. However, in the
part of the vortex where the ablation process takes place the fluid is
assumed to be compressible. Such a simplified model makes an otherwise very
difficult problem tractable for an analytic treatment. It is likely that
the real solution to the posed problem is in fact not too far off from the
solutions obtained with such a model. We will therefore base the following
estimates of the presented concept on this model.

We introduce cylindrical coordinates (r,$,z) with the cylindrical axis
along the axis of the vortex (see Fig. 3). The inner radius of vortex core
is defined by r = Ri and the radius at which the ablation process takes place
by r = Ra' The Euler equations and equation of continuity in these

(11)

coordinates have the form
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In eq. (1 - 3) we have assumed that 3/3¢ = 3/9z = 0 and also that ¥, = o
We are looking for a solution describing the physical situation of
our posed problem and having simple analytical properties.

From eq. (3) we obtain

ver = F(t) | (4)

and if we assume that av¢/3t = 0 we obtain from eq. (2)

v v
or r
and hence
Uk = % = const. (6)

Eq. (4) of course expresses conservation of mass and eq. (6) conservation
of angular momentum.
From eq. (4) and eq. (6) one obtains the equations for the stream-

lines at the time t




hence

dr _ E(E) (8)
rd¢ % ?

or

r = rye (/20

(9)

Where R, is the radius of the hollow vortex core at the time t (see Fig. 3).
For thelchosen particular solution, the streamlines at all times are
logarithmic spirals. Especially for t = 0 these logarithmic spirals have
the form r = Roe(F(O)/£)¢, where Ri = R0 is the core radius of the vortex
at t = 0, and according to which the explosive charges and liners have to
be shaped.

From eq. (4) we have

E_E (10)
1,
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+
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Next we integrate eq. (11) from r = Ri’ where p = 0 and U & Vr, tor = Ra’

where p = P, and Wy = 0, with the result

R
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The pressure p = p, atr = Ra is caused by the explosion products ablated
away from the vortex at a radius r > Ra‘ Since F(t) = Rivr, where Vr is

the velocity of the inner core surface, and since Ri = Vr we have

F = R;Vp + RV

= v2 + i r. (13)
r

dv?
r il 1 2
g=saar EL oy & v
de Rl Qn(Ri7Ra) piy
2’ - °Pa 0 (14)
Rizn(Ri7Ra) Ri R; pRiRn(Ri/Ra)

Putting Ri =t 16, Vi =y, eq. (14) is seen to have the form of a linear first

order differential equation with the standard form

y' + fl(x)y + fz(x) =0 > (15)
and the solution
¥ = e~ /E10x [%onst. - ff?_effldX dx] . (16)



We thus obtain from eq. (14) after some simple integrations

P 2
V; ol B 1 const. + 2%4n ﬁi + {—E + 5%7 RII . (17
Rign(Ra/Ri) i P a -

The constant of integration is determined by the initial condition at

t = 0 for which R, =R and R_ = R;. Weputatt=0,V_ = vﬁo) and

V¢ = Vio). V¢ is the azimuthal velocity at the inner core surface.
Introducing the angle a = L (see Fig. 3) which determines the slope of the

logarithmic flow spiral at r = Ri = Ro’ that is at t = 0, we have

(0) _ :
Vr = cO sln ao
5 (18)
(0) _
V¢ = cO coSs ao

where c¢_ is the local fluid velocity at t = 0. Putting in eq. (17)

0
\' = V(O) = = = i
- = & Ri Ro’ Ra R1 and P, = Py> We obtain the value for the

constant of integration:

e 2 mreal2 o
const. RO ln(Rl/RO)c051n o '3 Zn(Rl/RO)

P

2

il R el R; . (19)
2

p 2R?

. 2 7 2 . .
Furthermore, since &4~ = coRicos @ this expression reduces to

67




68

= 2R29n(R /R ) - A R? (20)
const. = - cO c n ; » 5 e % 7
b

and one therefore obtains finally from eq. (17)

1 pl 2'2

Ve = cZR2n(R /R ) + |— + — RS
2
RIgn(R_/R;) P 2R}
pa 2/2
- ¢c2?R29n(R_/R.)cos?a_ - |— + =——| R2} - (21)
loliNe} a1 (e} o] JR?2 1
a

Equation (21) can be approximated in a number of steps. First, the
relative change in Ra resulting from the ablation process at the outer
vortex surface is much smaller than the relative change of Ri’ provided that
R, >> Ro. Therefore, one can put with sufficient accuracy P, = P and

1

Ra = Rl’ resulting 1n

=
2 o 1 o 2 - ¢24n(R /R,) " cos?a
Ve, & EHT§T7§;T R, Lcoﬁn(Rl/Ro) c an( 1/ ;) 5
( 2
P 2 R,
gl L 1 - |L . (22)
B 2R2 Ro

Second, from Bernoulli's theorem one has pl/p = ci/Z. But since & =
: B2 . 3 2 .
coRocosao it follows that £ /2R1 = (co/2) (Rocosao/Rl) . Therefore, if

2 2 : ;
R, >> Ro, 2 /2R1 << pl/p. Third, if Ro << R

and R. << R, the last term
1 1 o}

1



in the square bracket on the r.h.s. of eq. (22) may be neglected with

sufficient accuracy in the framework of our goal to obtain some useful

estimates. We therefore have finally

. €e T
& st e 2
Vr 'Q’n(Rl/Ri) Ri Rn(Rl/RO) »Q/n(Rl/Ri)COS CX.O . (23)

for this we can also write

cos®
g o |R, (R /R)) . (24)

1

We are interested in the state of maximum compression which is reached at
Vr = 0. If at this state Ri = Rm, then according to eq. (24) this implies
that

=1 . (25)

In case of maximum initial swirl g = 0, it follows that Rm/Ro = 1 which

means the vortex does not contract. This of course means that the centrifugal

force at the inner core surface prevents any further contraction. In order

to obtain an appreciable contraction one must choose @ > 0. If, for example,

& = 45° then cosza = 1/2 and R_/R = R /R.. A case coming close to the

o] o] m o o1

one of practical interest is given by a tenfold contraction R /Rm = 10, but
with an outer radius not too large. Therefore let us put R1 = 1.5 cm and
Ro = 0.5 cm, Rl/Ro = 3. Inserting these values into eq. (25) gives a value
for<xo. Although this example violates our condition that R1 >> Ro, eq.
(25) can probably still be used to obtain an estimate. One thus obtains

a = 55°.
o
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As can be seen from eq. (9), the streamlines at the state of maximum
contraction are circles, since at R.1 = Rm, F(t) = RmVr = 0.

The pressure distribution in the vortex can be easily obtained at the
state of maximum contraction, for which we are primarily interested, by

putting in eq. (11) v = 0, resulting in

For W, = 0 one has according to eq. (13)

Qu

o]
(2 SN

Vv

2 Al
| e 27
2 R. i ( )

[N
=
o]
Il
o]

Using eq. (24) one obtains

2 2
_ Ry avi ¢ [Ro) &n(R /Ry)
a = 3- 3R =7 |5 ’ (269
X _ 2
i |Ry = R m [szn(Rm/Rl)}

for which, because of ¢ R cosaa = c¢__ R , and where c is the maximum
00 o max m max

fluid velocity reached at the inner surface of the vortex core, we can also

write

2
& Qn(Rl/Ro)

2 2
2cos & [Qn(Rm/Rl)



With this definition the equation for the pressure distribution is given by

ldp_2° _a (30)
p dr 24 r
If thus follows, that the pressure has a maximum at the position Toax -
2/Va. Since £ = ¢ R _cosa , one obtains
oo o
= R R R 2 1/2 1
¥ oax = mcosaozn( m/ ) /ln(Rl/Ro) 2 (31)

By integrating eq. (29) with the boundary condition p = 0 at r = R one

obtains

. be o o ml] = r_
S atn = : (32)

For Rm >> R1 the maximum pressure is approximately given by

~ 2
P = W/20PE o0 (33)

and which is the stagnation pressure for the maximum fluid velocity
reached at r = Rm. At this point we can make a remark regarding our
incompressibility assumption. It is obvious, that the assumption would
fail, if the local fluid velocity would exceed the velocity of sound. At
the first sight this seems to be the case since cmax o« 1/Rm, during the

contraction of the vortex, such that cmax >> ¢ Vpl/p and where co is of

o
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the same order of magnitude as the velocity of sound in the explosion
products at t = 0. However, as can be seen from eq. (32), the contraction
of the vortex is accompanied by a large buildup in pressure, with the
maximum given by eq. (33) and from which E e = /5;;;7E'>> & follows. In
effect, the compressibility will therefore result in a temperature increase

according to ¢ < VT such that T /p = 1/R2, the temperature
max max ma m

o
x * Pmax
sharply rises in the inner part of the vortex during its contraction.
High explosives as they are considered here have typically detonation

12 .
°K,( )" sugh that 3 tenfolld veitex ‘contraction

temperature of v 5 x 103
would imply a temperature rise by a factor 100 that is 5 x 105 °K.

At the vortex periphery where r = Ra = Rl’ the pressure has dropped
down to p1 = (1/2)pc§ and which has to be balanced by the stagnation
pressure of the ablated material.

The amount of material to be ablated which is required to form the
vortex can be easily estimated. At the instance t = 0, the radial velocity
distribution of the vortex obeys the law L F(0)/r = coRosinao/r. There-
fore for a cylinder of length h, the radial momentum of the inward motion

is given by
Ra
P, = 27ph Vrrdr

Ry

I

2mrphc R sing dr
0o o)

Ro

= 2ﬂphc051nao'Ro(Ra - R . (34)

In computing the radial momentum of the material ablated in the outward
direction one must observe that the velocity averaged over the half space

is co/3. One thus has




€o
Pa = 2mph 3 rdr
Ry
= 2 _ p2 £35)
(Tr/3)phco(R1 Ra) s

It is obvious that the radial momentum of the motion directed inward must

balance the radial momentum of the ablated material, that is, Pa = Pi.

This condition leads to

R?2 - R?
a

1 6RO(Ra - RO)31nocO N (36)

2/r, it follows for the angular momentum of the vortex

Since v

¢

a
—_ 2
Li = 2mph v¢r dr
R
0
= ﬂth(R; = Ré), (37)

The angular momentum of the ablated material is given by

L_ = 2wphf| rdr

A

mphf (R? - R;)- (38)
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Conservation of angular momentum then requires that L = Li which leads to

2 _ 2 )
Ri = 2Ra RO . (39)

From combining eq. (36) and eq. (39) one obtains the conditions

and
R R _ < 2 2 1/2
/ = |2(6sin a = 1) -1 : (41)

For o = 55°, sim = 0.81, it follows that R_/R_ = 3.9, R./R_= 6.8, and
o] (o] a: 0 1" o
Rl/Ra = 1.75.

4. Stability of Pinch Confined in Imploded Vortex.

We will now show that under certain conditions a pinched plasma
confined in the core of the imploded vortex with the pinch radius equal
to or slightly less than the core radius of the vortex, can be made
absolutely stable during the lifetime of the vortex.

The density of the destabilizing force, acting on the confined plasma
during a radial displacement of the pinch configuration from its equilibrium,

with a wavelength A of the disturbance, is given by

£, = H/4m) . (42)



At the other hand, if the pinch discharge is displaced in the radial
direction by penetrating into the vortex, it is subjected to a centripetal
buoyancy force. If the density of the pinched plasma column is pp, the

density of this stabilizing force is given by

v?2
¢
Po T ° (43)

With the help of eq. (30), where for r = Rm one can neglect the term

- a/r and, by putting v¢ = 2/r, one obtains from eq. (43)

_ _ 22 (44)
fr = (p pp) "y

We are considering cases for which typically p >> pp and displacements

near the core of the vortex where r 2 Rm. After putting & = ¢ me we thus

ma
have
PCnax
fr = R (45)
m
Therefore, the pinch discharge will be stable as long as
4
fH e fr <0 (46)
or
2 2
H*/4mx < pc_ /R . (47)
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The fastest growing instability has the smallest wavelength, and the
smallest kink type disturbance which can cause instability has a wavelength
A= Rm. To prevent unstable growth for all wavelength one thus has to

fulfill the condition

T
87 < 5 0y e

which simply means that the magnetic energy density of the pinch must be
smaller than the maximum kinetic energy density of the vortex flow. Because
in a pinch discharge H2/8n = 2NkT, where T is the temperature in the pinch,

one can alternatively write for the stability criterion

INKT < % pc2 . (49)

For shorter wavelengths A << Rm, the m = 0 instability may still pose
a problem but could be suppressed by applying a strong axial magnetic field
to be entrapped and compressed in the vortex. An initial axial field with
a strength of 2 X 104 Gauss, to be compressed by a tenfold decrease in the
vortex radius, would lead to an axial magnetic field of 2 X 106 Gauss. The
initial field could thereby be provided by conventional iron core magnetic

field coils.

5. Vortex Lifetime and Pinch Confinement Time.

After formation and implosion of the vortex down to a core radius
Ri = Rm, further material will be ablated from the vortex periphery at
R = Rm’ therefore extending the lifetime of the imploded vortex core. In
this process the ablation velocity will increase as the ablation front

propagates inward. The reason for this is that at Ri = Rm, T = 0, but



for v¢ one has v¢ =i Cs e Cmame/r = coRa/r. The ablation will result
from the transformation at this ordered motion into disordered thermal
motion at the ablation front and which propagates in the outward radial
direction with the average velocity v¢/3 = cORa/Sr. The increase of the
thermal ablation velocity in proportion to v¢ = ¢, where c is the local
fluid velocity, is consistent with the point made before that T « p/p =

c2 in all parts of the vortex. During its inward propagation the ablation
front will thus lead to an increasing reaction pressure which will balance
the vortex pressure according to eq. (32) and will rise with decreasing

values of r. The confinement time 1T of the vortex is thus given by

R
& 2 2
R - R
dr 3 Ta m
¢ 0o a
R
a

But, since Rm << Ra’ this simplified to

T ‘= 3R /2c (B
& e

6. Practical Example Applied to a High Density Pinch.

In order to illustrate the foregoing analytical estimates, we take
the following numerical example. The plasma density is given by
N = 1021 cm_3 and the plasma temperature by T = 108 °K. This then leads
to a plasma pressure of p = H2/8n = 2NKkT = 3 x 1013 dyn/cmz. The pinch
magnetic field to confine the plasma is then given by H = 3 x 107 Gauss.
If the pinch radius is r_ = Rm = 0.05 cm, the discharge current to produce
this magnetic field is I = 107 Amps and which compares well with the pulsed

currents produced by large megajoule capacitor banks.
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High explosives have a detonation velocity which can be as high as

LA 106 cm/sec.(lz)

detonate all the material is LI (R1 - Ro)/vo n 1070 sec. After the lapse

Therefore, if R1 = 1.5 cm and Ro = 0.5, the time to

of this time the vortex begins to ablate and contract from its initial core

radius Ri = R with the initial velocity c to its final core radius Ry =Ry

with the final velocity Chax” The detonation products have a density of

pv3 g/cm3 and move with an initial velocity of <, = vo/4 = 2.5 x 10S cm/sec.

The detonation pressure is P, = pv§/4 = 5 x 1011 dyn/cm?. We use the example

R, =1.5cm R =0.5cm R = 0.05cnm, @, = 55°. Since the pressure in

the vortex is approximately proportional to c¢? and since c2 increases in

proportion to R;Z, a decrease in the vortex core radius by the factor

RméRo = 0.1 wilillead tozan increasisof the gaximum pressure by a fa;tor

10" from 5 x 10"~ dyn/cm” to 5 x 10"~ dyn/cm”. Since Pl = (1/2)pe

stability of the pinch is assured if H2/8n = 2NkT < 5 x 101 dyn/cmz. In

our example H2/8ﬂ = 2Nkt = 3 x 1013 dyn/cmz, so that stability is assured.
With the above obtained value of Rl/Ra = 1.75 and R1 = 1.5 cm, one

has Ra = 0.85 cm. The confinement time according to eq. (51) is given by

T=3Ra/2Co =95 X 10"6 sec. The Lawson value therefore is given by Nt =

5 x 101° cm-5 sec and which is well above the critical value of 1014 cm's

sec,

We would like to estimate the amount of explosives needed. At the
densities of N ~ 10°1 cm-5, the minimum length of a pinched plasma to
overcome the end losses would be h = 0.2 cm. If the pinch has a length of
h = 5 cm, the energy to heat the pinch to thermonuclear temperatures would
be 2NkTﬂRih > 1012 erg and which, including losses, could be drawn from a
megajoule capacitor bank. If R1 = 1.5 cm, Ro = 0.5, the volume filled with
explosives would be ‘H(Ri - Rg)h = 30 cms. With a density of p ~v 3 g/cm3
this would amount to ~ 100 grams of high explosive. The cost of high
explosives is about 5 x 10_4 §/gram. Therefore, the amount of ~ 100 grams
of high explosives would amount to ~ 5 cents. This value is not unreasonable
if the energy delivered per pinch microexplosion is many megajoule and what
seems to be possible in view of the long confinement times, is much better

(13)

than in another scheme considered by Linhart. Large yields, though,



may require to line the inner vortex wall with additional thermonuclear

material into which a thermonuclear deflagration could proceed.

7. Other than Chemical Means by Which the Vortex Could be Produced.

It is quite obvious that the vortex could be also produced by
bombarding some inert material with energetic particle beams, that is by
beams of laser radiation, relativistic electron beams or bunched ion beams.(14)
Especially in the latter case, it was shown that beams of enormous total
energy output could be produced with a large variety of time behaviors. Such
a method may be cheaper and more powerful than the use of high explosives.
However, high explosives have the advantage of being easily available and
it was the purpose to show that by their employment critical conditions
in relation to the release of thermonuclear energy may arise. In case
massive ion beams are used, the angular momentum needed to form the
collapsing vortex can be directly transported by these beams to the pellet
surface by giving the beam ions a finite impact parameter with regard to the
pellet axis, thus eliminating the need for spiral liners. One of course,
could also ablate the outer vortex material by the action of a powerful gas

discharge to be in tandem with the pinch discharge.

8., Stable Confinement and Compression of Laser--or Electron-Beam Produced

e

Plasmas in Collapsing Vortex Cavity.

One of the principal difficulties in implosion induced laser- or
electron- (or ion-) beam fusion in the Taylor instability of the pusher

(15)

material forming the collapsing cavity wall. If the collapsing cavity
has the form of a vortex, the inertial forces are primarily determined by
the centrifugal forces. Since the centrifugal force is directed radially
outward towards increasing material density, the collapsing vortex is

Taylor stable. A collapsing vortex cavity can therefore be used to compress
and heat thermonuclear material by placing it inside the vortex core. The

compression and heating would then have to be accomplished by a) a convergent
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cylindrical laser- or electron- (or ion-) beam and b) by two axial laser-
or electron- (or ion-) beams. The convergent cylindrical beam would thereby
compress the thermonuclear material radially and the two axial beams compress

it axially.
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A STUDY OF REB TARGET IRRADIATION, DEPOSITION, AND IMPLOSION¥*

J. Chang, L. P. Mix, F. C. Perry, M. M, Widner, and J. W. Poukey

Sandia Laboratories, Albuquerque, New Mexico 87115

ABSTRACT

We have irradiated flat targets, spheres, and hemispheres with intense

lOll W/cmz) from the Hydra machine to study target loading, ablation,

REB (~
and implosion. A wide variety of experimental techniques were used in
these studies including x-ray pinhole photography, laser holography, laser
velocimetry, and flash x-radiography. The energy absorption mechanism
was found to be consistent with classical electron deposition. Variations
in target loading and implosion symmetry have been observed and, in partic-

ular, symmetry of loading can be altered by changing the cathode geometry

and anode-cathode spacing.
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I, INTRODUCTION

In this paper we report the results of a series of experiments carried
out to gain some insight to the general problem of REB target coupling. In
particular our studies concentrate on the following areas:

A, REB energy deposition.

B. Target loading and implosion symmetry.

These experiments were all carried out on the Hydra machine with REB
parameters of 750 kV, 300 kA, 100 ns. The targets were either the anode
itself or 4 mm diameter hollow gold spheres or hemispheres with wall thick-
nesses of 0.2 mm mounted at the center of the anode., These pellet dimensions
were chosen in agreement with the computed optimal ablation driven dense
pusher pelletl for 1 MV electron energy. Two types of cathodes have been
used. One was a 12.7 cm 0.D, and 2.54 em I.D. annular flat cathode with a
1l cm diameter thin-walled cylinder placed on axis protruding 0.05 cm beyond
the cathode face.2 The other cathode had the same 0.D. and I.D. but did
not have the cylinder on axis and in addition a 13° taper was cut on the

3

cathode face. Both of these cathodes have reliably produced highly focused
REB's a few mm in diameter, The general experimental setup is illustrated
in Fig., 1, where time integrated pinhole cameras and flash x-radiography
(Appendix) were used simultaneously to observe the pellet loading and

implosion., For other experiments these diagnostics were replaced by laser

holography or laser velocimetry.

IT. EXPERIMENTS AND RESULTS
A, Electron Energy Deposition
Although the possibility of other effects has been suggested,2 cal-
culations carried out to determine the optimal pellet design have generally

assumed that electron deposition profile is consistent with classical-energy
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deposition profile obtained from one-dimensional Monte Carlo electron-photon
transport calculations.l To ascertain the validity of this assumption,

two experiments were carried ou.‘t:.LL In these experiments planar anodes were
irradiated by self-focused Hydra REB, and the resulting shock transit time
and average rear surface velocity were measured. By choosing the target
material with a well known equation-of-state, in this case, 6061-T6 aluminum,
these measurements can be directly compared with two-dimensional hydrodynamic

calculations using CSQ,.5

To measure shock arrival and rear surface velocity,
colinear reflections from the polished back surface of the anode and a beam
splitter 1 mm away were monitored by a PMT. This arrangement is shown in
Fig. 2. The oscilloscope traces in the same figure show data from the PMT
and a PIN detector whose signal serves as a timing fiducial. The first
reduction in light intensity occurred at 165 ns (corrected for cable length)
after the start of the x-ray pulse. This was caused by the shock arrival
destroying the reflecting surface. Two things happened when the aluminum
rear surface impacted the beam splitter., First, the dielectric surface was
destroyed and second, due to the high impact velocity, the quartz substrate
would self-luminesce. This accounts for the apparent increase in light
intensity at 325 ns and after that the self-luminosity decayed away. The
rear surface velocity is therefore 0.65 cm/us.

These results are compared with CSQ calculations with several different
input conditions (1) classical deposition profile, (2) input energy reduced
by 1/2, (3) electron range reduced by 1/3, and (4) energy reduced by 1/2
and range by 1/3. Of these, the one that gave the closest agreement with data
(+ 10%) was classical deposition. Another way to demonstrate the comparison
of the "range shortened" effect with measurement is shown in Fig. 3. Here

both the calculated and measured shock arrival time and the surface flight



time are plotted as a function of fraction of classical range. As shown,
agreement is found near ra/rO = 1,0, again indicating classical deposition,
From these measurements we conclude that energy deposition at Hydra power

levels is consistent with classical energy deposition.

With a technique more sensitive to rear surface motion, in this case
a VISAR6 (Velocity Interferometer System for Any Reflector), an anomalous
precursor to the shock arrival has been observed. This phenomenon is shown
in Fig., 4 and it is not presently well understood. This precursor cannot be
fully accounted for by in-depth bremsstrahlung heating nor by beam prepulse.
An explanation can be constructed if a small fraction (~ 1 percent) of the
beam current is to have twice the anode cathode potential., Although this
anomalous high energy current has been observed elsewhere,7 similar elec-
tron energy spectrum measurements have not been carried out on Hydra.

B. Pellet Loading

Several experimental methods have been used to determine the symmetry

of REB loading of both spherical and hemispherical targets. Perhaps the
most straightforward method used was the time-integrated x-ray pinhole
photography. Two x-ray pinhole cameras each with a 0.34% mm pinhole were
arranged as in Fig. 1, allowing observation of the pellet from orthogonal
directions. Since the bremsstrahlung created by the beam electron stopping
in the shell wall is directly related to the energy deposited, a measure of
the optical density variation of the image provides information on loading
symmetry. We have reported previously that,for a 18 mm A-K gap, symmetry of
loading was found to be uniform within 20 percent.8 We report now the effect
of smaller A-K gaps on loading symmetry. We have observed a decrease in

the unifomity of loading as the A-K gap spacing decreased. This effect is
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illustrated in Figs. 5, 6, and 7. The results of changing the A-K gap to
1.4 m is shown in Figs. 5 and 6. Here we show two views of an irradiated
sphere, The horizontal line in the side view was caused by beam irradiation
of the anode. Loading symmetry was determined by measuring the variation
of the image brightness in terms of optical density along the circumference.
The measurements indicate uniformity is no better than 30 percent. As the
anode cathode gap was decreased to 9 mm, only the front half of the pellet
was irradiated., Such a case is shown in Fig. 7. However in no case were
we able to change the loading asymmetry in favor of the downstream side of
the pellet with the cylinder on axis cathode. When the cathode was changed
to the hollow cathode with a 13° taper, we found that it became possible to
reverse the loading such that downstream side was loaded twice the amount
as the front. An example of this phenomenon is shown in Fig. 8.

9

A four-exposure ruby laser (6943R) holography system” has also been
used to observe the blowoff plasma from the spherical target., 1In this sys-
tem a 3 ns laser pulse is split into 4 pulses, of which three are delayed

so that the interval between exposures is 16 ns. The four exposures are
constructed on a single sheet of film with each at a different aximuth.

The radial position of the interference fringes can provide a measurement of
plasma blowoff velocity and from the velocity measurement, both the loading
symmetry and the energy absorbed can be inferred. Fig. 9 shows a set of
holographic reconstructions of an irradiated pellet and we note that the blow-
off plasma is present nearly uniformly around the target surface and the
supporting stalk. If we assume the blowoff plasma's ionic component is

only of the target material, a comparison of the measured functional dependence

of the fringes on time can be made with those calculated using a one-dimensional




hydrodynamic materials code, CHART D.lo From this comparison, as is made

in Fig. 10, we can estimate the energy absorbed by the pellet. In this case
about 2 kJ were absorbed.
C. Pellet Implosion

Measurements of the pellet implosion can provide information about
implosion symmetry, implosion time,and energy absorbed. A flash x-radiography
system (the details of which are discussed in the Appendix) was used to take
a 3 ns shadowgram of the pellet as it imploded. The experimental setup is
depicted in Fig. 1. A sequence of shadowgrams is shown in Fig. 11. A
cylinder on axis cathode ("38") and 18 mm A-K gap were used for these shots.
For each shot the flash x-radiography system was delayed by differing time
intervals relative to the beginning of the Hydra pulse, thus providing a way
to record the pellet in different phases of implosion. The pellet shadow's
oblong shape is due to the projection onto a slanting surface (Fig. 1).
The pellet is elevated 1 mm above the anode plane by a 0.5 mm diameter
tungsten rod. This 1 mm spacing helps in achieving more uniform irradiation.
Due to the flash x-ray camera's spectral response, for these shots, satura-
tion of the recording film occurred at 0.25 gm/cm? equivalent of gold.
Therefore, the apparent dark core size in these pictures corresponds to an
isodensity contour of 0,25 gm/cmz. These core sizes are plotted and compared
against calculated core sizes using CHART DlO (see Fig. 12). The three solid
lines correspond to 2, 3, and 5 kJ absorbed by the pellet,and the experimental
points are in qualitative agreement in the 2 and 3 kJ range. Based on this
comparison, we estimate 2-3 kJ out of a total 10 kJ in the beam is absorbed
by the pellet. To improve on the coupling efficiency, shorter A-K gaps and
consequently smaller pinches were tried, Measurements indicate that,

with the increased energy absorption, the degree of loading symmetry
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decreased as already discussed in Section II, thus making meaningful com-
parisons of flash radiographic data with calculations impractical., A typical
nonspherically imploding pellet is shown in Fig. 13. Here is a shadowgram
of a pellet irradiated by an REB from a hollow-tapered cathode. As discussed
before,the loading symmetry is 2:1 (back to front) and this image graphically
demonstrates the kind of nonspherical implosion that can result. As shown,
the downstream half of the pellet has already imploded and is exploding into
the still slowly imploding upstream half. An additional evidence of the
asymmetric loading is the rear surface motion of the thin anode plate,
indicating that a large fraction of the beam energy is directly deposited in
the plate.

For observing implosion of hemispheres, a laser reflection technique
has been used. Figure 14 shows such an experimental setup. As the hemi-
sphere implodes and as the imploded shell mass impacts the thin reflective
membrane, a reduction of the reflected laser light will occur. This pro-
vides a direct measure of implosion time. Slightly later, after the imploded
mass Jets through the small opening in the anode and arrives at the beam
splitter, a second change in light intensity occurs. From the arrival time
of the Jet, the average velocity of the imploded mass can be measured. The
implosion time, average jet velocity, and the PMT output are also shown in
Fig. 14, These measured guantitities can be compared with calculations made
with the CSQ code to determine the energy absorbed and symmetry of loading.
These comparisons indicate about 5 kJ were absorbed by the target, about 1/3
the total beam energy, and to account for the jet velocity, a 2:1 asymmetric

loading from pole to equator had to be assumed.



II. DISCUSSION AND SUMMARY

In summary, we have found the following: (1) at Hydra power levels, REB
energy deposition is consistent with classical deposition, (2) cathode-anode
spacing and cathode configuration can independently effect symmetry of
loading, and (3) between 25% to 33% of the total beam energy can be absorbed
by the targets.

These target experiments can be best characterized as studies of elec-
tron flow into a prescribed target volume in an REB diode. In contrast,
previous REB focusing studies dealt with beam flow onto an area of a flat
anode, Thus, for target irradiation, the detailed beam electron trajectories
in the diode have a significant effect on loading symmetry. The difference
in pellet loading by a tapered hollow cathode and a cylinder on axis cathode
is probably caused by the different beam flow patterns. For the tapered
hollow cathode the beam flow may be predominantly in tke radial direction
and pinches at the base of the pellet, thus enhancing the loading of the
base of the pellet, For the cylinder on axis cathode, the pinch may have
formed near the front of the pellet, thus providing preferential loading of
the front. As such, a detailed understanding of electron flow and beam
pinch formation in the diode is essential if some degree of control of
loading symmetry is to be achieved. Several possible m.echanismsB’ll have been
suggested to explain the loading symmetry of a sphere irradiated by a single
REB. These include (1) scattering from the high Z target, the anode face,
or target blowoff and (2) irradiation of the sphere by a "hot beam." Such
a "hot beam" has been predicted12 and is characterized by a cylindrical

current density shell containing a uniform density stagnated central region.
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These results in themselves do not directly provide information for
breakeven experiments, but they serve to indicate the direction of future

research. It is clear that future deposition experiments have to be carried

out with REB's in the lO12 - lO13 Watts range, and in order to optimize REB

target coupling, we need to study mechanisms that control the detailed

electron trajectories in the diode.
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APPENDIX
A useful diagnostic technique for REB driven pellet implosion studies
must be an x-radiographic system that can discriminate against the intense
REB bremsstrahlung pulse and yet at the same time be sensitive to a rather

13 and tested.

weak flash x-ray source. A prototype of such a device was built
In this camera, an input stage was made of a channel platelh which directly
converts incident x-ray photons into low energy output electrons with a gain
factor of ~ 103. The low energy output electrons are accelerated by a 90
percent transparent accelerating grid and guided by a longitudinal D.C.
magnetic field of ~ 20 gauss. These electrons in the magnetic field pre-
serve the x-ray photon image and are further amplified by a second channel
plate. The output electrons of the second channel plate are rendered
visible by a phosphorous screen, and the visible image is directly coupled
onto film via a fiber optic plate. To discriminate against the REB x-ray
pulse, both channel plates are gated on after the REB pulse and the phos-
phorous screen and the film are protected by a lead shield as depicted in
Bigs 1.

The quality of the shadowgrams depends on the flash x-ray source size,
the distances between the source and the target, and the camera and the
target, and magnetic focusing properties of the camera. With the prototype
the shadowgrams were of low quality and from which it was difficult to ex-
tract quantitative data. The main shortcomings were the weak source and
the operational difficulties encountered in achieving critical focus with
the D.C. magneti ¢ field.

The present system has a 1.4 mm diemeter and 3 ns flash x-ray source,

1
a T06 Febetron. 2 When operating, this source is placed 3 meters away from
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the target and with the camera only 25 cm from the target. Thus, the penumbra
is smaller than 0,14 mm. The D.C. magnetic field of the prototype camera
was replaced by a pulsed magnetic field with a Bmax ~ U4 kXG. This strong mag-
netic field effectively eliminates the need of critical focusing since now
the inherent resolution of the camera is the gyrodiameter of the electrons.
For a perpendicular component of ~ 40O eV, which is typical of channel

plate output, the gyrodiameter is ~ 0.1 mm. A typical resolution test shot
is shown in Fig. 15. This demonstrates that the resolution is better than
0.25 mm. In order to take advantage of this improved resolution and image
contrast, a gold step wedge with 0.098 gm/cm2 steps is introduced into the
shadowgram as in Fig. 16 for calibration purposes, thus permitting direct
quantitative analysis. The shadowgram of Fig. 16 is read with a micro-
densitometer and the pellet areal density is plotted against the wedge

(Fig. 17). It shows that the "gold" pellet has a double wall thickness of
only ~ 0.64 gm/cm? which is approximately correct for a gold alloy of 15

percent (atm) copper as verified by an Auger spectrum analysis of the pellet.




13.

1k,
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Figure 13. A shadowgram of a
pellet undergoing
asymmetric implosion.
This shadowgram and
the x-ray pinhole
photograph shown in
Fig. 8 were taken during
the same shot.
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Resolution test of the x-ray
shadowgraph camera. Half

of the active area is covered
with 0. 5 mm thick Ta. Two
broad stripes at the top are
two Au step wedges. Step

size is 0.049 gm/cm?2. 4
pairs of wire shadows are
shown. The thicker wires

are 0. 5 mm dia. W wire
separated by 0. 5 mm. The
thinner W wires are 0.25 mm
dia. and separated by 0.25 mm.
One pair of each is placed
directly in front of the camera
and the other 25 cm away. The
round objects are two 4 mm
dia. Au spheres and one 2 mm
dia. Au sphere.
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Figure 16. Shadowgram of a pellet mounted on
a thin anode. Also showing are the
fiducial marks and an Au stepwedge.
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CALCULATION OF PINCHED BEAM FORMATION AND TARGET INTERACTION

Z. Zinamon, S. Miller, E. Nardi and E. Peleg

The Weizmann Institute of Science, Rehovot, Israel

ABSTRACT

The dynamics of electron beams in large aspect ratio diodes is
discussed. The role of plasma production and ion emission from anode
targets is demonstrated by CIC calculations. The collapse of a hollow
beam in the pinch process is simulated. The interaction of the pinched
beam with a solid target is also calculated. Energy deposition is
determined by the Monte Carlo method and the hydrodynamic expansion is
calculated by the two dimensional particle-in-cell method. Bremsstrahlung
emission is also calculated through the use of the Monte Carlo method.
Self-magnetic-field effects are taken into account. It is found that
the self-magnetic-field forces can considerably reduce the number of
electrons escaping from the focal region by back-or side-scattering.
The possibility of detecting self-magnetic-field effects by the

bremsstrahlung angular distribution is discussed.

99



The application of electron beams to the achievement of inertially
confined thermonuclear fusion requires focussing of such beams onto solid
targets and generation of high-density and high-energy-density plasmas,I'4)
The purpose of the work presented here is to study the generation and
focussing of intense relativistic electron beams in high aspect ratio cold
emission diodes and the processes governing the deposition of energy by
such beams in solid targets.

The first stage in the chronological order of events in the diode is
the generation and focussing of the electron beam. It is clear from the

5) and Lawson6)

early work of Alfven that the force of the self-magnetic field
of the high current in the diode is responsible for the collapse of the
electron beam and the self-pinch phenomenon. However, detailed numerical

)

simulations of the electron flow in the diode done by Poukey et al. and by
us indicate that a simple flow model is not valid. A straightforward calcula-
tion, assuming the cathode and anode are simple equipotential surfaces, vacuum
in the gap and Langmuir-Child emission law, gives a '"laminar' flow pattern of
the electrons and no pinching in diodes which are experimentally known to
produce pinched beams. Indeed, in the works of Alfven and Lawson, beam
collapse was associated with the assumption of space-charge neutrality.

It turns out that in the diode Coulomb forces dominate over the magnetic
forces and prevent the collapse of the beam. To explain the pinch

phenomenon the anode plasma model was suggested by Poukey et a1.7)
According to this model, electrons hitting the anode during the "laminar-
flow" phase of the pulse produce an expanding plasma layer on the anode,

into which the diode electric field cannot penetrate. In this plasma

layer the magnetic force dominates and there the electron trajectories
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are turned towards the center. In recent experiments Blaugrund and
Coopersteins) demonstrated that in a hollow cathode diode pinching
proceeds as a collapse of a hollow beam at a velocity of the order

of v 1 mm/ns. At such a velocity there is not sufficient time to
deposit enough energy in the anode in order to produce the plasma
thermally, or even to evaporate a significant amount of anode material.

9)

On the other hand, it has been suggested quite a time ago ’ that the

anodes of e-beam diodes could be used as ion sources. More recently

it has been suggested8’10-13)

that these ions should have an important
effect on the diode dynamics.
The pinch model we are trying to test numerically is as follows:
In the early phase of the pulse in a hollow cathode diode the
electrons flow '"laminarly'" in a thick cylindrical shell and hit the
anode nearly perpendicularly. At this stage the magnetic forces only
slightly bend the electron trajectories. After some dwelling time
ions start to be emitted from the anode. Even in this stationary stage
there is not enough energy density on the anode surface to produce ions
thermally, or even to evaporate enough of the anode material. Ions are
produced by the primary beam electrons, by backscattered and secondary
electrons. For the ions to be emitted they have to be produced in a

12)

gaseous material. In a recent work Blaugrund and Cooperstein showed
that heating the anode has a damaging effect on the pinch, suggesting
that emission of adsorbed or dissolved gases is involved. We assume

that ion emission starts as soon as enough energy is deposited in a

given surface element to liberate a significant amount of adsorbed gases.
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The ions affect pinching in essentially two ways: Their space charge
modifies the Coulomb fields such that the magnetic forces are more
effective; and as soon as the ions reach the cathode their space charge
enhances electron emission which in turn increases the magnetic force
through the increase in current. These combined effects cause the
initially laminar electron trajectories to bend and cross each other,
and part of the current is driven into the inside of the cylindrical
current sheet. There it is driven directly towards the anode by the
diode field, thus hitting a new ring on the anode surface. The ions
emitted from this new ring after a certain dwell time in which it is
heated pull the electrons further in, and the beam collapse may proceed
in this way. The model is essentially in agreement with the experimental

8)

results of Blaugrund and Cooperstein. The collapse velocity is a local
function of the anode material and increases monotonically with the atomic
number. The reason for this may be that surfaces of high Z targets heat
up faster than low Z ones because of the shorter range of the primary
electrons and because of the larger number of backscattered electrons.
The nature of the anode material is determined by the upper layer of
about 1 um thickness. This may be explained by the fact that at this
thickness the time for the surface to reach the same temperature as the lower
layer through heat conduction is shorter than the dwell time.

In the actual numerical calculations we tried to simulate the diode
shown in Fig. 1. To simplify the calculations we used boundary conditions

as also shown in Fig. 1: the recess in the cathode is simulated by

suppressed emission up to a radius of 2.0 cm. The cathode tapering is



simulated by taking the gap to be 4 mm. Along the line from R=4 to 5 cm
a logarithmic drop of the potential is prescribed, as in the case of two
coaxial infinite cylinders. Each simulation particle represents 4x1010
physical particles. The calculation is not strictly time dependent in

the sense that the full time dependent equations are not actually solved.
Instead, use is made of the facts that the system does not change signifi-
cantly in a time interval of the order of 0.1 ns which is the order of
transit time of information in the system, and that the flow is composed

of slow ions and fast electrons. At each time step the electric fields in
the diode are calculated from the charge distribution through the solution
of Poisson's equation. From the simulation particle velocities the current
distribution and the magnetic fields are obtained. The ion simulation
particles are moved at time steps of 0.1 ns, and these represent the
physical time intervals. The electron simulation particles are then

moved by solving the relativistic equations of motion in a series of much
shorter time steps, until relaxation to a quasi-stationary state is obtained.
The ions are then moved again, and a new cycle begins.

The relativistic equations of motion for the electron simulation

particles are given by
dym Vy/dt = (e/c)[E + (V x By/c] (1)

where m is the electron mass, V its velocity vector, c the velocity of
F 2, - e
light, v = (1 - Vz/c ) L/ , € the electron charge, E the electric field
>
and B the magnetic field. The actual solution is for the transformed

variable p= yYV. A time step Dt is taken as follows: at first we assume
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constant fields and y and solve analytically for p. After finding the new
approximate location of the particle the change in potential and the average
fields are calculated. If necessary the time step Dt is divided into n
sub-steps nAt = Dt so that the change in potential will not exceed a given
fraction of the particle energy and that At will not exceed a given fraction
of the cyclotron period.

The emission law for both ions and electrons assumes space charge
limited flow, and Langmuir-Child law corrected for two component flow is
uéedl4). Ions can be emitted only from those regions on the anode which
were hit by electrons in the last physical time step. Ion emission from a
given element on the anode is suppressed until the electron energy density
absorbed by that element is sufficient to heat it to a temperature of 600°K,
when adsorbed gas release is assumed. This dwell time is an important param-
eter in determining the collapse velocity.

Results of the numerical calculations are shown in Figs. 2, 3., The calcula-
tion was followed only to a fairly early stage of the pinch, but some of
the main features are already evident. As soon as ion emission starts to
affect the flow in the diode, the trace of the beam on the anode shrinks

8)

down to a narrow ring in agreement with experimental results and beam
collapse begins in accord with the model described above. A better agree-
ment with experiment should be obtained if we choose a somewhat larger value
for the gap to simulate the cathode taper. In this particular calculation
the ions were assumed to be singly ionized carbon.

The next phase of events in the diode is the interaction of the pinched

beam with the anode target. In calculating this we try to take into account

the effects of the two dimensional hydrodynamic expansion on the process of



energy deposition. One might expect that these effects are important
because during the energy deposition time the target expands to distances
comparable with the focal radius. Indeed, previous calculationsls) in
which the effects of self-magnetic fields on the electron trajectories
were neglected, indicated that the two dimensional nature of the system
might reduce the efficiency of energy deposition. This reduction is
caused by the fact that the rarefield plasma column expanding from the
focal area is relatively ''transparent' to electrons in the lateral
direction. Therefore, electrons which are side-scattered in the expanded
region have a good chance to escape without depositing their energy in
the focal mass. It should be expected that the self-magnetic field of
the beam current should affect the energy deposition process: The
magnetic forcesimpede the escape of electrons from the beam. Also, if
only partial current neutralization takes place in the rarefield target
material, the effective range of the electrons will be shortened and more
energy will be deposited in the outer layers.

To demonstrate magnetic field effects we examined two extreme cases:

Case I: Full current neutralization in the target material. Magnetic
fields exist only due to those parts of the beam which are outside the
expanding plasma column.

Case II: The rather unphysical model of no current neutralization
throughout the target was used. The full magnetic field due to the beam
current inside the target was assumed to exist for particle trajectories
calculations. This model was calculated in order to see the maximum poss-

ible effect of the self-magnetic field.
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In both cases a model of a '"turbulent" converging beam was adopted:

We assume a converging beam hitting the focal area with a conical contour
line making an angle of 20° with the initial surface of the anode. At each
point of entry the electron direction is chosen at random from a distribution
bounded by a cone making the same angle with the initial surface. The
electrical field was assumed zero everywhere inside the target material and
equal to the ideal (nominal) diode field everywhere outside.

Energy deposition is calculated by the Monte Carlo method in a way
similar to that described by BergerlG) along the same lines as in ref. 15.
In the case of full current neutralization in the target the magnetic field
affects only back- and side-scattered electrons, while in the case of zero
current neutralization it affects also the trajectories of electrons inside
the target. In this case the electron trajectories between two Monte Carlo
events are not straight lines as in usual cases, but rather bent by the
magnetic forces. To follow these trajectories the relativistic equations
of motion of the electrons were solved numerically, taking into account the
magnetic force and the continuous slowing down between scattering events due
to energy loss. The steps in the finite difference calculations were chosen
to be limited by the smaller of the two characteristic lengths - one fourth
of the distance between two multiple scattering events and one tenth of
the Larmour radius at the local magnetic field. Each step is calculated by
solving the linearized equations of motion with the local value of the
magnetic field. In the case of zero current neutralization the actual
trajectories of backscattered electrons were not followed exactly. The

velocity vector and the magnetic field at the point of emergence of a back

scattered electron are used to determine analytically whether it is going



to leave the target or return to it in its first cycle. If it does leave
the plasma, conservation of energy allows us to calculate approximately
the range of its return point.

In the case of full current neutralization in the target the Monte Carlo
calculation is the same as in ref. 14. Full calculations of backscattered
electron trajectories are performed by solving the relativistic equations
of motion outside the plasma column, using the net current to calculate
the magnetic fields.

The two dimensional hydrodynamic expansion of the target is calculated
by the PIC method17). The equation of state is essentially that of Altshuler

18)

et al. In order to avoid excessive computer time consumption, the Monte
Carlo calculation was applied only each 60 hydrodynamic time steps, and
between deposition calculations the power deposition was assumed to be a
constant Lagrangian property of the hydrodynamic simulation particles. The
mesh size used was dr = 0.003 cm in the radial direction and dz = 0.0015 cm
in the axial direction. The cold target was 50 (radial) X 20 (axial) cells
with 16 particles per cell.

Bremsstrahlung emission is calculated by the Monte Carlo method separately
using density profiles obtained from the hydrodynamical calculation. The
cross sectionsused are based on corrections to the Born approximation
estimated from experimental workl9-21)

Calculations were performed for the following system: a square pulse of
(5kJ)/ (100 ns) of 350 keV electrons hitting a focal area of 0.75 mm radius
on the initial target surface. The anode material is tungsten.

Hydrodynamic profiles of the flow are shown in Fig. 4 for both cases.

The flow was only followed to 14 ns. The effective range shortening in
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case II results in more rapid expansion in that case. The magnetic field
in case II also affects the energy density distribution in the target.
Since range shortening is more effective at the edge of the plasma column,
the energy density is peaked there. For example, at t = 13 ns, the peak
specific energy in the expanding material in case II is about 3 times that
of case I. The calculation indicates that very little energy is lost from
the focal area through back- and side-scattered electrons. Most of the
scattered electrons are confined to the beam by the action of the magnetic
forces.

The bremsstrahlung calculations were performed in order to see whether
bremsstrahlung emission can be used as a diagnostic tool in investigating
beam-target interaction processes. To this end bremsstrahlung angular distribu-
tion is shown in Figs. 5, 6 for cases I and II. The larger scatter in
the points at small angles follows from the statistics of the Monte Carlo
calculation. At the early stages there is not much difference between the
two cases. The reason is that when the density of the target is still high,
the electron trajectories in both cases are dominated by scattering processes.
Later in the pulse the target material is rarefied and the electron trajectories
in the outer layers in case II are dominated by the magnetic forces. At this
stage the bremsstrahlung angular distribution of case II should be more

isotropic than that of case I, as is indeed seen in Fig. 6.
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Figure 1. Actual (top) and simulation (bottom) diode
structure
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Figure 2. Electron charge distribution in the diode
shown in Fig. 1
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SEEDED MEGA-GAUSS TURBULENCE IN DENSE FUSION

*
TARGET PLASMAS

D.A. Tidman

Institute for Fluid Dynamics and Applied Mathematics
University of Maryland
College Park, Maryland

20742

ABSTRACT

Fine scale variations in the chemical composition of
a dense plasma target (such as a plasma produced by a focused
laser or REB pulse) give rise to corresponding spatial fluctu-
ations in the electron density which persist until dispersed by
diffusive or turbulent mixing. In the presence of a sufficiently
steep background temperature gradient these density fluctuations
are expected to give rise to mega-Gauss magnetic field fluctua-
tions for plasma temperatures of about a kilovolt. Composition
fluctuations would also produce resistivity fluctuations in low-
temperature targets and generate large fields in current-carrying
plasmas. This phenomenon may be of interest in the design of

targets for electron beam driven fusion.

* Work supported in part by the Energy Research and Development Ad-

ministration and National Science Foundation Grant ENG 74-15020.
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I. TINTRODUCTION

The spontaneous growth of magnetic fields in laser-produced
plasmas is now a well established phenomenon.l—6 The same thermal sources
of field (deriving initially from YNe X YIe) will be present in plasmas
produced by relativistic electron beam pulses (REB's), in addition to the
beam and return current fields in this case. It has also been pointed
out that plasma composition jumps - are expected to provide a partic-
ularly potent source of magnetic flux in such situations.

In this paper we first note that a small grain of "impurity"
plasma embedded in inhomogeneous dense collision-dominated plasma will
set up a strong thermal source of B-field which derives from the electron
density or temperature gradients associated with the grain., Following
creation of the plasma by an electron or laser pulse, a diffusion wave of
azimuthal magnetic field travels rapidly out from the grain and establishes
a region of flux extending into the surrounding plasma (this field can be
calculated fairly simply for a spherical grain in a background temperature
gradientlo). Thus, if for example a plasma is seeded with a distribution
of such impurity grains,the plasma volume is predicted to rapidly £fill
out with fine-structure fields as shown in Fig. 1. For e—beamll_18 or

laser fusion target plasmas that reach the kilovolt temperature range, the

microfields created by these thermal sources are expected to be above a

mega-Gauss in some cases. Strong field fluctuations are also expected
in low temperature current-carrying seeded plasmas due to resistivity
fluctuations. This latter case will only be discussed briefly in Sec.

VI of this paper.



Such a medium of random fields is of interest in that it has g
scattering mean free path for a pulse of relativistic electrons much less
than that due to Coulomb scattering for light or moderate atomic weight
materials. Electrons undergo multiple scattering by the B-fields and in the
course of their random walk also lose energy via Coulomb interactions.

Now the relatively simple picture illustrated in Fig. 1 omits
several effects that can be expected to occur in most seeded plasma tar-
gets. First, in preparing such a grainy medium,the grain shapes and spatial
distributions are likely to be irregular. Second, ion diffusion would cause
a relatively slow mixing between the grain and background plasma, thereby
erasing the source of field after some time. Further, kilovolt high den-
sity plasmas are often produced in highly accelerated states, such as in an
ablation wave (unless heavily tamped). Such accelerations would result in a
tendency of the grains to drift through the background plasma, which in turn
would generate turbulence on the grain scale. This fluid turbulence may
provide an important additional source of work on the magnetic turbulence by
stretching the lines of force, but would also give rise to a more rapid tur-

bulent mixing away of the grain sources (Sec. III C).

In view of these complexities we shall adopt a statistical approach

in which we consider a plasma with small-amplitude fluctuations in chemical
composition with their associated electron density, temperature, and velo-
city fluctuations. In the following sections we attempt to estimate the
importance of these various field sources and in Sec. VI discuss some

speculations for dense fusion target plasmas.
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FIELD FLUCTUATIONS

II.

B, din a plasma is given

The equation for the magnetic field,

: . .. ’ 9 . :
in Braginskii's review paper on fluid equations,

JB c2
NI X e . £
U X @xB + VU X @xB]=5
c c BT c
e — X —— — — e e
eN ZNe ZTe ezx(N> L [4TTeN & = 1) xg] ) (1)
e e e
where
r=bbo’+ (-bboy (2)
is the resistivity, and the thermal force BT is given by
BT (Bixz - Bé) x(BIx2 + Bg)
b ' = = X
Ne Bo-v-HTe A y"—Te A L2 ZTe (3
with x = QeTe , A =x + Glx + 60 , and the various constants
are as listed in Braginskii's

SIS
the magnetic field equation should be solved self-
fluid veloc-

B, = BL/S, » B. , 8",

Table 2. In general

consistently with the fluid equations for the density p ,

ity V, and temperature T (e.g., Eqs. 6.5, 6.14, and 6.33 in Ref. 19).

Equation (1) applies to collisional plasmas, even for QeTe o I
r ) do not

provided gradient drift instabilities (which would modify

occur. Although neo-classical and resonant-scattering transport of
and are not included in

electrons across the fields may play a role,
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Braginskii's equations, these processes modify the electron thermal con-
ductivity, not the electrical conductivity in Eq. (1) (except indirectly

through its T-dependence).

The parameter QeTe can be written

= X B
QeTe 4, 10 > N , 4)
Z"4nh i
where NS = 4.5 X% 1022 is a characteristic solid state density, and

Te is in keV. For "weak'" fields (Qere << 1) the source side of (1)

simplifies to

o ..C_ 4
RS eN, W, x ¥+ 0@ty (5)

so that for a situation in which B(t =0) =0, VN X er is the term
that initiates the field.

Now consider a grainy plasma in which the chemical composition
variations have a characteristic scale & and the locally space-averaged

plasma properties change on a scale L with L >> & . The fluid vari-

ables then consist of an average part and a fluctuation,

|
I

SB , p = <p>+ &p ’
(6)

1<
I

<Vv>+ 8V, T =<T >+ T ,
- - e e e

where we shall assume V<N> , yfTe> , and <V> to be parallel so that

we can set <B> = 0 . The resistivity can be written r = <r> + 6r with

<r> = 0—1 L o <A£> , where 0—1 = <r,>, and Ag = b b6y = 0”)/610” .
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V x [V x éB)] = —%—V26§+2 x [(<Ar> + 8r)+V x &B] +o(L'l)

Dropping terms of order L_l on the left side of Eq. (1) then gives

] c2 2)
(E+<K>'Z_——V 6B = &8s , N

where the source is

2
6§=§_+Zx(6zx6§)—%2x[(<A£>+6£)°Y_x6§] ! (8)

The terms in 6§_ involve thermal sources, fluid turbulence, and fluc-

tuations in the electrical resistivity.

IIT. ESTIMATES OF SOURCE FLUCTUATION AMPLITUDES FOR A TWO-SPECIES GRAINY

PLASMA

Equations (7) and (8) determine the field fluctuations, 6B ,
in terms of 6Ne ’ 6Te » and &V , which have their origin in seeded
chemical composition fluctuations of the plasma. In general the source
(8) is extremely complicated. The purpose of this section is to make

some order-of-magnitude estimates of the source fluctuation amplitudes in

various cases. The temperature will be in keV in all practical formulas.

A. Electron Density Fluctuations

Consider a two-species plasma with light and heavy ion densities

and charges Nz(z) 5 Nh(g) , Zl and Zh respectively, in which the

heavy species plasma occupies a volume fraction o . Suppose that the



ion charges and temperature T = Ti = Te are assumed to be locally con-
stant, and the L-scale fluid accelerations to be negligible, so that local
pressure equilibrium prevails over the fluctuation scale, £ . Under these

. 10 .
circumstances one can show = that after ion-diffusive mixing has proceeded

to the point where neighboring grains begin to merge (so that only a single

fluctuation length is involved), the electron density fluctuation amplitudes

are approximately given by

|oN | (0.5 - |0.5 - a|)[2,-Z,|
e z h 2: . (9)
<N_> [Zl(l—oc) (1+zh) + “Zh(l+zz)]

For o = 0.5 and Zh >> Zl this reduces to (1 + ZZR’)“l .
Note also that the mass density fluctuations §p can be relatively
small in the case in which the pressure, P , and T are locally con-
stant, provided also that the plasma is fully ionized. This can be seen
e . - 3 . -
by writing the atomic weights as Al,h Zzl,h Al,h » 1n which case

the mass density is

i /4
p = 2mp [PT 1 + NJL(Z_R_ l) + Nh ‘—Zﬂ_ l)] 5 (10)

If 0,/2 A /2 1, then Sp & 0.

B. Temperature Fluctuations

If the plasma is optically thick,radiation diffusion tends to
rapidly smooth the temperature over typical grain scales. Temperature
fluctuations are most likely to arise for optically thin or grey plasmas

in which the faster radiation rate of the high-Z plasma regions cools
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them more rapidly than the low-Z regions, despite the smoothing effect
of electron thermal conduction.

Consider the steady-state energy equation (with hydrodynamics
frozen) for a single grain (ion species h ) embedded in a hot optically

thin plasma,

gy =B PD 5 (11)

where PR is the radiation emission power density and P some spatially

D

constant energy source that balances PR in the background plasma (species

£ ) . 1If the magnetic field is weak (x = QeTe < 1) , the heat flux to

order x 1is (using Braginskii's notatiom),

& Yg CBo Te 2
By = K, - Ke(voa)h" WS =S L B OE)e

where Ke = NeTeYoTe/m , and the radiated power for a plasma of fully

stripped ions is principally bremsstrahlung,

2
2

=24 2
3. e

P, ~ P o 5.35 x 10 N

3
R B ergs/cm” /sec. (13)

Z3T
Equation (11) relates the fluctuations in heat flux and radi-
ation emission due to the grain, i.e., V - GSB = -6 PR . An order of
magnitude estimate for GTe then follows from (12) and (13) by writing
-1

Vol , where £ 1is the grain scale,

|6Te| 353 lzzsm/\ N, 2 xy" . o B zi N i
e O 5 (N—) 1+—=2+ 6.1 x 10 °(&nh) <—>_4 (N—) :
e Yy T s Y § Yo 4T s
o e O O e
(14)




where T
e

. K = . .
is in keV and we set SPR,.v PBr,h This result only

applies for an optically thin plasma, i.e., provided

where A
a

(hv = Te)

1 Ns Y Tz/z
= =|= —— 3
A 116<23(N.>>2M(v) e | (15)
b
is the plasma absorption length2l of a thermal photon
5 QT is the length scale on which <Te> changes, and
22

N = 4.5 x 10
S

-3 . : . .
cm ~. Estimates for more general driven situations can

similarly be obtained.

Taking £ = 10—-3 cm we see that for low Z 's , or for

h

Nh << NS 5 6Te/<Te> is usually negligible. However, for Z ~ 10

and Te v 1 keV,

as a source of B-field. The strong Z

6Te/<Te> can become large and would then play a role

h—dependence of (14) arises because

of the increased bremsstrahlung and reduced thermal conduction for high

ion charges.

C. Velocity Fluctuations

The average plasma motion on the scale L often involves

large accelerations. This would cause higher density grain regions, &p ,

to move through the lighter fluid and generate an %-scale turbulent

velocity,

&V

For an order-of-magnitude guide as to when &V 1is im-

portant, we consider a region in which the viscous force due to velocity

gradients on the scale £ 1is of order the inertial force <§>5p 5 Hiaelhyy

6p<§> v no6V/22 . Defining a characteristic time, T, = <V>/<V> , for

L
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the accelerating large scale fluid motions, and using Braginskii's ion

viscosity for no , then gives

L

2
N m 2
7.3 x 1002 (——)(—) =22 (28) .
> N, m TLT5/2 > (16)
For example, an ablation wave with TL = lO—S,R = 10—3cm, T = 1 eV

Inh R7, N /N, = 0.1, glves 6V/<V> 4 5 x 10‘3z‘*(mi/mp>l”f (8p/<p>) . We
see that G&V/<V> can easily become large and lead to turbulence. This
turbulence has two effects. First it may do additional work on the mag-
netic field by stretching the lines of force as represented in the source
term V x (8V X 6B) in Eq. (8). The problem of the partition of energy
between the fluid kinetic energy density, ™ %—p(5V)2, and field energy
in a turbulent dynamo is a fundamental one still under developmentzz-
Second, if we consider a single spherical high-density grain
region drifting through the background plasma, we see that it is likely
to set up a convection cell within the grain plasma that may convect light
plasma into the grain interior, thereby causing more rapid mixing away of
the initial composition fluctuation source in highly accelerated situations.
The net effect of these dynamo and mixing processes on the field is compli-
cated, but could probably be clarified by use of an axisymmetric computer
model for a single grain that includes the fluid and field dynamics self-

consistently.

IV. SIMPLIFIED MODEL WITH DIFFUSIVE MIXING FOR THE CASE 6Te ~0, 6V=O0.

Consider Eq. (8) for the case 6Te =0, &V=0. The field

sources remain complicated due to the thermal force contributions and the
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field-dependent electrical conductivity. However, from (3) we see that _R,I./Ne
- - - " > =
Boz$e (xBolﬁo)b_X YIe as x> 0, so that for weak fields (x 6QeTe

«< 1),

§s > — —=—— VSN _ x <1 > . (17)

e<N > — e
e

Equation (7) can be solved using this simplified source. It would give
the correct initial growth of 0B , but becomes inaccurate for x v 1 .
A computer solution using the exact nonlinear source dJs (with &V = 0)
will be given later.

Next, replacing 9/dt + <V> * V in (7) by 9/9t (which can be

regarded as the Lagrangian time derivative) and defining

[s¢]
ikex
@, = J dx e B
-0

(7) becomes

s 1 _
(Bt ™ TB)@k = %8 (18)
where -
4 7.8 x 10 2<T >3/2
o e
g = 32 ° 7 ' (19)
ck <z> k° nA

In order to obtain 5§k from (17), note that the "initial" fluc-
tuation amplitudes are given by (9), but ion diffusive mixing pro-~
ceeds to erase this source. The time scale for mixing away of composition
fluctuations of scale £ = m/k is given by the time taken for a light

ion to diffuse a distance £ through a medium of heavy ions, i.e.,

2,2 4

N Z: 2 m
o - ost et (@) 2k () L oo
s’ <T> k P
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A reasonable model for éNek(t) is thus

b, = & g x gep fonek S 21
Ek e s S e <N > exp T M ( )
e
0

Assuming dgk(t 0) = 0, (18) then integrates to give

t SN ok £
_ y dic ek det | et
6§k J dt - k x YgTe>(§N %)exp[ J = J = ] . (22)
e’y 2 B M
o o

In this equation <Te> and <Nh> are in general functions of t and
the slow space variable. Note also that the fields lie in planes per-

pendicular to -2<Te> 5

A. Field Amplitudes for Two Heating Models

In this section we list results for two heating models that
provide formulas of value in obtaining estimates for applications. The

first is
23
N
<T> 0 E
B CE T (o S = 23
T ( ) > (23)

which could be interpreted as a heated plasma undergoing expansion, or,

writing t = fdx/<v> , as a parcel of plasma convected through a thermal

front or ablation wave, etc. Using (23) in (22) gives (for T = Te = Ti)



€ Jr
s =S Mo k x VIt D)o _y (24)
e \<N>— —o o\t E :
€' (§-+-?9—)
e Bo
where y = smaller of T, or t/t0 s Tpy = TB(TO) s Ty - TM\TO,NO) N

_ _ 3/10
T = t/t0 , and T = (10 TM0/3to) .

Equation (24) shows that 6§k grows from zero to a maximum
value after which it slowly decays because the source has mixed away
(Fig. 2). Defining a characteristic grain scale £ = m/k and temperature

gradient scale & = T0/|YI0| , the growth of the field amplitude up to

T
its maximum at ¢t is given by,
max
(model 1)
=7 -1
N t T sin 6 5.3 x10 "<Z>t ¢ 5/3
|08, | = 190 | =21 50 {1+ 3/2,2 O\Q?A) (E_) ’
e |o T To L o (25)
for 0 tg ¢t , and
max
3/10 ,3/5.3/5 3/5 3/20 3/10
t ~ 66 t7/lO Hﬂ zh zz L T& Snd nsec (26)
max o N 3/4 m 7 i i
s T P
o
where in these formulas the times t, t , and t are in nsec, T
o max o

is in keV, and 60 is the angle between k and ZIO 2
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A second heating model has already been given in Ref. 9, namely

<T> = T (E;) , <N> = const. 27)
o\t

The result for ng is identical to (25), but the time to reach maximum

in this case is longer,

(model 2)

3/8 3/423/4

3/4 3/16 3/8
t  ~173 t5/8(-11 T e 8 (M s
max ~ o N 715716 m 7 B
(o]

=2

(28)

S

V. RELATIVISTIC ELECTRON SCATTERING

The kinetic equation for a distribution, f(g)g,t) of relati-

vistic electrons interacting with a plasma, has a Fokker Planck Coulomb

collision term on the right which has recently been discussed by Mosher.16
For a plasma containing magnetic field fluctuations we must add to this
a term accounting for field-scattering of the electrons. In the case
that the fluctuations make only a small orbit deflection over a fluc-
tuation scale & , i.e., & < Ty, where
3
_ mcvy 1.7 X107y (¥
= 2.5 ° 71 PE (29)
e<8B>2 <8B°>2
their effect can be described by a diffusion term
C=§'<Q'~a~f‘), (30)
op = 9p



where

f dk S(k*v)v x 8. X v , (31)

and the field spectral density is defined by

J P <6B(§)6§(§ + §)> . (2)

S, =
This expression for D can be simplified for various cases.10 If how-

ever the fields are of sufficient strength that r, v £, then a dif-

B
ferent model for C 1is required.
For the case considered in Sec. IV, in which the fluctuations

0B are perpendicular to V<T> , the scattering mfp of a test particle

follows from (31) as

>
n

r r
larger of 2 (%) g R (33}
= /T 2n(2rB/£) cos 0O

Ty

]

where cos 0 = v YST>/VLZ$T>| . If the fields become isotropized by

f-scale fluid turbulence, then the c0326 factor should be suppressed
in (33).
For comparison the Coulomb scattering and energy-loss mean free

paths, A: and Ag , are also listed for the plasma,

AE = s = Y2 ()N g L5 (34)
s YinA c Ni Zi(Zi+l) (Zi+l) E °

where Ni and Zi are the local ion number density and charge,respectively.
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VI. DISCUSSION

As an example of the numbers given by formulas (25) - (28),
consider the target deposition profile for a focused laser pulse 1in
which a thermal wave penetrates ahead of the critical depth and moves in

as target material is ablated. Suppose the ablator plasma consists of

a 50/50 Al-Li mixture (a = 0.5) with a grain scale £ = 5 X 10_4 cm,

-2 R
and that the thermal wave has a thickness QT = 10 cm and moves in at
7 = . .
100 cm sec ~. Plasma traversed by the wave is assumed to experience a
temperature increase to say To ~ 5 keV in tO 22 1 nsec before being

ejected. Using model 1 [Eqs. (9), (25), and (26)] with Zh = 13 and

_ ’ _ 6 5/3
Z2 =3, gives I(SNe/<Ne>|O = 5/47 , Idgkl = 8.03 x 10 (t/to) , a

t = 2.49 (N, /N )3/10 . Taking <N > = 1021 at the critical depth
max h' s e
6

gives (Nh/NS) ~ 2.78 X 10_3 , so that a maximum field of 1.94 x 10 G

nd

is reached in a time Cax = 0.426 nsec.

The corresponding problem of the ablating deposition layer for
an REB pulse is more difficult to discuss, even in a preliminary way,
without further work. If we consider a relativistic electron cloud
adjacent to a solid medium in which the Coulomb energy deposition mfp
is Ag and fileld scattering length is AS , the deposition "skin depth"
is Vv (AEXS)%, which can be less than the purely Coulomb deposition depth.
However, using formulas (25) and (28) one can verify that,with a tempera-

4

ture gradient scale 2T I~ (XEXS) » the fields originating in the thermal

sources considered in Sec. VI often tend to be rather weak.

An important aspect of the REB deposition problem for grainy
plasmas, however, involves the fact that we have not considered all the

source terms in (8) in calculating ¢B . At lower temperatures and longer
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the most important source derives from fluctuations

gradient scales, ZT s

in the resistivity, r (due to its Z-dependence). For example an incident
REB creates return currents which in turn interact with the resistivity
fluctuations, &r , and give rise to 6B's . This would occur even

in a cold metal. Calculations of the fields deriving from these sources
(that dominate at low temperatures) will be given later. A preliminary
estimate from Eq. (1) indicates that the field amplitudes could be of
order 6B v (4mJ/c)(8r/r) , where J is the return current density.

For a grain scale & = 10—2 cm, &r/r~n1, J-= 108 amps/cmz, this gives

8 1.3x10% ¢ .

In conclusion we note that if experimental support for the pheno--
menon discussed in this paper could be obtained, it would become worth

investigating possible applications in detail. A number of speculations

come to mind, the most obvious being the possibility of enhancing the
coupling of REB's to fusion targets. For example, a relatively low-Z
seeded ablator might be useful for driving pellet implosions and would

have the advantage of decreasing the bremsstrahlung heating of the pusher.23
Other examples to consider involve the direct REB heating of Li-seeded

DT fuel in tamped spheres and other geometries. 1In the spherical case

it might be possible to arrange for relativistic electrons to pass

through the outer homogeneous tamper and then undergo a field-scat-

tered random walk in the fuel region, thereby increasing their deposition

power density in the fuel.
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Figure 1. Azimuthal magnetic fields produced by
spherical impurity grains embedded in a
background dense plasma with a temperature
gradient. The fields are perpendicular to ZTe'
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Figure 2. Time dependence of a field Fourier amplitude, élék, for

the plasma heating models in Sec. IVA. The field reaches
a maximum as the electron density fluctuation source

mixes away, and this maximum may occur either earlier
or later than to.
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CHARGED-PARTICLE BEAM IMPLOSION OF FUSION TARGETS

M. J. Clauser and M. A. Sweeney
Plasma Theory Division

Sandia Laboratories
Albuquerque, New Mexico 87115

Abstract

This paper discusses the calculated behavior of fusion targets consisting
of solid shells filled with DT gas, irradiated by high power electron or ion
beams., The current required for breakeven with gold shells is 500-1000 MA,
independent of target radius and nearly independent of beam voltage in the % -
1l MeV range. Above 1 MeV the breakeven current increases because of the
increased bremsstrahlung production by the beam electrons. By using a diamond
ablator and a gold pusher, the breakeven current is reduced to 220 MA. The
ion current required for breakeven (about 10 MA of protons) is independent of
proton voltage above 10 MeV with gold shell targets. Below 10 MeV the range
of the proton becomes too short for efficient coupling, and the required
current increases, but the power does not. Various aspects of the symmetry
and stability of the implosion are discussed. We find that the relatively
long deposition lengths of electrons result in relatively small growths of the
Rayleigh-Taylor instability during the acceleration of the pusher, resulting

in a relatively stable implosion.
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A number of different target designs have been proposed for electron
and ion beam fusion.l-lo These targets have varying degrees of complexity,
ranging from simple spheres of DT to targets with several shells sur-
rounding the fuel. If the main electron energy deposition mechanism is
classical (collisional), then the simplest form of target that appears
to be useful consists of a high density spherical shell containing DT
fuel, as shown in Fig. 1. Other mechanisms which have the effect of
shortening the range of the electrons may also play a role in the energy
deposition. Two mechanisms currently being considered are return current

3,11 and thermoelectrically generated magnetic fields.12 As these

heating
mechanisms are still poorly understood, our target studies during the past
few years have assumed only collisional deposition. The principal
results of our studies that have been published previouslyu’8’9 are:

(1) The optimum shell is thick enough that few electrons reach the
inner surface of the shell. Except for stability and symmetry considerations,
the optimum shell thickness is essentially independent of the target radius
and fuel mass and depends only on the electrons' range.

(2) Breakeven with a simple gold shell requires that about 800 MA of
1 MeV electrons deposit their energy in the target.

(3) The low-level bremsstrahlung produced by the beam in the outer
part of the shell has a significant, detrimental effect on the performance
of the inner surface of the pusher.

(4) By using a shell with an iron ablator and a gold pusher, the

bremsstrahlung is reduced and the power required for breakeven is decreased

by more than a factor of two.



(5) With proton beams irradiating gold shell targets,9 breakeven is

L
achieved with about 10 MA or lOl W of 10 MeV protons, and with a volume

compression ratio around 3 x 103.

In this paper, we present further results of studies of this general
type of target.

(1) The current required for breakeven with gold shells is 500-1000 MA,
independent of target radius and more or less independent of beam voltage
in the %—l MeV range.7 Above 1 MeV the current required for breakeven
increases, perhaps linearly, with voltage.

(2) By using a high density carbon (diamond, 3.5 g/cm3) ablator and
a gold pusher, the power required for breakeven with a 1 mm fuel-radius
target is reduced to 220 TW with a 1 MeV electron beam. However, with a
graphite ablator the performance of these small targets is apparently no
better than with an iron ablator.

(3) Various aspects of the symmetry and stability of the implosion
will be discussed. Of particular interest, we find that the relatively
long deposition lengths of electrons and ilons result in a much less severe

problem of Taylor stability during the acceleration of the pusher than is

generally expected for laser-fusion targets.

Electron Beam Fusion

Figure 2 shows the thermonuclear energy production calculated for

several different targets as a function of the electron beam power deposited

in the targets. 1In all cases the radius of the DT fuel is 1 mm, and the

targets were irradiated by 1 MeV electrons. The mass of the DT fuel is
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indicated for each curve. Four different shells were used: "C/Au"
consisting of a high density carbon (diamond) ablator with a gold pusher;
"Fe/Au" consisting of an iron ablator and a gold pusher; "Au" with an all
gold shell; "Fe" with an all iron shell. 1In each case the thickness of each
material has been optimized. The nearly straight line labeled Peb x_ti is
the electron beam energy deposited in the Fe/Au targets up to the implosion
time (time of maximum compression) and is approximately equal to the energy
required for the implosion. Thus, breakeven for the C/Au targets occurs
near 220 TW; for the Fe/Au targets, near 360 TW; for the Au targets, near
800 TW; and for the Fe targets, not at all.

The lower-7 ablators generally produce better results: lower power
is required to initiate burn of the fuel and more complete burn-up of the
fuel occurs once ignited. This appears to be primarily due to the lower level
of bremsstrahlung produced by the interaction of the electron beam with the
lower-Z ablators. This bremsstrahlung is more penetrating than the electrons
and can penetrate to the inner surface of the pusher, preheating it,
setting it on a higher adiabat, and thereby decreasing its effectiveness as
a pusher. The desirability of having the pusher be of as high density as
possible is demonstrated by the poor performance of the all-iron shell.

With a lower density carbon (graphite) ablator, the target performance
is generally worse than with the iron ablator for targets of this size.
The graphite ablator occupies 937% of the total volume of the target,
evidently resulting in inefficient coupling of beam energy into the
implosion of the pusher and fuel. With a larger fuel radius this effect is
mitigated: increasing the fuel radius to 1.5 mm produces breakeven at

450 T™W., The optimum radius may be somewhat larger.



Figure 3 shows how the performance of gold-shell targets varies with
fuel radius for 1 MeV bea.ms.7 At each point on the curves, the fuel
mass is optimized to give the maximum yield. The optimum mass is shown at
various points along the curves, The r = 1 mm curve is thus the envelope
of the Au curves in Fig. 2. As can be seen, the beam power (or current)
required for breakeven is nearly independent of the target radius (it

1/6)

increases roughly as r .
Figure 4 shows how the target performance varies with beam voltage
for targets with a fuel radius of 1 mm. As in Fig. 3, the fuel mass has
been optimized at each point along the curves. Note that the curves are
plotted here as a function of beam current rather than power. At lower
voltages, the current required for breakeven is somewhat lower, and the
power is signigicantly lower. At lower voltages the shells have a lower
Ppr which decreases their effectiveness both as pushers and as tampers.
With a 200 keV electron beam the shells are so thin that the largest out-
put calculated is under 100 kJ for a %—mm radius target. At 3 MeV the
bremsstrahlung degrades the performance of all but the targets with the
largest fuel mass. This, combined with the larger thermonuclear energy
required to produce breakeven, causes the current required for breakeven
to rise to about 2000 MA. In the intermediate range of -1 MeV, the current
required for breakeven is relatively constant, 600-800 MA.
The energy loss dE/dx of relativistic electrons is relatively independent
of beam voltage. The pressure produced in the ablator is proportional to

J dE/dx, where J is the current density, and hence, is alco independent

of voltage. Thus, for different beam voltages, we would expect similar
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target performance for the same beam current. This argument, however,
neglects the effect of bremsstrahlung, which becomes increasingly severe
as the voltage is raised. By using & low-Z ablator, the bremsstrahlung
can be kept at a tolerable level up to higher voltages. We would thus
speculate that the use of low-Z ablators would extend the voltage range
over which the breakeven current remains relatively constant. Recent
results obtained by Poukey13 indicate that a beam voltage of 17 MeV
or more is required to obtain a pinched electron current of 100 MA per
diode. Target behavior at these voltages is currently being investigated.
If the deposition length of the electrons at these high currents is
substantially shorter than the collisional deposition lengths used in
these calculations, breakeven conditions will be considerably easier to
attain.7 For example, if a 5 MeV electron beam deposited its energy in
the same fashion as we have assumed for 1 MeV electrons, then a target
that is calculated to break even with a 1 MeV, 350 MA beam would break

even with a 5 MeV, 70 MA beam, which appears to be achievable.

Ton Beam Fusion

During the past year considerable progress has been made in the

14,15

efficient production of ion beams. A number of methods of producing

and focusing ion beams have been suggested,ls_22 some of which appear to

16,18,19,21

be capable of accelerating heavy ions. Using beams of ions

to implode fusion targets offers several distinct advantages over the

use of electron bea.ms:9
(1) Ions having the same range as electrons will have higher energies

(voltages). Thus higher voltage, lower current beams will have the same

power and deposition length as electron beams, presumably simplifying the

task of producing the high power beams required for fusion.
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(2) 1Ions produce essentially no bremsstrahlung, eliminating the
pusher preheat problem encountered with electron beams.

(3) Ions undergo very little scattering in the target so that there
are no "reflection" losses of ion beam energy.

(4) For ions normally incident on the target surface, the ions have
a significantly higher energy loss rate near the end of their range. This
results in better coupling of the ion beam energy into pusher kinetiec
energy than for electron beams or lasers where the deposition is peaked
at the surface (see Figure 5).

While ion beams are clearly preferable from the standpoint of target
behavior, these advantages are largely offset at the present time by the
relatively large uncertainties concerning the feasibility of efficiently
producing and focusing a high power ion beam. By contrast, efficient
production and focusing of high power electron beams has been demonstrated;
likewise, symmetric irradiation of spherical targets by electron beams
has been demonstrated.23

Protons with energies greater than 1 MeV have a range-energy relation

in gold given approximately by9’2LL

E- 19 Xo.61,
where E is the proton energy in MeV and x is the range in g/cmg. The

energy loss (dE/dx) of any ion of a given velocity is proportional to 22

where Z is its charge state. From this, it follows that the range-energy

relation for an arbitrary ion is given approximately by

e _yOLaL
- 10 (5

b=

3

where A is the atomic weight of the ion. Thus 10 MeV protons, 13 MeV

L,
deuterons, 40 MeV He ions and 10-20 GeV uranium ions all have about the same
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range and, moreover, the same shape deposition profile. Consequently,
target calculations for proton beams are equally valid for beams of
other ions having the same beam power.,

Calculations for a number of ion beam targets were presented in Ref. 9,
primarily for 10 MeV protons. Figure 6 shows the behavior of these targets
as the voltage is varied. For each voltage, the thickness of the gold
shell is optimized. Tt was found that the pusher thickness (the unheated
portion of the shell) is essentially constant, 0.05 mm, independent of
beam voltage. There would appear to be an optimum voltage for these
targets around 10 MeV: for higher voltages the current required for breakeven
is essentially constant. (However, it may be easier to produce the required
current and rise times at the higher voltage.) In order to utilize the
higher voltage beams, it is necessary to use additional gold, primarily to
reduce the proton energy to 10 MeV, thereby throwing away the energy above
10 MeV. Below 10 MeV the outer part of the shell is cut away, reducing
the tamping effect of this part of the shell. As can be seen, this increases
the current (but not the power) reguired for breakeven and reduces the
thermonuclear energy produced by the target.

It has been suggested6 that a further advantage of ion beams is that
their momentum is considerably larger than for electron beams. It can
be shown, for the cases of interest here, that the beam momentum produces
a negligible effect on the implosion. The momentum fluence of the beam is

P, ~ B/,
where ¢ is the energy fluence and v is the ion velocity ( we neglect
factors of order unity). The momentum per unit area imparted to the

pusher by the pressure produced in the ablator is
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= PAt,
Pp

where the pressure P is

Png/r

and the time during which the pressure acts on the pusher is

At ~ r/C.

Here r is on the order of the ion range in the ablator, and ¢ is the sound

speed in the material. Thus, we have

i

Pp

2

<lo

The temperature in the ablator is % to 1 keV so that any material used is
well ionized, and the ratio of momenta can be written

Py Ty Iy2

where Ta is the ablator temperature and T, is the energy per nucleon of the

b
ion beam, both measured in eV. For Ta = 1 keV and Tb = 10 MeV, the beam

momentum is about 1% of the pusher momentum.

Symmetry and Stability

A central problem in laser fusion is the growth of Rayleigh-Taylor

25=27

instability in the region of the ablator/pusher interface. As will

be seen it is of somewhat less concern in electron and ion beam targets.
The growth rate n of the Rayleigh-Taylor instability can be written
n2 =Q gk

in a number of situations.28 Here g is the acceleration, k is the wave number,
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and o« may be a function of density, wavenumber, etc., and is generally of order
unity or less. For the classical case of an interface between two incom-

pressible fluids, o is equal to the Atwood number A,

for an exponetially varying density, o is given approximately by

o < 2(2k/B + B/2k) 7,

where B = (3p/3z)/p. For B ~ 2k, o is largest and decreases on either
side.

When a slab or pusher of finite thickness T is accelerated by a
lower density ablator, the instabilities of the interface are attenuated
by a factor exp(-kT) at the surface of the pusher away from the ablator.
This means that instabilities which are the most damaging to the fuel-
pusher interface are those with a wavenumber k ~ T_l. Shorter wavelength
instabilities are attenuated outside of the unstable region, and they
saturate (i.e., they have a linear rather than exponetial growth) when
their amplitude approaches their wavelength. Longer wavelengths grow
more slowly and are thus less damaging. After being accelerated for

a time t, an initial disturbance will have grown by an amount exp(nt)

where nt is
1/2
ntmt(g/'r) / .
The pusher will have moved a distance 4 given by
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from which we may obtain
nt ~ (2&/-r)l/2.

This result gives rise to the rule-of-thumb that a pusher can not be
accelerated over distances 4 greater than several times its thickness T
before instabilities damage it. Of course, the allowable values of 4/T
depend on the size of the initial perturbation and on how large a distortion
of the front surface can be tolerated., It is also apparent that spherical
shells with large aspect ratios r/T can be imploded more successfully if they
are accelerated during the initial part of the implosion rather than
throughout the im.plosion.29

A plot of pressure and density profiles for one of our e-beam target
calculations is shown in Figure 7. The region between the peak density and

the peak pressure is unstable., For the purpose of estimating instability

growth rates, we will use the relation

n® - 1/2 @B

for an instability of wave number k = 1/2B. This can be written

A -1/2 % €p

o/

r

o |~
OJIOJ
H|o

A plot of the resulting values of n and In dt are shown in Figure 8 for

an e-beam target. An initial perturbation would grow by a factor exp In dt =~
10 by the time of the implosion at 7.8 ns. These constitute estimates of the
upper limits instability growth: We have ignored the effects of convective

stabilization, compressibility, changing wavenumber of maximum instability,

and finite thickness of the unstable region. From the rather small

growths seen here, it would appear that larger aspect ratio targets could
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be used with little danger of their being destroyed by instabilities. For
the ion beam targets the growth is somewhat larger, however both ion and
electron beam targets of the type considered here seem to be rather stable
by comparison with laser targets where more than 10 exponentiations
(exp(10) = 2 x lOu) have been calculated.27

In attempting to compare the merits of various targets, it is necessary
to consider not only the power required, but the symmetry or uniformity of
irradiation that is required. 1In general, the higher the compression of the

fuel, the higher the symmetry of the implosion must be. While a detailed

analysis of the symmetry requirements is rather difficult, even with modern

two-dimensional computer codes, a fairly simple approximate method can be

30

used to estimate the symmetry requirements. Unlike laser implosions,
electron and ion beam implosions probably can not rely on thermal conduction
to symmetrize the deposition. Thus the uniformity of irradiation can be

related directly to the spread of implosion velocities:

2Av
v

—~
- )

AE
E
where v is the implosion velocity and E is the beam energy flux on the
target. This velocity spread will result in a difference in the radial
positions of the pusher at the implosion time (i.e., at turnaround)
given by

Ar = Av t,

1

This radius error should be smaller than the calculated turnaround radius
ry to obtain a reasonable implosion. Combining these relations, we find

the approximate symmetry condition



where Vi is the initial radius of the pusher, r, = vti, and Vi and V£ are
the fuel volumes initially and at turnaround. Thus a volume compression
ratio (Vi/Vt) of 1000 would require that the uniformity of illumination
be about 10% or better.

Figure 9 represents an attempt to display both the power and symmetry
requirements of various targets on a single graph. Each curve represents
a given target type, with only the fuel mass being varied as one moves along
the curve, Thus, increasing the fuel mass increases the power required to
ignite the fuel, as we have seen before, but decreases the compression
ratio and the symmetry requirement., The three curves marked "Au 0.5 mm,"
"Au 1 mm," and Au 2 mm" are for gold shell targets irradiated by 1 MeV
electrons and having an initial fuel radius r. ef 0.5, 1, and 2 mm.

Comparing these curves, it is apparent that one should use as small

a target as is consistent with the e-beam focal spot size and pulse

length in order to minimize symmetry problems., The curve marked Fe/Au 1 mm
is for the targets having iron ablators and gold pushers. Tt would appear
that these targets are better than gold shells of the same radius only

for the higher compression ratios. Indeed the reason they perform better
than the gold shells is that they can achieve a higher compression with a
given fuel mass. Another feature that is not apparent in the graph is that
the iron/gold shells produce higher thermonuclear gain for a given com-
pression ratio. The curves marked 10 MeV protons are for proton

beam targets which are very similar to the Au 0.5 mm and 1 mm electron beam
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targets. Here there is clear advantage over the e-beam targets. In terms
of beam current rather than power, the proton beam targets appear even

more advantageous.

One of our major concerns is the Taylor instability of the pusher-
fuel interface near maximum compression. This could cause some of the
pusher to mix with the fuel, reducing the burn., One way of estimating the
effect of this instability is to calculate the yield before the free
fall line shown in Figure 10 reaches the center. While this is a relatively
crude method, there does not appear to be any other method in use that
has significantly greater accuracy. For the case shown in Figure 10
most of the yield occurs after this "fall time," however, this is not always
the case,

Figure 11 shows a comparison of the total thermonuclear yield with the
thermonuclear yield obtained prior to the fall time. This graph is for
200 Ug of fuel., PFor smaller fuel mass the difference between the curves
is greater; for larger fuel masses the curves are closer together. If the
Taylor instability of the inner surface of the pusher is indeed a serious
problem, then the beam power required for breakeven is roughly doubled in
this case. Similar results are also obtained for other types of targets.
In general, the beam power must be increased by a factor of l% to 2 in

order to have the thermonuclear burn occur before the fall time.
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ELECTRON BEAM FUSION PELLETS*
by
W. P. Gula and R. C. Kirkpatrick
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Double shelled pellets seem attractive for the current generation of
relativistic electron beam machines such as HYDRA because of the low density
of the energy deposited in the relatively heavy shell. This low energy den-
sity yields implosion speeds of the order of 1 cm/usec, which is insufficient
to compress and heat the fuel to fusion conditions. Because of the expecta-
tion that the inner shell of a double shelled pellet would move at a greater
implosion velocity than the outer shell, an investigation was made with com-
puter simulation codes to determine whether such a pellet could produce
neutrons, what would be the best design of such a pellet for the HYDRA device,
and what problems we might expect.

Our studies indicate that fuel ion temperatures of a few hundred elec-
tron-volts can be reached and that a measurable number of neutrons should be
produced.

One problem, in particular, that might cause difficulty is the pre-
heating of the inner shell, either by bremsstrahlung or by the relativistic
electrons themselves.

Various simulation results will be presented.

*This work was performed under the auspices of the United States Energy
Research and Development Administration.
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Papers have already been published concerning requirements for
relativistic electron beam fusion pellets.[1-3] In this paper we are
concerned only with pellet design for the HYDRA relativistic electron
beam machine which will provide neutrons for diagnostics. Experiments
with this machine have already indicated that irradiation of a 0.2 mm
thick gold hemishell of 4 mm inner diameter filled with 100 atm of D2 gas
does not produce neutrons., Indeed, measurements show that the
implosion velocity of the shell is on the order of 106 cm/sec, which is
insufficient to heat DT fuel to fusion temperatures. [4]

We are searching for pellet designs that will give neutrons using
the present HYDRA machine. The reasons are 1) we want to demonstrate that
relativistic electron beam fusion can occur and 2) the neutrons are the
only diagnostic capable of telling us what is happening in the fuel. The
low implosion velocity in the experiment cited above led us to consider
the possibility of velocity multiplication from the use of multiple shells.
In practice we have limited our present calculations to double shell pellet
designs in order to limit the size of the parameter space under consideration
and to make life easier for the pellet fabrication group.

We have also put several other constraints upon our design considera-
tions. For the most part we have used a 12 kJ, 85 nsec pulse with a
constant power of 1,41 x lOll W. We feel that this is a reasonable pulse
to simulate the output of the HYDRA machine. Most of the calculations have
used an outer shell of gold with a density of 19.3 g/cm3, an inner diameter
of 3 mm, a thickness of 0.2 mm, and a mass of 125 mg. The fuel has been DT
gas with a density of 0.0238 g/cm3. Figure 1 shows a cutout wedge diagram

of a double shell design. Our parameter variation has dealt mainly with the
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position, mass, and material of the inner shell and with the form of the
energy absorption.
One rather important result of these calculations is the fact that

the quality of the implosion is very sensitive to the tail of the energy
absorption function, a result that has been previously noted by Clauser[2]
for single shell targets. A typical function used is shown in Figure 2

as specific energy vs. radius and in Figure 3 as energy absorbed vs. radius
for a specific time in one calculation. The function is actually a function
of pr and so it varies with time when presented as a function of radius.
Figures 4 and 5 show the specific energy vs pr and the energy absorbed
vs pr. One can see that very little energy is absorbed inside the inner
surface of the outer shell. However, when the energy function is truncated
at the point where pr = 0.753 g/cm2 which is the classical range of a 1 MeV
electron in gold, the behavior of the system improves dramatically. For

one design, for instance, the number of neutrons produced by the truncated
absorption is up by almost two orders of magnitude while the fuel peak
average ion temperature and density are up by factors of 2 and 4 respectively.
This energy deposition tail is due mainly to the bremsstrahlung produced by
the 1 MeV electrons as they stop in the gold outer shell. This degradation
of performance was also noted by Clauser [2] in his breakeven calculations
when he let a truncated electron-only profile penetrate the shell. At least
two means of reducing this problem have been suggested. One is to have a
double layered outer shell composed of an iron ablator over a gold pusher. [5]
Since the conversion efficiency of electron kinetic energy to x-rays is less
in iron than in gold, this would help alleviate the problem by producing fewer

X~-rays to be absorbed by the inner portions of the pellet. Since the absorption



rate of x-rays by iron is less than that by gold, the second means suggested

to reduce the tail absorption problem is to have the inner shell be of iron

or some other material of lower Z than gold. At this time, however, it
is not clear whether the advantage of reduced x~ray absorption by the inner
shell is outweighed by the disadvantage of a lower density inner shell.

We have varied the position of the inner shell. 1In these studies the
mass of the inner shell has been kept constant at 12.5 mg, thus giving a
10:1 mass ratio between the outer and inner shells., The cushion gas is
hydrogen at 0.0238 g/cm3 initially. TFor these calculations the optimum
inner diameter of the inner shell is less than 0.2 mm. This is with the
absorption tail. If the absorption is truncated at pr = 0.753 g/cm2 the
optimum inner diameter is 0.75 mm. The number of neutrons predicted by
these different calculations are 2}(105 and 2)(106 respectively. The
minimum number of neutrons that can be detected by the current instrumen-
tation at the HYDRA machine is 1040

The variation in the implosion as the inner radius of the inner shell
is varied as shown in figures 6~9. They show the number of neutrons
produced, the peak average fuel ion temperature, the peak average fuel
density, and the maximum implosion velocity of the inner shell. At this
time these curves are not completely understood. The improvement in the
maximum implosion speed of the inner shell shown in figure 9 as the shell
radius becomes smaller is partly the result of a longer runup time and partly
because of the lower conversion of implosion energy to internal energy in
the inner shell,[1] The improvement in the fuel ion temperature shown in

figure 7 results from the improved implosion speed. The relative flatness
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of the fuel density curve of figure 8 indicates that most of the improved
neutron yield of figure 6 is due to the increased heating. The dip in
the neutron yield shown in figure 6 in spite of a temperature rise seems
to be the result of the diminishing fuel mass and a shorter burn time.
In any case, more points need to be calculated, especially at smaller radii.

The implosion itself proceeds as shown in figures 10-15. They show
temperature, pressure, density, and velocity profiles 1) at an early stage
when the energy is being absorbed, 2) when the outer shell is up to its
peak implosion speed, 3) when the two shells are at their point of closest
approach, 4) when the inner shell is at its peak implosion speed, 5) when
the fuel is at peak compression, and 6) at disassembly.

Figure 10 shows a blowoff region being formed and the acceleration
of the outer shell to ~10° cm/sec. At this point a little more than half
the energy has been absorbed. In figure 11 all the energy has been absorbed
and the outer shell has attained its maximum implosion speed. Figure 12
shows the point of closest approach of the "collision" of the two shells.
The implosion speed at this time is %0075:<106 cm/sec. The fuel is still
relatively cold and uncompressed. Figure 14 is at the peak compression.
At this time the average fuel density is 10.5 g/cm3 and the fuel average
ion temperature is 45 eV. The peak fuel density is 12.9 g/cm3 and the peak
fuel jion temperature is 107 eV. This particular run was not very successful
in producing neutrons. Only the center of the fuel (less than 1% of the
fuel mass) became hot enough to exceed the burn calculation threshold. In
figure 15 the entire system is expanding,

In short, we have started and are continuing an investigation of double
shell targets in order to design them for experiments on the HYDRA machine

at Sandia Laboratories in Albuquerque. The calculations presented here



have been done with a one dimensional spherically symmetric ideal gas code
and since more realistic equations of state reduce the implosion velocities
somewhat, these results should be treated with some caution. However, we
feel that these calculations show that the double shell experiments are

worth doing on HYDRA. It is highly desirable from a theoretical point of
view that two dimensional calculations and stability calculations be done

and some preliminary work has been started along these lines. In any case,
the current delivery date of the first double shell pellets to Sandia is late
January or early February. Hopefully, we will have experimental data to

compare with our calculations soon after that.
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Figure 10. Temperature, pressure, density, and velocity profiles of the
pellet 45 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper
curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.
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Figure 11. Temperature, pressure, density, and velocity profiles of the
pellet 85 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper
curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.
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Figure 12.

Figure 13.
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Temperature, pressure, density, and velocity profiles of the
pellet 171 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper

curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.
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Temperature, pressure, density , and velocity profiles of the
pellet 179 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper

curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.
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Figure 14.

Figure 15.
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Temperature, pressure, density, and velocity profiles of the
pellet 212 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper

curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.
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Temperature pressure, density, and velocity profiles of the
pellet 299 nsec after the start of the e-beam pulse. The
vertical lines are the material boundaries. The upper
curve (marked by T's) of the pressure graph is the total
pressure. The lower curve (marked by V's) is viscous
pressure which indicates where shock heating occurs.



INTERACTION OF CYLINDRICALLY-SYMMETRIC RELATIVISTIC ELECTRON
BEAMS WITH PLANAR TARGETS AND PLASMAS:

THEORY AND APPLICATIONS

D. Mosher

Naval Research Laboratory, Washington, D. C. 20375

ABSTRACT

A diffusion theory for the collisional interaction of relativistic

* is used to develop

electron beams with high-atomic-number plasmas
analytical expressions for the beam-momentum distribution function in

a slab target or plasma for the case of a normally-incident, well-
collimated, monoenergetic beam with any radial profile. Moments of the
distribution function are calculated for a Gaussian incident profile of
arbitrary width. Using these, contour plots of energy deposition and
current flow are determined. Bremsstrahlung intensity profiles corres-
ponding to pinhole photographs of tightly-pinched beams are presented
for various ratios of incident beam width to electron range. Theoret-
ical deposition profiles, current transmission, and energy coupling of

beam to target are compared with the results of Monte Carlo calcula-

tions.

*1). Mosher, Phys. Rev. Lett. 35, 851 (1975).
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I. INTRODUCTION

Computer codes which model the hydrodynamic response of initially-
solid targets to pinched relativistic-electron-beam deposition are used
to diagnose existing experimental beams® and to predict pellet-fusion
feasibility.® To one degree or another, target heating in these codes
is determined by the results of Monte Carlo calculations which model
the collisional interaction of beam electrons with solid and ensuing
plasma portions of the target. One-dimensional hydro-codes employ
Monte Carlo-generated energy deposition profiles and beam transmission
coefficients which scale with target density. Thus, the results of a
single particle-in-cell (PIC) calculation can be used continuously as
the target density profile changes. Unfortunately, inclusion of
realistic beam scattering in higher-dimension codes require either that
they be coupled to a PIC code or that some other model for the beam-
target interaction be included. Coupling of hydro and Monte Carlo
codes has been successfully carried out.” However, this procedure
usually requires lengthy, and therefore costly, computer calculations
which may be inappropriate for routine numerical research such as
parameter studies. It is therefore desirable to have available an
analytical model for the coulomb-scattering and energy-loss aspects of
the beam-plasma interaction which can be incorporated into hydrodynamic
calculations. Such a model is the subject of this paper. The rela-
tivistic Boltzmann equation with a Fokker-Planck collision term is

solved assuming that elastic scattering characterizes the shortest time



scale of the beam plasma system. Selected moments of the relativistic-
electron distribution function then yield the desired beam-plasma
coupling coefficients and energy-deposition characteristics.

The momentum-distribution function of the beam electrons is

determined from*

?,_{; + 2. vf-e<E + .12:./1}) -V f=V '[vs(p)(pg'f - ﬁ)'vpf] + Vp'[vE(p)Sf] ’

(1)

where YvZ = 1 + p®/(mc)®. The quantities Vg and v, are scattering and

energy-loss frequencies

= QSY/(YZ-l)%% 3 W

Tha GY\)S ’ (2)

Vs

where Qg = 2nnir§c(22 + 2)1nA and € = 2/(2 + 1). Here, n, is the plasma
ion density, r, is the classical electron radius, c is the velocity of

light, Z is the plasma atomic number, and 1n/ is about 10.

Equation (1) has been solved with the assumption that the elastic-

=l;

3 is the shortest characteristic time of the beam-

scattering time v
plasma system.® This assumption required that € be small compared with
1 so that solutions apply only to the interaction of a relativistic
electron beam with high-atomic-number plasmas and targets. In that

case

1
f=fy* Tk for e =0(1) + O(ER) + 0(€) + -

was given by

f.=fF (p,;,t) ’ (3)
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that is, fo is isotropic in momentum space and

fi=& D (%)
L (S L), o mas
fa = 6TS<_p—$ B HWVA>'pP i 2vgmy (B)p )
where
— of
oL [eE o 1
A—gvS(P = ﬁVVfo>' (6)

Setting secular terms in the second-order equation to zero resulted in

—_— = Ve = — _ .

® ey Az [Pl t 5 ED] . (@
Since it is desired to incorporate results of this analysis with

hydrodynamic codes describing target dynamics, moments of f which yield

he beam-electron and energy fluxes are of primary interest. To lowest

significant order in €, these are

3 5 e 55 . B a3
— p ey -
q = /mcz(Y-l)m—Y f1d%p = mc?® /(Y-l) i—% « A a%. (9)

The rate at which energy is transferred from the beam to a unit
volume of plasma is obtained by taking the divergency of Eq. (9) and

substituting from Eq. (7). In the steady state,
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® 4
- - P Vg
Q — Voq = eE'@ ks )-’-TT o m.Y fodp . (lo)

In the same way, Eq. (8) yields
o F _ 3 = 3 =
ved = -hn(p VEfo)p=O hTrEQs(nm) fO(O,x) . (11)

The right-hand-side of Eq. (11) represents the merging of beam
electrons, slowed by dynamic friction to very low energies, with the
cold plasma-electron background.

An explicit analytical form for f has been obtained in the limit
that electron slowing down is dominated by return-current-generated
electric-field deceleration.” Here, solutions will be developed which
apply to the interaction of the beam with high-density plasma and solid
port ions of the target where dynamic-friction dominates over field
effects.® All electric and magnetic field terms are therefore set

equal to zero in Eqs. (3) through (7). Additionally, v.T >> 1 in high-

S
density regions, where T measures the time over which macroscopic beam
parameters vary. Only steady-state solutions of Eq. (7) will then be

considered. With these approximations, Eq. (7) reduces to

2@ - [a@v(r,)] - - (—;—l)— 2 o), (12)
Y-

where a(§)=c/L@;E(%(;)], and Eq. (2) has been used to write the equa-

tion in terms of ¥ . The quantity Q. may depend on X through the

S
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spatial variation of n, . For convenience, 'a' will be treated as

constant” so that Eq. (12) may be written in the form of the age

equation8
avzy - & (13)
In the above,
VEY) = 3 (pX) (24)

,

. / T LSRR rgy ngy), (15)
i Y

and

r(y) = (vyZ-1)(v%-10Y2+1)
3y°

The quantity YO is the value of v associated with the incident electron

beam. In terms of the new variables, the electron flux and volumetric

heating rate may be written

= o mSe2 j[
3 - -VS ; 8 = = yar (16)
5 Qg ’
where 11 = F(Yo)-r(l), and
Yo
Q = bom? 05698/ fdy . (17)

bl

The body of this work is concerned with evaluation of Egs. (16)

and (17) using specific solutions of Eq. (13). Simple one-dimensional



planar solutions will be presented in Section ITI. Two-dimensional
solutions corresponding to cylindrically-symmetric beams interacting
with planar targets are developed in Section III. Using these, contours
of constant S and Q for an incident Gaussian beam shape are evaluated.
The effect of pinched-beam scattering in the target on the bremsstrah-
lung x-ray signature is also calculated. In Section IV, one-dimensional
results are compared to predictions of Monte Carlo calculations for
normally and isotropically incident beams. Sophistications in the
theory which improve the model are also presented. Results are sum-
marized in Section V.
II. ONE-DIMENSIONAL SLAB SOLUTIONS

The plane x = 0 is chosen to divide a semi-infinite, uniform

pPlasma’

occupying the region x > 0 from a vacuum. A monoenergetic beam
of relativistic electrons (particle flux @i) propagating in the vacuum
is incident on the plasma. In this section, a solution of Eq. (13) is
sought which satisfies the simplest reasonable boundary condition: fo

has the same energy distribution at x = O as the incident beam, i.e.,

fo(p,o) ~ 8(¥-v_). The required solution is®

¥ x o
el s e (- X))
/2

ol g8 Lha2y

Note that

lim ¢ = ¥ 6(1).
X=0 =

At any point x, the number of electrons with energies between Y and

1
v+dy is hn(mc)SY(Yg-l)zfodY and is therefore proportional to

L&
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2
g(Y) = (1-1/Y®)°¥. This relative energy spectrum is plotted for Yo =%
and various values of x/a in Fig. 1.

The variation of particle flux with x can now be determined by

substitution of Eq. (18) into either Egs. (11) or (16) with the result

=

o

o ) _ [ 8me
®(x) = @Oexp <- > g @o = (3?:-> m304¢o . (19)

2
Lg, Ti

Substitution into Eq. (17) yields

y

2y
g 5 o
me @o XTq %2 ay
Q = = e exp | - s (20)
3 L2t /1272

where vo has been evaluated using Eq. (19). The variation of Q with

x/a for various values of Yo is shown in Fig. 2.
The transmission coefficient of beam current at the interface can

be estimated by equating @i with the positive-going beam current there.®

1 Y,
0 b=} %
Yie
3. = EWJ d“’ Jdp ng ﬁ% _ nmSCé{-f Q l)‘l’(0> Y)d'\( & -:’C,l (ﬁl)
(o} 1

i .Y‘D

correct to first order, where p = 5-€¥/p. Substituting for ¥ and

integrating results in a transmission coefficient given by
1 2
= ‘Y,T
- _l1 IMAY ®m 2
To = %/% ‘,:2 +<8’e‘> s o
o

For YO = T T, ranges from .75 for aluminum to .40 for gold.



The energy transmission coefficient is given by
T, = q(o)/F(Yo-l)mocgéi]. Integrating Eq. (20) over all x to obtain

q(o) yields v

T 1/2 @
ay
T gL = f (23)

T1/2
1

which is always greater than TC. For YO = B TE/TC = q4

IIT. A TWO-DIMENSIONAL SOLUTION

Here, solutions corresponding to the interaction of cylindrically-
symmetric beam with the slab target of Section II are developed. Equa-
tion (13) is solved with the aid of the Green's function for diffusion®

associated with the infinite half-space x = O.

1
exp
2ﬂl/2a(T—To)s/2

-
G(;>T|XO’TO) =

{-[(y-yo)2+(Z-zo)g]/hag(T-To)}

X {exp[-(x-xo)g/hag(T-To)]- exp[-(x+xo)2/ha2(T-To)]} .

(2)

The solution y(xX,7) for which ?s = ¥(o,y,2,T) is specified is given by®

T+8
= .. 1 3G
WX»”-%M&m/ dTo/dyodzo“’sWo’Zoﬂo)ax— - (35)
=0 & o] xo= 0

A solution is desired for the case of a cylindrically-symmetric, mono-

energetic incident beam, i.e.
Vg (¥:2,7) = ¥(p)a(7) (26)

where p® = y© + 22, Transforming the (y,z) and (Yo520) Variables into
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cylindrical coordinates (p,0) and (po,eo), substituting from Eq. (26)

into Eq. (25), and integrating over T, and 8 leads to

$(x,7) = ————— exp[-(x? + p?)/ba?r]
kml/ 28.5/2
x/ exp(-pg/ha?"r)Io(ppo/2a2"r)‘i’(po)podpo , (27)
o

where IO is the modified Bessel function of zero order. Equation (27)
can be used to determine w(z,w) for an incident beam of any radial
cross-section by numerical integration. Fortunately, the integral can
be determined analytically for the interesting case of a Gaussian

profile
¥(p) = ¥ exp[-0%/R%] .
Performing the integration over Py results in
I

T 2 ~ - ~
V(x,7) = —2 X R expl -x2/ (+a7)-p2/ (R2+ha27)] .
ont/2 ard/2 R2iiatr

(28)

Note that in the limit R >> a (beam radius > electron range), Eq. (78)
reduces to the one-dimensional energy distribution of Section II with a
Gaussian radial profile., In the opposite limit, { reduces to the form
for an incident point beam expanding in a semi-infinite medium.®

The particle flux and volumetric heating rates can now be obtained
by substituting from Eq. (28) into Egs. (16) and (17) and integrating
over T numerically. Results for three values of R/a and Yo = 3 are
displayed in Figs. (3) through (5) in the form of contours of constant

S and Q. The contour values shown are values of S/SO and Q/QO where



Lhrmtes iy A
B omm°c® _ e EQS"l’oyo

S == ;
o BQS o) (o} (Yg-l)s

1 2 Q =

When the vacuum magnetic field does not penetrate into the high-
density region of the target plasma, the beam is fully current

neutralized. An electric field

—

E = Te? = -Tevs

is then established, where T is the target resistivity. In that case,
constant S contours are seen to be identical to equipotentials of the
return-current electric field.

The quantity wo can be determined in terms of the total current
flowing normal to the interface. Substituting for § from Eq. (28) into
the x-component of Eq. (16) and integrating over p and T in the limit

of small x leads to

o (80} o . :
= (8) e -
where .
1. = 211{ ¢ (0,0)pdo . (30)
o

Note that the mean particle flux just inside the interface obeys the
same relation to ¥ as the one-dimensional flux defined in Eq. (19).

A current-transmission coefficiemnt can be defined by first integrating
the two-dimensional form of Eq. (21) over p as in Eq. (30). The

resulting expression for T, is identical to Eq. (22) where now

C

T = Jo/Ji and Ji is the total beam current incident on the target.
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Observation of the radial distribution of thick-target bremsstrah-
lung radiation produced when pinched relativistic electron beams enter
target anodes is a primary diagnostic used to determine the beam

© When the beam diameter is smaller than the electron range,

diameter.t
scattering in the target will cause the beam to expand as it diffuses
into the target (see Figs. % through 5). In these cases, the observed
x-radiation profile will not accurately reflect the incident beam
profile. Using Eq. (28), the effect of scattering on the x-ray signa-
ture is now determined for a Gaussian beam shape.

The rate at which an electron loses energy due to bremsstrahlung

radiation may be writtent?

ar 5

O = S 2.7 3
at{rad” "iM° ORAD(Y ) (31)
where o depends on the target material and may be treated as con-

RAD

stant. The energy radiated per unit volume is obtained by integrating
this expression over the electron distribution function (see discussion
following Eq. (18)). 7
© 2
) - L6 L1y -
PRAD(X) = krm%*e ORADni/ ¥ - ay . (32)

1

Since the beam is highly scattered, the radiation may be considered to
be isotropically emitted. The radial distribution of radiation
intensity viewed normal to the target is then obtained by integrating
PRAD over X. Radiation reabsorption is unimportant for beams and

targets of experimental interest.'® For targets thicker than an

electron range



v

5l o 2 2 2
_ _ 4546 B | __p (Y2.1)ay
I(p) ‘/ Ppapdx = bmute o'R,L\Lnniwo/‘ =HE Ry
(@] 1

RZ+ha®r R=+iart v
(33)
The relative variation of I with p for various values of R/a is shown
in Fig. G for e, & As expected, I(p) is essentially Gaussian for
large-diameter beams. Beams which are small compared to an electron
range exhibit large-radius wings of low x-radiation intensity.
Experimentally, the size of small beams may then be overestimated when
the radiation intensity is sufficiently high to cause pinhole photo-
graphs to be saturated at the center of the image.
The quantity 'a' may be related to the electron range Re by*

R, -

= B8+ LYS[VE-L)® = cos™"(Tfy M « (34)
Size estimates will be in error for R/Re g (Re/a)'l. Corrections for
scattering for millimeter-radius beams are then important for (1) high-

energy beams (Y > 5), (2) low-atomic-number targets, and (3) long-

duration beams for which the target may expand to densities significantiy

lower than solid.

IV. IMPROVEMENTS AND HIGHER-ORDER CORRECTIONS IN ONE DIMENSION

Figure 7 compares the deposition profile calculated in Sec. II
with the results of Monte-Carlo calculations'® for the case of a 1 MeV
beam interacting with a gold slab target. The two numerical calcula-
tions correspond to (1) beams which are well-collimated and normally

incident and (2) beams which have an isotropic angular distribution of
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incident velocities. All profiles have been normalized to the absorbed
beam power per unit area. The error bars indicate statistical deviation
due to the finite electron number chosen in the numerical calculation.
The normalized x-coordinate for the Monte-Carlo-generated profiles is
determined by numerical evaluation of 'a' using a value of 1lnA deter-
O]

mined from™»™

2,

A= (Y -1)(Y +1)% me” I =9.1(1 +1.927%) +(55)
- N v 118 ’ z ’ : e

Alternately, Eq. (34) can be used with the same results.

The theory of Sec. II is seen to agree satisfactorily with the
isotropic-incidence calculation but not with that of normal incidence.
This result should be expected since the theory assumes that the beam
is nearly isotropic (i.e. fo is isotropic) even for small values of x.
In part A of this section, a scattering source function is added to the
equation describing fo which simulates scattering of a well-collimated
incident beam in order to more-nearly approximate the numerical calcu-
lation for that case. In parts B and C, higher-order corrections to
the transmission equation and an improved boundary condition are con-

sidered as means to improve the evaluation of beam transmission.

A. A Solution with a Scattering Source Function

Here, it is desired to improve the form for fo for the case of a
normally-incident electron beam. Rather than determine fo exclusively
from the beam distribution function in the vacuum, it is assumed that
fo is "fed" by that portion of the beam which is scattered out of the

incident normal direction. Thus, by introducing a source term into




the diffusion-like equation governing fo’ the existence of a scattering
boundary-layer® is approximated.
il @i electrons/unit area/sec cross the interface at x=0, a number

@i exp(-x/A)dx/\ can be considered to be scattered into the distribution
function per unit volume/sec between x and x + dx. Here, A is a measure
of the elastic-scattering mean-free-path for incident electrons. An
appropriate form for the source term feeding fo is then®

(p-p,)

o = ——— ¢ exp(-x/1)

Loy ¢
to be added to the right-hand-side of Eq. (7). 1In this expression,
P, = mc(Yg-l)% is the momentum of incident electrans. Note that it is
assumed that source electrons do not degrade in energy with x since,
for high-atomic-number targets, electrons are scattered on a shorter
length scale than required to appreciably slow them. In terms of the
variables defined by Eqs. (13)-(15), the relation to be solved takes

the form

@ié(T)exp(—x/x)
s g (356)
Lr(me )€ Q)

(oY)
g
-

The solution of interest can be written®

$. 1
T exp(aZT/le)[exp(—x/k)erfc(aTE/k—x/QaT%)
8ﬁ(mc)SEQSK
(x/\)ersc(at /A + x/2a1? ——:—37—°X (-x/ka?r)
- exp(x/\)erfe(aT + x/2aT + —T exp(-xZ/ka®r
)] Pl T

(37)
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In the 1limit of A - 0, {§ reduces to the form given in Sec. II. The

quantity Q(x) can be determined by substitution'* into Eq. (17).

y

mc‘?@i o o ‘
alx) = ¥, 5§ e (38)

2 hﬂ(mc)SEQsa

1

The absorbed heat flux is calculated by integrating Q over x. Thus,

v

(@) - ‘v .
g mC‘T’I?i [K(aTg/)\) + 59- 2 —T;]dy ’ (39)

s ToTe
1

where K(w) = exp(w®)erfe(w). The quantity @o is most easily determine:

by substituting? from Eq. (37) into Eq.(11) and integrating over x.

¥ 5. 2

il v
éo - Q'[%(aT12/K) + = —Il—r . (ko)
& s T

1

The system of equations is completed by substituting the present form

for ¥ inte B. (1),

i
o i B e S Y R L
1 o™ "1 ¥y Eualye <8E> e

The quantity A 1s chosen to be some fraction of the scattering mean-

free-path A, po/rmvovs(vo)], so that

A 1 ('\/g-l)e
P o(6€)% ——— (42)
;
where O < g <1 is the familier '"fudge factor" and ¢ = O corresponds t:

the solutions of Sec. II. The normalized deposition profiles aQ(x)/q



are plotted in Fig. (8) for several values of ¢ for a gold target and
YO =3, Also plotted is the normal-incidence profile for the same case
from Monte-Carlo calculations. The choice o = .6 is seen to provide a
good fit to the numerical calculation. Figure (9) displays a similar
comparison for an aluminum target. No choice of ¢ provides a good fit

to the numerical results in this case.

B. Evaluation of Transmission Coefficients to Second Order

Equations (4) and (41) yield the current-transmission coefficient
T, = @O/@i when solved simultaneously for @O/@i and YO/YS after which
substitution for YO/YS into Eq. (39) yields the energy transmission
coefficient = q/[(yo—l)mceéi]. Here, we calculate the second-order
correction to Eq. (41) in order to improve accuracy for lower-atomic-
number materials. To the same order of accuracy, q and &(x) are
uneffected since the contribution of f, to these quantities is zero;
fo> being an even function of u.

For a 1D slab with all fields set equal to zero, f- may be written

in the form

2
alh
R 2% 1) +edl (43)
2p v, P
JA . -Ef " .
where = from Eq. (7) with the source term has been substituted into
Eq. (5). Including f- in the evaluation of forward current leads to'*
¥ v 3 €(v2 + 1)
NUPLSE A AL "
2 ‘bs (yg—l)a o]
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where the second term within the bracket represents the second-order
correction to Eq. (41). Simultaneous solution of Egs. (L4) and (40)
yield the corrected value of TC. Table I displays results of this
calculation for 1 MeV electron beams interacting with gold and aluminum

and compares current and energy transmission with Monte-Carlo results.

Table I -- Current and Energy Transmission for a 1 MeV Electron Beam

Incident on a Slab Target

i i i i
Target |  Beam o b | 2
E Theory E Monte-Carlo ? Theory Monte-Carlo
Au | Nomal | 6| .68 | .53 | % 65
' Au ; Isotropic | 0 .39 %) +56 A5
AL Normal ST - T .90 | .95
‘ | |

C. A First-Order Boundary Condition

Here, an additional complication which may bring the 1D theory
into better agreement with Monte-Carlo results is discussed. Rather
than associate fo with the incident electron energy distribution,
= fo + fl evaluated at x = O in the forward direction(y = 1)is chosen
for this identification. In the variables chosen here, this relation

takes the form

: A
id
[¢ i gﬂxzo =Yy (45)
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where fi is the momentum distribution function for the incident electron
beam.

In the absence of sources, the solution of Eq. (13) subject to
Eq. (45) can be written®

[se]

‘JJ(X:Y) = %f exP(‘W/B)‘L’*(X"'W:Y)dW ’ ()‘L6)
(o]

where B = Ki/2 (= \/a of Eq. (42) with o

*
.5) and ¥ 1is the solution
oS *
o § (O, ) = Yzfi. For an incident monoenergetic beam; ¢ is given by
Eq. (18) so that

w(xjy) = (B) [ 5 R O exp(—x2/)+a,2'r) - %e:cp(i + a’_ T>erfc< X— + aT >] .
T B p

82 car® P

(]

(+7)

Using this form for ¢ and neglecting the second-order corrections of
part B of this section,

Y Y
o o 1
aQq§x> _ / [ ]d/ /1 K(at?/B)ay 5

(48)
y
% © 21 ik L L
- ik p) Ye- _a 2 2
TI= &+ <§€> ~ [;%;% 3 K(at /Bi]dv K(aTi/B) (49)
il
and e
I = ot 2/)av/ K(ar?
BT VI K(at®/8)aY/ K(arZ/8) (503
1

where the square bracket in Eq. (48) contains the expression of

Eq. (47).
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This calculation results in values of TC and TE closer to those
predicted by Monte-Carlo techniques (.39 and L6 for gold and an
isotropically-incident 1 MeV beam). The deposition profile of Egq. (L8)
is monotonically decreasing for this case (as is the Monte-Carlo
result) but is too strongly-peaked for small values of x to improve
agreement with numerical calculations (aQ(o)/q = .28 as compared with

.22 from the histogram of Fig. 7).

V. CONCLUSIONS

The use of a diffusion theory describing the collisional inter-
action between a relativistic electron beam and a high-atomic-number
target has been investigated. Analytic solutions for one- and two-
dimensional beams interacting with slab targets have been obtained. 1In
its simplest form, energy deposition profiles derived from the theory
approximate those obtained using Monte-Carlo codes for the case of
incident beams whose angular distribution is isotropic (Sec. II). By
employing a scattering source function, theoretical deposition profiles
for normally-incident beams interacting with very-high-7 targets such
as gold can be made to agree well with numerical calculations (Sec. IV).
However, this technique does not yield accurate profiles for lower-
atomic-number targets such as aluminum. It is reasonable that in this
case, the expansion parameter € (1/7 for aluminum) is insufficiently
small to be able to separate scattering and energy-loss lengths as
required by the theory.

Current and energy transmission coefficients are found to be in

error by about 25% for the case of gold targets. Although an improved



boundary condition reduces this discrepancy somewhat, agreement between
theoretical and numerical desposition profiles is also reduced. It is
believed that further refinements in the model (such as combining
realistic boundary conditions with energy-dependent source functions)
and inclusion of secondary-electron effects can improve its accuracy.
However, the benefits are probably not worth the added complication.

An interesting result of the cylindrically-symmetric 2-D solution
is the prediction of radial x-ray profiles for various diameter beams
(Sec. III). Results indicate that most x-ray pinhole photographs
obtained in present experiments accurately reflect the actual beam
diameter. However, these data may overestimate beam size when long-
duration or high-voltage beams are employed or when low-atomic-number
anodes are used.

Finally, it should be mentioned that many of the limitations
discussed do not apply when the age equation, Eq. (lE),is solved
numerically. Complex geometries for the beam and plasma-blowoff, and
sophisticated source functions and boundary conditions can be incorpo-
rated. Even when all these 'goodies' are included, meaningful physical
results can be obtained using a small fraction of computer time and

storage required for Monte-Carlo calculations.
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When taking an energy integral of the source term, the procedure

is to calculate Y -5

lim | /o g F(V)ay = o
il

&= 0

since, in reality, no electrons with Y = Yo exist for x > O

although artificially introduced by zi-
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CHAPTER 2

BEAM GENERATION AND FOCUSING
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DIFFERENT WAYS OF THINKING ABOUT BEAMS

J.D. Lawson

Rutherford Laboratory, Chilton, Oxon, England

Abstract

Some of the characteristics of particle beams used in
various fields such as electron microscopy, microwave tubes,
particle accelerators and various aspects of fusion research, are

contrasted and compared.

Starting with a discussion of the very simplest type of beam
in paraxial approximation, the concepts of emittance and
perveance are introduced. These characterize respectively the
degree of disorder of the beam, and the effect of the smoothed
out self electric and magnetic fields of the particles. Simple
models illustrate some of the types of behaviour encountered in

more complex systems.

Alternative descriptions of some of these phenomena are dis-
cussed, and some effects associated with "negative mass"

instability in annular systems are described.
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[ INTRODUCT!ON

During the past fifty years charged particle beams have been studied by different
groups of people with different applications in mind. Different viewpoints are
obviously required for different situations; it is clear for example that an
optical approach, valid in the design of electron microscopes,is useless for the
sort of beams we are hearing about at this conference, which are perhaps best
thought of as non-equilibrium plasmas with a highly unsymmetrical distribution in
velocity or momentum space. Nevertheless it is of interest to see how these

two extreme points of view merge in the intermediate domain occupied by the

study of particle accelerators and microwave tubes. The distribution function

in six dimensional phase space forms a fundamental common description of all
types of beam; this is unwieldy for many purposes however, and subsidiary concepts
have been introduced. In beams, emittance on the one hand and temperature on the
other characterize the same sort of property, but the relation between them is

not simple.

In table 1, four fields of interest are represented, and the importance of various

aspects of beam behaviour indicated.

Relevant concepts are shown in table 2; where these are unambiguous their
relative importance is indicated, but where their manifestation is differ-

ent, the appropriate "key-word' is shown.

In addition to the applications listed, there are of course many others,
such as ion-implantation, welding, rock-breaking etc, but it is workers in
the four fields listed who have contributed most to our fundamental under-

standing of the properties of beams,
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2. PARAXIAL TRAJECTORY EQUATION
To introduce some of these ideas we start by considering a very simple

situation, and bring in complications gradually. The paraxial approxima-

tion assumes:

1. Orbits make small angles with the axis.

24s Longi tudinal field components are constant across the beam

cross section,

3. Transverse field components are proportional to the displacement

from the axis.

This is a good approximation in at least the first three fields in the table.
We take the z axis as the beam axis; this may be straight, or curved, as in
an accelerator or spectrometer, In the transverse direction it is convenient

to use co-ordinates x and y, even if the system has axial symmetry.

We consider now the motion of a single particle in external focusing fields

with axial symmetry; there are components of E and B in the x, y and z

directions, but Be and Ee are zero.

In the presence of a component of magnetic field Bz along the orbit, the
x and y motions are coupled. This is normally removed by transforming to
the '""Larmor frame'', rotating about the axis with angular velocity Q = w .

In this frame the field and canonical angular momentum are transformed as
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1 BZ > -2Er/r§2L

2. Rl 1=

6 + GAgr > Py

8

For any set of fields satisfying the conditions specified, the equation of

motion of a particle in the Larmor frame may be written

*r rd X
x + a(z)x + 70 =0 (1)
where
a = Y/B%y )
)
o q? B2 ) (2)
xT2 - - X )
T h%mg )

In these expressions m_ is the mass of the charge, B = v/c, and vy = (1-82) "%,

The normalized energy gradient y/is equal to qEZ/mocz.

[&f EZ is zero, then o is zero; if in addition the focusing is uniform, so
that X is independent of z, the trajectory is a sine wave with wavelength

21K = A,

It is possible always to remove the x term by introducing new ''reduced"
variables X = (By)%x; to preserve simplicity appropriate to a half-hour

talk however we shall retain x and y, and assume EZ = 0. Egn 1 becomes

% & xpRz) =0 (3)
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This is a second order equation, in which the values of x at two values

of z are related as

X, u(z) ulz) x1\\\

viz) V(z) x

M~

where u(z) and v(z) are the "principal solutions'", that is, those which,
at z,, have initial conditions (x, x) equal to (1, 0) and(0, 1) respectively.
The absence of the term in X'implies that determinant of this matrix is

uni ty.

B A BEAM AS A BUNDLE OF TRAJECTORIES
The matrix elements u and v, found by solving eqn 3 with the appropriate
initial conditions, allow us to map points from the x x’plane at z =z, to

a similar plane at z =z Each orbit may be represented as a point on the

2°
/ . . .
x X" plane, which moves as z varies, Let us now consider a beam represented

by points in this plane which lie with uniform density within an elliptical

contour,

The following theorems may be simply proved by invoking the theory of second

order linear differential equations,

Th. 1) As z varies, the bounding contour remains elliptical,

but can change shape and orientation,

Th. 2) The area of the ellipse remains constant.
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The second of these theorems is essentially Liouville's theorem; it
remains true even in the presence of non-linearities in eqn 3; these
cause '"'aberrations'. In the presence of aberrations however the contour

no longer remains elliptical,.

In Fig 1 the xi’plane ellipses of a beam being focused by a lens are

plotted.

In Fig 2 the distortions of an ellipse arising from an array of lenses with

spherical aberration are shown.

(1)

In Fig 3 a typical "practical" xX plane plot is shown . The distribution
does not have a sharp edge, and the fraction of current within the various

contours is indicated.

The area of the ideal ellipse divided by 7 is known as the '"emittance' ¢

of the beam. Further, it may be shown by algebraical arguments that the

envelope equation of the beam of finite emittance is

1 a2 62 =
Ao *
It is readily verified that in the absence of focusing, (X'z = 0), the

solution of eqn 5 is a hyperbola. The trajectories are all straight lines,
and the ''waist' is the circle of least confusion. We discuss later the

meaning of emittance in non-ideal situations,




4, THE MICROCANONICAL DISTRIBUTION OF KAPCHINSKIJ AND VLADIMIRSKIJ

It is relevant to enquire into the nature of the distribution function which
produces a uniform distribution of charge across the beam, Such a distribution
has been described by Kapchinskij and Vladimirsky(z); it is sometimes known

as the microcanonical distribution, For a beam uniform in the z-direction

it may be written

2 2 2 (12 2
X_;t)’._+£__(><_zi_>’..)_=f (6)
€
This represents a three dimensional shell in four dimensional xy§f space.

By an extension of the theorem of Archimedes, two dimensional projections of
this hyper-ellipsoid have uniform density within an elliptical contour.

Projections of the four dimensional orbits on the xx and xy planes are

shown in Fig 4,

This distribution function is highly artificialy it has nevertheless some
nice properties and is useful for model-building and general orientation.
At a radius r = (x2 + yz)% all the particles have the same value of

x2 + ;2. It is readily seen that the radial energy of the particles is a

function of r only

1

vzymO()'(2 + y2) = kT

%Bzczymo(iz + y2)

2 2
18%c2ym (1 - -g-z-)a%

The temperature, which is highly non-Maxwellian, decreases parabolically

with radius from %Bzczymoez/a2 on the axis to zero at the beam edge.
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The temperature gradient implies a pressure gradient; since the density is

uniform - dT/dr is proportional to r.

So far our approach has been purely optical; as an alternative we could
adopt a hydrodynamic starting point, in which the force on a small element

of the beam, rather than on a single particle, is calculated.

By evaluating the appropriate pressure tensor it is readily verified that

the emittance term now represents a force arising from the pressure gradient.
Indeed, we can regard the beam as a two dimensional gas; at a waist, T is
large and V is small, whereas at a maximum the converse is true. The

adiabatic gas law

T(ﬂaz)Y_]=const, v=3(242) = 2 (8)

can readily be deduced from the geometry of the ellipses and orbits.

S SELF-FIELD EFFECTS

The microcanonical distribution is ideal for studying self-field effects

such as beam spreading and pinching, which occur when the beam density is

no longer negligible., Electrostatic pinching and magnetic focusing

produce forces on a charge proportional to r but inversely proportional to a2,
At the edge particle of the beam the force is proportional to a~!, and we

can add a further term to eqgn 5
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K is the 'perveance', and for a beam with neutralization fraction f

2v

K = E’% (1-f-g2)

where v = Nro, the number of particles per unit length multiplied by the

classical electron radius. For some special limiting situatons

(10)

K = 2V )
"R ) N
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