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ABSTRACT

This report describes intense electron
beam generation, transport, and diagnosis
oriented toward the development of technology
required for construction of an advanced X-ray
source. Generation and transport of beams was
performed both with and without externally ap-
plied magnetic fields; (azimuthal, Bg,. and :
longitudinal, Bz, magnetic fields were employ-
ed). Electron beam and X-ray diagnostics de-
veloped or modified for use in this work are
described along with theoretical work on diode
and beam transport phenomena.
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FOREWORD

_ The work summarized in this report was
performed over the time period from January
1970 through July 1971 under DASA contracts
"DASAQ01-70~C-0063 and DASA01-71-C-0052. The
programs were monitored by Lt. Colonel R. P.
Sullivan and Major Benjamin Pellegrini, DNA.
Work in this report was performed primarily
by members of the Intense Beams Group. .The
most recent program was managed by Drs. Sidney
Putnam and Gerald Yonas, and supervised- _
by Ian Smith (in conjunction with the Snark
upgrade work described in Volume II}). Beam
work during the first program period was
managed by Dr. Philip Spence and supervised
by Dr. Gerald Yonas. Principal investigators
were Dr. James Benford (linear pinch trans-
port), Bruce Ecker (recent Snark diode work
‘and linear pinch transport), Dr. John Guillory
(beam transport theory), Gary Loda (diode work
on the low voltage Mylar line), Donald Pellinen
(electron beam diagnostics), Dr. Charles Stall-
‘ings (B, transport), and Don Wood (X-ray diag-
nostics). John Creedon's work on parapotential
diode theory was a substantial contribution to
the diode task. ' :
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SECTION 1 o
INTRODUCTION -

'by. S. Putnam and P. Spence'

This report presents the results of experimental -and
analytical work directed toward the development'of technology
required for the generation, propagation, and control of multi-
megampere electron beams. A brief history of high v/Yy beam work
at Physics International (PI) is given in this section; this is
followed by a more detailed review of the results of present
programs. The remaining sections (each written by the principal
investigator) cover the following work areas: diode studies,
beam transport in azimuthal (Be) magnetic fields, beam transport
in longitudinal (Bz) magnetic fields--experiment and theory,
beam transport in neutral gas, diagnostics development, and

conclusions.
1.1 PROGRAM HISTORY

This reporﬁ summarizes DNA-funded electron beam transport,
diode, and X-ray diagnostics work performed from January 1970
through July 1971 (concurrent with development and testing of

the Snark generator). Prior to this period, the primary

emphasis of beam work at PI was on generating and propagating
high V/Y beams and on developing an empirical understanding of
neutral gas transport. DNA-funded work prior to 1970 (with

appropriate report numbers) is summarized below.




" 1.1.1 February 1968 through August 1968: 738 Pulserad
(DASA 2175). ' '

a. High v/yjbeam behavior in neutral-gas-filled drift
chamber; net current measurements; beam characteristics inter-
preted in terms of various degrees of charge and current neutrali-

zation.

b. Beam transport in metallic guide pipes {straight and

curved) and in cones; transport efficiency measurements {(~ 3 meter

e-folding length); production of uniform fluence beams using guide -

cones.

c¢. Initial look at beam transport in longitudinal magnetic
fields. |

d. Diagnostics development; self-integrating B probes,

anode Faraday cups, cathode voltage monitor.

1.1.2 November 1968 through August 1969: 738 Pﬁlserad
(DASA 2296, 2426).

a. Observation of time-dependent impedance collapse in

high v/y diodes.

b. Primary current and net current measurements for

transported beams.

SN,
NS

c¢. Development of semi-empirical model including gas'break—
down and conductivity to explain beam behavior and time dependence

of net current.

TN
w )
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ficiency.

d. Documentation of beam*tranéverse energy determined from
time-of-~flight, electron transmission versus depth, -and energy
deposition versus depth measurements. Indication that transport
efficiency was affected by loss of high traﬁsverSe energy elec-—

trons.

e. Diagnostics development; Faraday cup, self-integrating
Rogowski coils, low-inductance wall current shunt for measurement

of primary and net currents in propagated beams.

f. Observations consistent with Graybill's ekperiments of
accelerated ions produced by injection of electron beams into

low~-pressure gases,

g. Suggestion that use of a preionized plasma (to short out
induced emfs) with external magnetic fields (to contain high

transverse energy components) would enhance beam transport ef-

During this same period, generator technology was being
developed at both Naval Research Laboratory (Gamble I, low-
impedance water dielectric line) and Physics International (two
Mylar dielectric striplines, 0.1 @, 100 kv, and 1.5 @, 500 kV,
{Reference l.i)). As a result of this development, construction
of higher voltage and current modules was shown to be

feasible.

The work—summarized-in-this—report-coverstwo-project -peri@as t -l

from January to October 1970 (during the initial construction and
testing of Snark) and from November 1970 through July 1971 (during
the upgrading énd facilitization of Snark). The generator develop-
ment and upgrading is reported separately in PIFR-226 and PIFR-296.
Accomplishments of the beam transpert and diode work during the

two recent program periods are summarized below.




1.1.3 January 1970 to October 1970 (Project 21-227).

a. Low impedance diode studies on 0.3 Q, 100 kV Mylar line;
empirical modeling of impedance collapse due to anode explosion;
development and use on Snark of rugged, hollow-geometry cathodes

- to minimize impedance collapse.

b.  Efficient electron beam transport (500 to 600 kv,
160 kA), in Z-pinch discharge (preionization plus external Be);

development of 106'ampere pinch for use on Snark.

¢. Efficient beam transport (100 kv, 1060 kA) in a quasiF

theta pinch discharge (preionization plus external BZ).

d. Diagnostics development; capacitive diode voltage
monitor, current monitor surrounding the cathode (Rogowski coil)

for Snark, X-ray fluence and deposition versus depth calorimeters.

1.1.4 November 1970 to July 1971 (Project 21-294).

a. Diode impedance studies (Snark)--correlation with para-
pofential model. Measurement of current density variation with

radius and time at anode plane.

b. Extension of beam transport in Z-pinch (Snark) to 700 kv,

300 kA showing efficient transport.

c. Development of two magnetically isolated cathodes and

demonstration of beam mixing by injecting into a Z-pinch (Snark).

d., Demonstration of current density control using straight

and tapered Z-pinch transport (Snark and PIML) .




. e. Efficient beam transport in Bz'(Snark). Extensive
parameter scan of field strength, gas pressure, preionization,

transport distahce, and current density.

f. BSuccessful feasibility test of beam convergence in B,

using a ring cathode and a conical BZ field configuration.

g. Extension of diode impedance lifetimes with Bz applied
to the diode, |

1.2 PROGRAM REVIEW

The overall goal of the DNA-funded beam and diode programs

(PI Projects 21-227 and 21-294) has been to obtain the necessary

technical background to design a system from the viewpoints of
cost, ease of operation, and reliability. When the 21-294 pro-
gram was presented to DNA last October, our experience pointed
to several possible generator-diode-transport systems, all of
which required further experimental investigations. Examples

of systems considered at that time are:

Be—System: Several 1 to 2 MA tubes or a single tube with a
large-diameter ring-cathode array (cathode magnetically isolated),
using linear pinch transport tubes to a common focal region with

or without a separate combination stage.

Neutral Gas: Many small conducting pipes carrying =100 kA

each, emanating from an array of diodes focused to a common point
with or without a separate combination stage. 'The combination
stage was envisioned to be either a neutral gas chamber at a
pressure which gives rapid electrical neutralization but in-

complete current neutralization, or a short linear pinch stage.




'BZ Solenoid System: Several linear solenoids from separate.

tubes converging to a common focal region with or without a -
compression stage. Mixing or superposition of the individual

beams was deemed unfeasible.

Conical BZ SYStem: Current from a large ring_cathodel
following along field lines to a smaller diameter region without
change in the current density. This system was designed to give
a relatively cold beam at formation, to minimize_totai magnetic:
field energy, and to aﬁoid the necessity of beam'compression.
Moreover, it was felt that such a system would ailow a greater
degree of beam compression, if desired, than linear solenoid

systems because of the lower beam temperature.

With these systems in mind, let us briefly review the state

of the art at the start of the beam program last fall.

a. Diodes--virtually no investigation of impedance with
currents substantially beyond the critical current (Ic = 8500 By
r/d) ; impedance collapse was postulated by PI to be due to

anode plasma hydrodynamic motion.

b. Neutral Gas--transport efficiency dropped to about
30 percent over a meter when v/y was increased to the range
of 4 to 5.

P
N

c. By (linear pinch)--transport efficiency 5 90 percent

over 2-foot distances.

(.0
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d. Bz—-solenoid transport showed large scatter (40 tb _
85 percent) in transport efficiency over distances of ~ 1 meter
at v/y in the range of 2.5 to 15. Preionization was shown to
increase transport efficiency at higher current densities. The
only modeling of transport efficiency was a diamagnetic pressure
balance equation (Naval Research Laboratory, Cornell, Reference
1.2) which appeared to be inconsistent with adiabatic mirror
compression results (Cornell, Reference 1.3}. Mirror field
geometries near the diode were shown to result in large beam

energy losses.

Our program was therefore designed to fill in the many
technical gaps of the various syétems and to extend the existing
8' B work to the higher v/y and current densities. Our

empha51s was both to demonstrate as many features of each system
as possible with Snark and to elucidate the- physics involved in
these features, 1nasmuch as none of the systems appeared to be
strictly addltlve.or modular. More spe01f1cally,-we list below
the technical investigations deemed necessary for definition of
the systems previously described and indicate the present status

of the experimental work for each task.

1.2.1 Diode (B, = 0) Tasks (Work Required for Be and

Neutral Gas Systems).

a. Model impedance versus geometry and voltage, and design

078 to-1-ohm-diode

b. Design high current, magnetically isolated cathodes




c. Achieve impedance lifetimes of ~ 120 nsec

d. Define beam injection conditions (jz(r,t)) using

apertured Faradéy_cups

Status of Work: All major program goals have been accom-
plished for the diode work. Parapotential modeling of impedance
has been verified, thereby allowing design of cathodes for
currents above IC. Reprodﬁcible operation of diodes at Z2 £ 1
has been achieved with impedance ccllapse only after ~ 110 to
120 nsec. Magnetic isolation designs have been tested. The
apertured-Faraday-cup work has given the time dependence of the
current density, 3j(xr,t), for several cathode configurations and
has shown the existence of current density out to radii equal to
the cathode radius even when a portion of the beam pinches

strongly.

1.2.2 B8 System Tasks.

a. Extend transport studies using Snark beams, develop

scaling laws for field requirements

b. Investigate limits of fluence control using both linear

and tapered pinches

c. Investigate beam combination feasibility in linear

pinch geometry

@

Status of Work. The linear pinch transport program has

successfully demonstrated and modeled transport of 13 kJ beams
over distances of 2 feet with efficiencies 2 90 percent.

The feasibility of beam combination as a linear pinch has also




been demonstrated. TFluence control (50 to 250 cm2) has been
shown by varying beam injection time in straight pinch and in _
tapered pinch configurations. Summary details of this work are

given below.

Pinch Transport.

a. Efficient transport has been observed for beam currents
between 120 and 310 kA, with average current densities over the
cathode surface between 104 and 4 x 104 A/cmz. Peak current

densities have béen in the range of 105 A/cm2 (this last number

is based on apertured Faraday cup data from a 120 kA beam on the

738 machine). Transported total energies have been 4 kJ to 13 kJ,

at voltages of 500 kV and 750 kV respectively.

b. Fluence control has been demonstrated.by varying the
transported beam area from 240 cmz-to 50 cm2 at the 13 kJ level

on Snark. (Also fluence control on 738 machine experiments.)

¢. Single-particle motion in the external field of pinch

explains all data to date. Scaling of these results requires:

i Transport in a background medium with high
conductivity to provide good current neutralization.

ii Bg large enough at a given radius to turn energetic
electrons back to the beam channel before they reach
the wall. .

iii—Injection—of beam particles—into-pinch-field
regions of positive drift velocity.

Beam Combination (450 kA Total, 650 keV, 17 kJ). Combination

has been achieved with transport efficiency at approximately 920




to.loo.percent, when two beams were injected inside a collapsing (;)
Z-pinch current sheet. Witness plate damage at the end of the
45-centimeter-long transport region clearly shows mixing of the

two beams in an azimuthally symmetric pattern. As in the single

beam experiment, the beam area can be varied by variation of

injection time into the collapsing Z-pinch current sheet.

Beam Compression with Tapered Pinch; PIML Beam 350 keV, 2 kJ.

Beam area has been reduced by a factor of two in the tapered

pinch; however, transport efficiency was obsérved to be ~ 50 per- _—
cent. The data indicate.(l) compression of the beam up to

1.3 usec after firing the Z-pinch, (2) failure to compress at

times beyond the 1.3 psec injection time.

1.2.3 BZ Systems Tasks.

a. Characterization of diode impedance versus tube geometry, -
voltage, and applied field, : _ (;)

b. Modeling of impedance collapse with Bz. |

¢. Investigation of transport efficiency versus Bz' gas

pressure, and degree of preionization.
d. Determination of length scaling of transport efficiency.

e. Investigation of conical BZ system feasibility.

Status of Work. Linear solenoidal transport work has ac-

complished the .generating and transporting of beams with peak
current densities of lO4 to 105 A/cm2 (nonuniform current densi-
_ties) over distances up to a meter with transport efficiencies

> 80 percent. Diode current density has been shown to exhibit a

10




Q:) radial dependehce_which,has been quaiitatiVely modeled. Thé
impedance has beeh'maintained over the acceptably long times of'-
" ~ 120 nsec, even at'current densities Z 30 kA/cmz._ Preliminary
experiments with the conical Bz system on Snark have shown.that
a sheet beam from a large annular cathode can be reduced in
diameter without compression. More specific-dafa'bn solenoid

transport are given below.

a. DNA Mylar Line (DML) (120 keVv, 135 kA) transport data
showed 90 percent transport efficiency at 105 A/cm2 (v/Y ~ 35)

over 20 centimeteéers upon injection into a preionized plasma.

b. Physics International Mylar Line (PIML) transport data
at 200 keV and area averaged peak current density of 3.5 kA/cm2

showed better than 90 percent transport efficiency for 1 meter.

<:> ' c. Snark transport data at 600 keV mean energy and area-
averaged peak current density of 9 kA/cm2 over 60 cm2 achieved

90 percent efficiency over 1l meter.

d. Snark experiments with 20 to 30 kA/cm2 area-averaged
current density peaks show a transport efficieﬁcy of about
80 percent at 1/2 meter. The peak current density on the beam
axis is of the order of three times the area-averaged current
density, or, in other words, 40 percent of the total current

flows within about 10 percent of the beam area.
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e. Neutral gas study tasks: this portibn of the program
has addressed only one specific aspect of such systems; i.e.,
can relatively cold beam injection conditions be achieved in
the diode at 1 MeV with uniform current densities in the 25.kA/cm
range? Such an accomplishment would eliminate the necessity of
substantial beam compression. Our relatively small effort has ‘
not been promising. It would seem that any neutral gas system
will require considerably more work to demonstrate feasibility.
In particular, a more attractive approach would be to extract |
much lower current densities, followed by compression before the
converter is reached. This status must be compared, of course,
to the already demonstrated ability to efficiently transport high
current density and high v/y with Be and BZ systems.

2
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SECTION 2
DIODE STUDIES, B, = 0
by B. Ecker

2.1 INTRODUCTION

In the context of the continuing development of intense
high v/y electron beam generators, the following studies
of high v/y diode physics have been performed under the projects
titled "Development of an Advanced X-ray Source" and "Advanced

Photon Source Technology Program."

2.1.1 Diode Impedance.

a. Impedance lifetimes must be long enough for the genera-
tor energy to be converted into relativistic electron current in
the diode. Impedance collapse, the drop in diode impedance
apparent from diode current and voltage diagnostics when solid
cathodes or small anode-cathode gaps are used, must therefore

noct occur earlier than ~ 130 nsec.

b. A verified physical theory of the pinched beam diode

that predicts diode current as a function of cathode dimensions,

anode-cathode spacing, and applied voltage is requiiéd.so that
diodes can be routinely designed to accommodate future generator
output specifications. For example, diode impedance in the
range 0.8 to 1.0  was necessary in the program just completed

in order to sufficiently match the Snark generator.
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2.1.2 Beam Radial Structure at the Anode Wlndow. - In ‘
addltlon to being directly relevant to the attainment of desired | <~)

current densities, the radial structure of the current density

at the anode window is an important initial condition for beam
transport systems. With B, = 0, the By (linear pinch) and
neutral gas configurations are the relevant systems. It was

well known at the outset of the program that high v/y beams pinch
in the diode, with much of the beam energy concentrated around
the axis over a cross-sectional area considerably smaller than

the cathode area. However, it was not clear if indeed all of
the electrons are swept in toward the axis or if some current | ~

reaches the anode at radii comparable to the cathode radius.
Since there ig much more cross-sectional area at the larger

radii than near the axis, relatively low-current densities flow-
ing in the "wings" could possibly result in a substantial portion
of the total energy being left out of the tightly pinched, high-
current density cors. In view of the relevance of this possi-

bility to attainment of the desired beam specifications and to

\
M

the entrance design of beam transport systems, the radial struc- (J
ture of the current density was investigated at the anode plane

using Faraday cups specially developed for this purpose.

2.1.3 Multiple Diode Decoupling. One alternative design

plan for higher current generators involves combination of
parallel beams generated from a number of diodes. in a single
tube. 1In this configuration, however, the individual high-
current diodes are perturbed by asymmetries in the diode return
current path and by the net magnetic field due to the other

diodes in the tube. Studles have therefore been necessary “to
determine if these effects, described below, can be suppressed

in the anode-cathode gaps where the beams are generated.

Regults regarding diode impedance, beam radial structure,
and decoupling of diodes, with Bz = 0, constitute the next four

subsections, .
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2.2 DIODE IMPEDANCE.CHARACTERISTICS

2.2.1 Impedancé Collapse. The use of anode-cathode spac-

ings of less than 4 mm in low impedance diodes brought with it

the phenomenon of impedance collapse. The term impedance collapse
connotes an appreciable drop in diode impedance during the pulse.
Diode impedance is, in general, a function of voltage and geo-
metry (dimensions). The time-dependence of the applied voltage

is therefore one cause of time dependence in the impedance, but

we were unable to find a causal relationship between the measured
variations in diode impedance and those in voltage alone. For
example, the voltage rises, peaks, and declines, While in most

cases the impedance declines monotonically throughout the pulse.

"It became clear that we needed to hypothesize that impedance is

affected by time variations in the geometry as well as in the
voltage. The explanation suggested by this program involves the
physical closing of the anode-cathode gap, do' due to expansion '
of the anode plasma at a rate of typically 1.5 cm/usec. 1In
studies using the DML generator, a model was developed in which
the anode is assumed to consist of a highly conductive plasma,
exploding from its midplane at a velocity of 1.5 cm/usec,
beginning at t = .10 nséc. This explosion is the thermomechanical
response of the anode to the high energy density loading of the
electron beam. This anode velocity is consistent with framing
camera data taken on other e-beam machines at similar dose levels.
Figure 2.1 shows the good fit to the data that this model gives.

The solid lines are empirical impedance values calculated using

4.27 x 105 d2

7 = & (mks) | (2-1)
v 7 A

*
Measurements of the radial structure of the current density J

(r,t), described below, showed that the beam had not yet pinched
during most of the interval shown in Figure 2.1, so that the use
of Child's Law in this analysis is justified.
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Time, nsec

Figure 2.1 Diode impedance with solid cathode, DML generator.
Solid lines indicate theoretical, points indicate
experimental.

where A is the cathode emission area, d = d —'v(t~10_8L v o=

1.5 x .'LO_8 m/sec is the assumed anode velocity, t is the time
(¢ > 10 nsec) and V_ is the diode potential difference in mega-
volts. The individual points in Figure 2.1 are the experimental

data, with the error bars indicating a spread of three shots.

These results were obtained using "solid" cathodes, that
is, cathodes with needle electron emitters distributed over 0

<r < out where r is radial distance measured from the longi-

Pl 5,
\_ /’J

THdingl (¥ 1itder) axfgwaﬁdmrgGE“ismthemcatho&ewoutermradiub

(Figure 2.2). To delay the effects of impedance collapse,
"hollow" cathodes were used on which the electron-emitting

surface extends over rin Srsr an annulus. This configu-

out’ .
ration was tested on the basis of the following gualitative
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arguments. The high-current beams pinch and deposit energy in
the anode most héavily near the axis (near r = 0). At early
times, though, enérgy deposition does occur in the anode directly
opposite the annular cathode surface. But before pinch, the cur-
rent is relatively low and is distributed over a large area,
while after pinch the current is higher and is distributed over a
much smaller area. The total deposited energy dose per unit area
in the anode is not great enough to cause immediate anode explo-
sion opposite the cathode; rather, the high-velocity anode expan-
sion primarily responsible for impedance collapse occurs in the
vicinity of the axis, and impedahce collapse is suppressed if ri,
is sufficiently large (Figure 2.2). This effect is clearly visible
in Figure 2.3, which shows a typical impedance time-history using
the large annular cathode shown in Figure 2.8a. The impedance

waveform reaches a relatively constant plateau, and not until

~very late in the pulse does it exhibit apparent collapse.

: e
Although a guantitative theoretical prediction of the entire
waveform has not been attained, a steady-state approximation has
been derived which predicts the impedance during the plateau

phase (Appendix A).
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Figure 2.2 Anode expansion in relation to (a) solid cathode and

(b} hollow cathode. Expansion is hypothesized to be

greatest near axis; hollow cathode is least affected. (i)
. i B
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Figure 2.3 Impedance waveform, Shot 687. Peak current was

498 kA at t = %0 nsec.
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2.2.2 High v/y Impedance. Child's Law, expressed as an

impedance formula in Equation (2-1), successfully predicts the
voltage—current'characteristics of planar diodes only when the
electron velocities are paraxial, since this condition is assumed
in its derivation. When the beam pinches in the &iode,'this

condition is no longer satisfied and Child's Law is inaccurate.

The cause of pinch is the strong azimuthal magnetic field whose

source is the beam current itself.

An approximate criterion for the current level at which
diode pinch occurs has been given by Friedlander and Jory
(Reference 2.1). Their model assumes that pinching of the beam
will begin when the diode current is equal to Ic,'which is the
largest possible current at which an electron emitted paraxially

from the edge of the cathode can reach the anode, due to

influence of the self magnetic field. This critical current is

Ic(amps) = 8500By (xr /do) : : (2-2)

out

where

rout = cathode outer radius

do = anode-cathode spacing

_a20-% _ 2
(1 B™) =1 + evo/mec

This model assumes that there is no space-charge neutralization

electric fields. It gives no information as to the velocity of
the pinch collapse or the current distribution at the anode
during the pinch. This expression for Ic can be derived by

setting the anode-cathode spacing do equal to the Larmor radius
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of an electron with kinetic energy évo (v, = diode potential)

moving in the maghetic field at the cathode edge. (This is an

approximate calculation, but the same formula for Ic_results from

spatially revolved EM trajectory calculations for an electron
emitted paraxially at the cathode edge, 1if it is assumed that the
applied axial electric field is uniform, the magnetic field
varies negligibly over the trajectory, and the radial electric

field is zero.)

As an example, consider the parameters typical of some of
'rout = 72.8 mm,
do = 3.5 mm, By = 2 (Vo ~ 500 kV). This gives I~ 350 kaA.
Currents of about 500 kA were attained at 500 kV, which suggests

our diode experiments on the Snark generator:

that diode pinch is to be expected. Witness plate damage and

J(r,t) measurements, described below, verified this.

The only aﬁalYtical framework (to our knowledge) developed
for the description of diodes with pinched flow (strong self-
magnetic fields) is that of parapotential flow theory, which hag
been applied to the case of the high—currént, high v/v diode by
de Packh (Reference 2.2), Friedlander, et al. (Reference 2.1),
and Creedon (Reference 2.3). This picture rests on the possibil-
ity that there is a class of electron trajectories in the diode
that are force-free. To see this, consider the following
arguments: in beam pinch, electrons emitted near the cathode

outer edge, r = ¢ move to a much smaller radius as they

out’
traverse the anode-cathode gap. Such an accumulation of charge

)

near the axidé wust depresg the dxidl electric field at the
cathode at interior radii, so that electron emission is pre-
dominantly from the cathode periphery. The instantaneous equipo-

tentials of the applied field are pictured as in Figure 2.4a.
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Anode Anode

Cathode

NN

Equipotentials Idcalized /
s / equipotentials
. (a) (1) _
Figure 2.4 (a) Physical schematic of equipotentials during

pinched flow;

(b) 1Idealized equipotentials along which electrons
are assumed to flow toward axis. Circled area
with guestion mark indicates region of orthopoten-
tial flow untreated by parapotential model.

The electric force is of course perpendicular to the equipoten-
tials. An electron moving radially inward along a single equipo-.
tential ailso éxperiences a magnetic force (due to the azimuthal
magnetic field Bé) that is also perpendicular to the equipoten-
tial and is opposite the electric force. These two forces will
be of equal magnitude and cancel if the electron velocity divided

by the speed of light is B = E/Be {cgs units); in such a case no

- net force acts on the electron, and its motion is force-free as

well as parapotential. (This is akin to the situation in a

interelectrode space.) The assumption of steady-state

(3IO/Bt = 0), parapotential, force-free flow provides partial

information on the spatial dependence of the current density,

charge density, and fields. The added requirements of Ampere's
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law and Eoisson's'equation result in a fundamental equetion of
the flow [ de Packh (Reference 2.2)]:

v2v = 2r %ar?/a%v (cgs) | (2-3)

where r is the radius in cylindrical geometry, V = V(r,z) is the
potential, and I = I(r,z) is the total current flowing within
radius r through the plane z = constant. Solutions to Equatien
(2-3) indicate that a "bias current" must flow in the axial |
direction inside the parapotentlal flow in order for the condi-
tions for the flow to be satisfied. The bias current, arbitrary
except for a lower limit, is included in the current I in
Equation (2-3)} analytically it is a parameter whose physical
origin is outside the theory as it now stands. de Packh has
shown that the minimum allowable bias current corresponds to
electron parapotential flow along all equipotentials, including
those grazing along the anode. Higher bias currents constrain
the flow to lower-lying equipotentials, raising the impedance of
the diode. |

A simple picture due to Creedon (Reference 2.3) that facili-
tates application of the parapotential analysis to high-aspect-
ratio planar diodes is shown in Figure 2.4b. The equipotentials
of Figure 2.4a are idealized into conical surfaces over most of
the interelectrode region. The electrons are assumed to be
already flowing along the equipotentials just outside the cathode

edge; the model does not attempt to describe why or how thls

Oy

@

occurs, although emission from the cathode shank is the probable
source. Near the axis, Figure 2.4b is unphysical. Presumably
~the flow near r = (0 is orthopotential and is not included in this
model. It is assumed that the flow near r =0 does not effect
the parapoteﬁtial flow elsewhere in the diode. The model does

not treat the distribution of current at the anode plane.

24




N

O

S

As developed fﬁlly in Appendix A, Creedon freats the
"grazing" case mehtioned above and finds the voltage-current
characteristics shown by the smooth curve in Figure 2.5 for which

I = 8500 (r_./d ) v in[y + (y2 - 1)%] (mks) (2-4)
o out’ "o . _
The total current-IO was measured using a calibraﬁed Rogowski
coil embedded around the diode, and the voltage VO was measured

using capacitive dividers in each of the two Snark modules and an

annular capacitivefdivider around the diode. The latter voltage

moniter and the,Rbgowski coil, illustrated in Figuie 2.6, were
specially designed for the stringent spatial requirements in the
Snark tube and diode. Output waveforms for two shots are shown
in Figure 2.7. The results of many such measurements are plotted
in Figure 2.5 for comparison with Creedon's predicted curve.

They agree well with the steady-state parapotential calculations
over the ranges of 7.26 <r_  /d_ < 20.8, 170 kV <V_ < 970 kv.
The type of cathode surface used, roll-pin -or concentric circular
ridge (Figures 2.8, a and b and 2.9) does not éppear to be dis-
cernible from the data. This gives added support to the view
that in the pinched beam case, beam electrons originate primarily
near the cathode periphery, rather than from the planar cathode
surface. We intérprét these results to be strong evidence that

parapotential flow occurs in our diodes around the time of peak

current. Equation (2-4) has therefore assumed the status of a

verified formula which indicates the diode geometry rout/do to be

used to obtain desired current IO with diode voltage VO,
2.3 DECOUPLING OF DIODES

To study the current feed and magnetic interaction perturba-

tion effects of adjacent diodes, a double diode configuration,
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Figure 2.5 Comparison of theoretical (Cf Equation (2-4) and Appendix
A) and experimental results for impedance of diode with
pinched flow. For this comparison, experimental data
are restricted to dr/dt = 0: Io = Io(t) max =
Io{tp); Vo = Vo(tm); each experimental point (I,, Vp)
comes from a single beam pulse.
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Rogowski
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Mylar _/ do
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Capacitive ' .
voltage : High wacuum
divider

Figure 2.6 Snark anode-cathode configuration showing diode current
and voltage diagnostics {not to scale).
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Figure 2.7

Shot 687

106 kAlem 302 kviem

Diode current (Rogowski coil) and voltage (annular
capacitive divider) waveforms from two Snark pulses.
All traces are 50 nsec/cm: (a) shot 687: d, = 4.0 mm
using cathode of Figure 2.8a. Note surge in current
beginning at t = 140 nsec, corresponding to a sudden
drop in voltage trace. Comparison with Figure 2.3

..shows. also. that impedance begins sudden plunge at.this.. |

time. All three indications are symptomatic of the

late but sudden type of impedance collapse encountered
using large, hollow cathodes; (b) Shot 692: dp = 6.4 mm
using cathode of Figure 2.8b. Increasing both dy and

r;, over the values used in (a).
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Figure 2.8b Same cathode shown in Figure 2.8a, but with inner
roll pins removed to give Tin = 5.5 cm.
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Concentric ridge cathode with variable
radius.

30

inner and oguter




O

illustrated in Figurés 2.10, 2.11, and 2.12, was used on the Snark

‘machine. Cathode shanks were 3 inches in diameter and were 2.86

centimeters apart;{ As shown in these figures, each cathode was
directly exposed to the magnetic field of the other over a 2
centimeter length at the cathode base. The individual anode-

cathode gaps were magnetically shielded by the separate 4-inch-

diameter cathode enclosures, so the two beams could not directly

attract each other. 1In addition, it can be seen that each

cathode in its cylindrical conducting enclosure can be viewed as

a cocaxial transmission line in that the current flowing along the

shank will induce a reverse current in the surrdunding wall. For

a single-cathode configuration, with the cathode concentric with |

the tube axis, the induced return current is azimuthally uni form

as: it leaves the cathode enclosure and flows radially away along

the inside surface of the horizontal. anode support plate. For a
double cathode arrangement, however, the induced return current
in each cylinder wall must be peaked opposite the central axis
simply because it must be zero near the central éxis. Since
antiparallel cufrents repel each other, this effect causes the
shank current to flow primarily along the “inside"_portion (i.e.,

near the central axis) of each cathode. The direct exposure of

each cathode to the other's magnetic field in the gap D, has the

same effect, since the parallel shank currents attract each other.

In order to generate unperturbed, uncoupied beams, it is
evident that the ratio D3/Dl (or D3/D2, if D2 were larger than
Dl) must be sufficiently greater than unity, so that the cathode

negligibly transmitted to the anode-cathode gap where the beam is

generated.
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Figure 2.11 Cathode on extended shanks used in double diode
experiments to give D3/Dl = 3.12.
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Figure 2.12

Z-pinch apparatus for beam combination
experiment, Note dual cathode arrange-
ment with two Rogowski coil cables at
base of pinch.

34

(
\

1.
ey




O

A334

_ Peak voltége across each diode was tYpically 800 kv, and
peak current in each diode was typically 220 kA, with anode-
cathode spacings do = 4.0 mm (Figure 2.13). Three set-ups were
fabricated and tested, each with a different value of D3. By -
changing D3 we adjusted the ratio D3/D1 to be 0.312, 0.625, and
3.12. 1In the first two cases, graphite witness plates immedi-
ately behind each anode foil showed damage craters that were
closer together than the cathode axes, with strongest mutual
attraction when D3/Dl = 0.312. However, D3/Dl = 3.12 gave damage
craters on line with the respective cathode axes, indicating

complete isolation of the beams, as shown in Figure 3.14.

We interpret these results to support the analysis of diode

- coupling given above, and our conclusion is that uncoupled,

unperturbed high-current beams can be generated in the same
tube, even at close proximity, by simply extending each cathode
on a shank of sufficient length in a cylindrical grounded

enclosure.

Figure 2.13 Current waveforms from shot 499 using double diode.
Peak voltage was 700 kV with anode-cathode gaps of
4.0 mm.
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Since no problems were encountered in using this technique

with individual currents high enough to pinch (which was obvious .-

from the witness plates), we assume that its only hindrance to-
generator performance is the extra inductance added to the
generator circuit by the long cathode shanks. Using the
standard formula for the inductance per meter of a coaxial line

1
meter of a number N of parallel coaxes 1is

with inner radius R, and outer radius R2, the inductance per

Lo a2 2x1077 "2
27N Rl N Rl
In the configuration tested we had R, = 1.5 inch, R, = 2.0 inches,

1 2
and N = 2, so that L = 0.288 x 10"/ ~ 29 nH/m; with D,/D, = 3.12,

the successful Case,-we had D, = 0.32 meter, so that the extra

inductance from the extended ghanks was about 9 nH, a tolerable
increment for this study. Of course, the inductance can be
decreased by increasing N, the number of diodes. For example,
eight diodes instead of two would lower the extra inductance to
2-1/4 nH, ‘a virtually negligible increment; at 250 kA per diode
(the .level at'which:we achieved decoupiing with Dy = 0.32 meter)
this- would correspond to a 2 MA total current.

“ The impedance of the 2-diode load was measured at close to

2 Q; which is a strong overmatch for Snark and gives somewhat = -

N
\,/‘4

_inefficient power delivery. Thisrimpedahce was'dug to ouxr use of

the relatively'small.cathqdé radius of 3.1 cm in each diode, so
that the 8-inch-diameter linear pinch tube could encompass the

two beams in our Be beam combination studies. 1In a practical
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system, this overmatch could be easily eliminated. Since the
impedance as well as the inductance is inversely proportional to
the number of diodes, N, the hypothetical increase to N = 8 in
the above example would give a corresponding impedance of about

0.6 2, a good match for Snark in this case.
2.4 BEAM RADIAIL STRUCTURE AT THE ANODE WINDOW
To measure. current density radial distributions at the

anode plane, J{r,t), Faraday cups were used at the anode plane

which utilized current collector faces of different diameters.

By taking a succession of shots with the various collectors, the

radial distribution of the current density at the anode plane was

measured as a function of time.

2.4.1 J(r,t) Measurements Using the 738 Generator. 1In

connection with our initial experiments on beam propagation in a

linear pinch, a 500 kev (mean), 150 kA (peak) beam from the 738
pulser was analyzed for J(r,t). The detailed results were
presented in the quarterly report PIQR-226/227-1 {(april I970},
on p. 53 and in Figure 25, and will only be summarized here. It
was found that even at times when an intense pinch of about 1/2
cm radius existed, measurable current density was observed out
to the solid needle cathode radius of 3.2 cm; the measured
distribution of current accounted for about 40 percent of the
total beam energy being delivered outside the pinch. We refer

to this as "wings" in the radial distribution of the current.

use of wider linear pinch tubes and resulted in highly efficient

beam transport with the By technique.
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Jt is also noteworthy that beam pinch occurred at a time
when the total diode current was ~ 105 kA, which is within 10_'
Out/do) for the

percent of the Critical current I, = 8500 By (r
configuration used: the voltage at pinch time was 550 kv,

corresponding td_By = 1.82, and rout/do = 31.8 mm/5 mm = 6.36,

giving I, = 98 kA.

2.4.2 J{(r,t) Measurements Using the DML Generator.
Shortly after the J(r,t) results were obtained with the 738

machine, similar measurements were made using the DML pulser
with a 3.81 cm radius solid needle cathode to see the effects
of increasing v/y from .about 3.5 (typical of the 738) to abouﬁ
25. The DML results were presented in quarterly report
PIQR-226/227-2 {(July 1970), pp. 71-72 and Figures 4.7 and 4.8;
the presence of wings containing about 50 percent of the total
energy confirmed the earlier findings. In this case, the'
guantity Ic provided only.a qualitative estimate of the current
at the onset of pinch, since now it was ~ 30 percent lower than
the 300 kA actual value.
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r <1.85cm = r..

2.4.3 J{r,t) Measurements Using the Snark Generator.

Having firmly established the existence of wings in the current
distribution containing a substantial portion of the total beam
enérgy, experiments were undertaken on the Snark pulser to
examine the effect on the wings of changing the inner radius of
a hollow cathode. Our impedance studies had already shown that
diode impedance-for pinched beams is determined by rout/do’ and
is insensitive to changes in the cathode inner radius Tin®

Since in practical generator design the guantity rout/do will be
restricted by impedance considerations, we decided to investi-
gate the possibility of utilizing r;, as an indépendent variable

to control the distribution of current at the anode plane.

The cathodes used in these experiments are shown in Figures

2.8 and 2.9. Figure 2.8a shows the 7.3 cm outer radius roll-pin

cathode w-.th its initial 13 rings of 60 pins each, giving it an
inner radius of 3.9 cm. Figure 2.8b shows the same cathode with
the 6 inner rings of pins removed to increase the inner radius
to 5.5 cm. J(r,t) analyses were made with each cathode con-
figuration at two different anode-cathode spacings, do = 4.0 mm
and do = 6.4 mm.  Figure 2.14 shows the sizes and placement of
the annuli corresponding to the cathode dimensions and the
Faraday cup dimensions. Instead of presenting the data in terms
of current density profiles, as in previous reports, it will be
more convenient here to compare the time-waveforms of current |
entering the three regions measured by the Faraday cups. Region

1 is the annular area directly opposite the roll-pins of the

cathode in Figure 2 .8. Reg ionz iS theann ular = W = = Whe = [

r, = 1.85 em < r < 4.15 cm = r,. Region 3 is the central disk

3
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Figure 2.14

Region 3

Radial design of Faraday cups used for J(r,t)

measurements. Solid circles are boundaries
of regions 1, 2, and 3 as described in text;
outer dashed circle is outer edge (r =7.3 cm)

of hollow cathode, inner two dashed 8Ercles are
the two inner edges used during experiments.
(See Figure 2.8)}--Drawn to scale.
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Figures 2.15 and 2.16 show the current aneerms in each of
the three regions and Figure 2.17 shows diode impedances for the

case d_ = 4.0 mm. The following features are evident:

a. In each case there are substantial wings
b. Removing the inner pins enhanced the wings at the expense
of the pinched core '

c. Removing the inner pins had no obvious measurable

effect on diode 1mpedance or total current waveforms

d. Removing the inner plnS delayed the onset of plnCh
although the apparent pinch velocity was unchanged. (The pinch
velocity is deduced by dividing the distance r2-r3:int0 the time
delay after a sharp current rise occurs in Region 2, until a
sharp current rise occurs at Region 3.) The'pinch_velocity with
do = 4.0 mm is v_ ~ 1.0 mm/nsec

e. Increasing &O delayed the onset of pinch.

The corresponding measurements for the case do = 6,4 mm,
shown in Figures 2.18 through 2.20, also show these effects, but

with the pinch velocity increased to vp ~ 1.6 mm/nsec.

These results indicate that the critical current Ic (Equation
2-2) is at best a qualitative estimate that tends to be low.
In fact, if by "pinch" we fundamentally mean a concentration of
current at the axis, then IC as given by Equation 2-2 has been
too small by a factor of about 2.5, as Figures 2.16 and 2.19

clearly show. Other considerations that emphasize the very

a. The fact that the pinch time changed noticeably (by
15 to 20 nsec) when r,, was changed. Eqguation.2-2 and its deri-

vation include no effects of r, i and
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Figure 2.15

Time, nsec

Curréents in radial regions 1, 2, and 3 using
cathode with inner pins; do = 4.0 mm, peak
voltage = 500 kV.
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Current in radial regions 1, 2, and 3 using

cathode without inner pins; do = 4.0 mm, peak

voltage = 500 kV.
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Figure 2.17 Snark diode impedance using d_ = 4.0 mm, r
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b. The fact that with unchanged voltage waveforms thé time
of pinching changed considerably when do alone was changed. By

dividing Equation 2-4 by Equation 2-2 we get

I ,
o _. _1 2 5 :
*f—c- = B in [Y + (y" - 1) 2] | .2—5

which is a function of voltage only. Since voltage waveforms of,
for example, shots 690 and 692 varied insignificantly (Figure
2.21), Equation 2-5 would predict the pinch time history of these
two shots to bé unchanged, and yet Figures 2.16 and 2.19 show a
shift of almost BQ nsec when do was increased from 4.0 mm to

6.4 mm. Since Equation 2-4 for IO has been upheld in this study,
it follows that Equation 2-2 for I, is the source of the dis-

agreement between:Equation 2-5 and experimental results.

! ] 1

500

400 —
%

"5 300 -
~

200

100

| | NS
0 0 50 100 150 00
Time, nsec

Figure 2.21 Diode voltage waveforms held virtually constant
when do was changed from 4.0 mm to 6.4 mm.
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The fact that the Wings in the current distribution
intensify when the inner radius is increased suggests that the
wings would be minimized when ri,= 0. However, this was not the
case for the 738 and DML studies, which showed substantial wings.
We therefore have not been able to demonstrate appreciable con-
trol of the wings, although the use of solid cathodes probably
mlnlmlées them and'optlmizes beam pinch However, with solid
cathodes the 1mpedance collapse problem necessitates the use of
an anode-cathode gap d > 3.5 mm, which in turn demands a large.
diameter cathode in order to achieve sufficiently low 1mpedances,
however this will generate large diameter wings, which is what
was to be avoided in the first place. It appears, then, that
this problem is insurmountable without substantially more

theoretical and experimental effort. Although the analysis of

~current flow in the pinched beam diode is a very interesting,

largely undeveloped, and possibly very fruitful area for further

investigation, we are not recommending additional effort in view

of the overall goals of the DNA beam program, which we feel
should involve the utilization of a Bz beam tfansport system,
with B in the diode. Following a review of diode results with
Bz = 0 we discuss our investigations of diode physics w1th an

applied axial magnetic field.
2.5 CONCLUSIONS, DIODE PHYSICS WITH BZ =0
Our 1nvest1gatlons of diodes w1th B = 0 can be grouped

into the categorles of diode 1mpedance, radlal structure of the

current flow, and decoupling of diodes.
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Diode impedahce-prior to beam pinch has been'accuratély
modeled using Child's Law with'time ~dependent anode-cathode
spaCLng to describe the hydrodynamic expans1on of the anode due
to beam energy deposition. U51ng large diameter hollow cathodes,
diode impedance under pinched beam ‘conditions has been success-
fully predicted at the time of maximum current by a spec1ally _
adapted applicatibn of parapotential flow theory. In other
words, we have, for the first time, verified.a practical scaling

law for the design of diodes in the voltage~current regime of

.prime interest. -

Diode decoﬁpling studies were necessary because of the
strong mutual magnetic field interaction of high current diodes
in the same tube, and because of the current path asymmetries
involved in a multiple-diode configuration. Successful
decoupling was achieved based on simple geometrical arguments
which explain that sufficiently long, individually enclosed
cathode shanks provide the needed decouﬁling’of anode-cathode
regions, and that impedance and inductance problems are easily'

avoided by proper choice of the number of diodes.

Stﬁdies of the radial struéture of pinched beams at the
anode plane revealed chronic wings in the radial distribution of
current limiting the current density and energy in the pinched
core and nece551tat1ng that the linear pinch (Be) beam transport
option have a beam compression capability that we were unable

to achieve during the course of this program.

In view of the latter complication (and other important
features relating to Be versus BZ transport, elaborated below),
we have recommended that emphasis be shifted from diode studies
with Bz = 0 to diode studies with an applied Bz field. The work
accomplished in this area under the projects titled "Development

of an Advanced X-ray Source" and "Advanced Photon Source

' Technoiogy Program" is discussed in the following sections.
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SECTION 3

BEAM TRANSPORT IN AZIMUTHAL
Bg) MAGNETIC FIELDS

by J. Benford and B. Ecker

3.1 INTRODUCTION

Previous studies (Reference 3.1) have shown that the proPa-
gation of intense relativistic electron beams in neutral gases
is accompanied by fundamental loss mechanisms. These losses are
substantial and make efficient transport of intense beams with |

currents greater than 105 amperes prohibitive.

The first of the mechanisms is loss due to repulsive electro-
static self-fields. For a beam current density of'lO5 A/cm2 the
electron number density is 2 x 1013 cm—3. Such & beam with a
1 cm diameter has an electric field of 5 x 106 volts/cm at its

surface. Under the influence of such a field a beam expands to

 many times its initial diameter in times of the order of a nano-

second, which precludes the possibility of beam propagation or
manipulation. When injected into neutral gas, the beam must
first ionize atoms and expel electrons to achieve neutralization
of the electrostatic force before it can propagate. Until this
neutralization is achieved, (typically a few nanoseconds), the

beam is lost by expansion.

The second loss is caused by the rapid rise of beam current
(1012 - 1013 A/sec) which induces a strong back-emf. Beam elec-
trons are decelerated by this electric field and the energy they

lose goes into creating the magnetic field of the beam. To
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estimate this back-emf, consider a uniform beam of radius g and
infinite extent propagating inside a metal cylinder of radius R.

A line integral of Faraday's Law gives the axial field

dI

3, = __% [1+4n (R/rb)Z] T (3-1)
c T
. _ ' 13 1 om o
Typical values are dIi/dt = 10 A/sec, r. = 1.25 cm, R = 5 cm,

. b _ .
'EZ = 4 x 106 volts/meter. MeV electrons in such a high dI/dt

beam can thus lose their energy in transport over distances as

short as a fraction of a meter.

These two loss mechanisms involve the presence of electric

fields, which can be thoroughly quenched by filling the transport

region with plasma of high conductivity. Radial electrostatic
fields are eliminated by expulsion of plasma electrons from the
beam volume, and axial fields are neutralized through the action
of plasma electrons inductively accelerated in the direction
opposite that of beam propagation. This latter motion results
in the net current being less than the beam current, an electro-
dynamic effect termed current neutralization; The condition for
the beam current to be neutralized is Ty >> TB' where t =

4wga /c is the magnetic diffusion time of the background plasma
(a = beam radius, ¢ = plasma conductivity), and tB is the beam

- pulse duration.: In highly conductive plasma the beam current is
highly neutralized; propagation of a beam through the plasma

cannot modify the net magnetic field initially present.
3.2 PREIONIZATION EXPERIMENT
The solution to the two loss mechanisms described above--

preionizing the gas in the transport region—--introduces another
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loss mechanism. Because the conductive plasma keeps the beam
volume free of both electric and magnetic fields, an injected

electron beam must have relatively small radial velocity compo-

‘nents if it is not to expand greatly in a short distance. A

high V/Y beam, therefore, should not propagate in a preionized

gas if there is substantial transverse beam energy. This trans-

verse energy is due to the interaction of beam electrons with

the large magnetic field of the beam (pinch effect), an inter-
action that occurs in the field-emission diode where the beam
is generated. Consequently, beam electrons entering the drift
region (through the transmission anode) have a significant frac-

tion of their kinetic energy 'in transverse motion. Spence et al.

(Reference 3.2) have inferred mean angles of 40 degrees in a
160 kA, 550 keV beam (V/y = 4.7) using transmission foil and
dose-depth measurements. Upon injection into a preionized plasma,
such a beam should rapidly escape to the walls. We have per-

formed an experiment to check the correctness of these deductions.

The beam utilized in this experiment was produced by the
Physics International Model 738 Pulserad which uses a cold field-
emission planarldiode having a multi-needle 6.4-cm-diameter
cathode and a thin foil transmission anode. Beam current and
energy were measured in the diode using a resistive voltage
monitor and self-integrating magnetic field probe (Reference 3.3).
The beam was found to have a peak current of 210 kA and a mean
energy of 200 keV during its 85 nsec duration (Figure 3.1).

Owing to beam self-pinch in the diode, most of the beam current

flowed within a 1 cm radius at the plane of injection.
The experiment consisted of examining beam propagation

through two adjacent regions: Region 1 and Region 2 (Figure 3.2),

using measurements of net current and observations of witness
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plate damage. A preionizing gas dischargé was set up in Region 2
between a stainless-steel screen cathode and aluminum plate anode
with a separatibn_cf 25 cm. The configuration is similar to that
of a linear pinch; but the discharge here was approximately uni-
form through the entire volume because the total inductance of
the discharge circuit was high enough to prevent self-pinch of
the discharge. There was leakage of ionized gas across the
screen into Region 1 due to expansion of the heated plasma in the
discharge proper, SO tha£ the gas in Region 1 (a i—cm gap) was
partially ionized: Even 0.0l percent ionization'gave a free
electron density comparable to that of the electron beam. The
gas in Region 1, therefore, was preionized--in the sense of this
experiment~-though its conductivity was probably not as high as
that of the gas in Region 2. The beam was injected into Region 1.
The screen, a 15 percent mesh, intercepted only a small fraction
of the incident beam, which passed into RegionVZ. The cathode

screen and anode plate served as witness plates for damage due

to the beam. Four Rogowski coils were used to monitor net current:

l' 2, and R4 had fast risetimes (~ 1 nsec) and their outputs
were 1ntegrated to measure net beam current, with L/R typlcally
600 nsec; R3 monltored the discharge current and was RC-integrated
with RC = 103 psec. The axial positions of the Rogowski coils

are indicated in Figure 3.2.

The peak discharge current in Region 2 was 40 kA. Since the

. current was distributed over the 5-cm-diameter tube, the maximum

field in Region 2, about 3 kG, was at the wall. The discharge
current had a 5 usec quarter-cycle time. The beam was injected
at peak current_using delayed triggers which synchronized the
firing of the electron beam and gas discharge. ' No external

voltage was applied across Region 1l; and the time scale for
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hydrodynamic diffusion of the low energy plasma from Region 2
into Regioﬁ 1 was very long compared with the charge relaxation
time, so that it is reasonable to consider Region 1l to have been
field-free. o ‘

Using air as the background gas, beam propagation was ob-
served under neutral and preionized conditions at 190 H. 1In
Region 1, screen damage clearly supports the physical picture of
beam propagation presented above. Injection into neutral gas
.always resulted in lbcalized on-axis disintegration of the
screen, indicating propagation of some portion of a pihched
beam. Preionization always resulted in the bowing of the intact
screen away from the diode, indicating that in traveling through
1 cm of plasma the intense pinched beam became a diffuse, locally

weak beam.

Net current data for Region 1 is shown ianigure 3.3. In
neutral gas the back-emf caused gas avalanche at 8 nsec, at which
time current neutralization began. The net current was much
lower in the preionized case than in the neutral case. (The
early time behavior of the signal in the preionized case is not
understood: .the measurement indicated the presence of a mag-
netic field whose sense would correspond to a net current in the

upstream direction for t < 16 nsec.)

It is seen that current neutralization in preionized gas 1is
not complete, due to the conductivity of the‘plasma. Although
expansion of the beam was great in only 1 cm, some of the beam
reached Region 2, where the field due to the on-going discharge
was non-negligible, and would tend to limit expansion. It was
observed that with preionized gas in Region 2 small portions of

the electron beam reached the witness plate/electrode and caused
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FiQure 3.3 Net beam current waveform from Regibh 1, usihg'
neutral and preionized air.

scanty off-axis damage 25 cm downstream from the plane of in-
jection. Propagation through Region 2 in neutral_gas was better
and witness plate damage was reproducibly on-axis. The net

current measurements provide an explanation. Peak values of the

net current waveforms for the cases of neutral and preionized gas
.in both regions are shown in Figure 3.4. The manner in which

waveforms diminish drastically with distance in the preionized

case but seemingly "stabilize" in the neutral case indicates how
the larger self-field in the neutral case results in self-focus~-

ing and, therefore, in relatively prolenged propagation.

We conclude that in a preionized gas the propagation losses

of a high v/y electron beam are rapid and severe if the beam has

significant transverse energy content as an initial condition.
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This conclu51on is supported by ‘the observatlon by Kouzes, et al.
(Reference 3. 4) of efficient transport in prelonlzed gas of beams

with llttle.transverse motlon. Externally applied forces appear

to be necessary for the propagatlon of high- transverse—energy

beams if the advantages of preionization are to be: retalned. In

particular, con51der the removal of Reglon 1 and the 1nten51f1ca—

" tion of the discharge in Region 2 In such a case the beam

would be 1njected directly into a hlgh conduct1V1ty medlum with -

‘an externally_applled guldance field to prevent beam expanSLOn

3.3 Z-PINCH TRANSPORT

3.3.1 738 z-Pinch Transport Experiment; The cobjective of

this experlment was to confine and transport a beam by injecting

;lt ‘into a plasma with a trapped azimuthal magnetlc field. This

field, an externally applied substitute for the beam self-field,
would iesult in radial containment of the beam electrons. Roberts
and Bennett (Reference 3.5) have reported the transport in a
Z-pinch of a beam with little transverse energy (v/y * 0.2); we

extended these results to beams where transverse velocity compo-

nents contain much of the beam kinetic energy. These beams were

transported with.negligible loss using magnetic fields substan-
tially less than the self-field of the beam in the diode.

3.3.1.1 | Egaratus. The Z-pinch consisted of two plane-

parallel, 9. 8-cm-diameter, 0.2-cm-thick, circular alumlnum elec~

trodes at the ends of a gas-— -filled 6l-centimeter Pyrex cyllnder.
Discharge return current was carried by six coaxial return current
rods to a strip transmission line that was connected to a 42 pF,

13 nH capacitor bank (Figure 3.5).
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Figure 3.5 Z-pinch circuitry and diagnostics
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The flrlng of a low 1nductance (25 nH) rall gap switch
caused the bank to discharge through a 12- meter, 30-nH strip
transmission line, terminating in the Z-pinch. The length of
the line was required in order to delay reflections.of the beam-
induced voltage_signal from_the_capacitdr bank; the dduble—

transit time of the line was greater than the beam pulse width,

Figure 3.5 displays circuit dlagnostlcs and typical waveforms..

The current shunt was a section of brass foil, 0. 025 centimeters
thick, 0.8 mi, inserted in the transmission line and folded to
minimize lead inductance. The voltage monitor waéja-resistive_
divider in parallel with the transmissidn liné near the Z-pinch.
Calibration tests showed a risetime of 5 nsec. The voltage moni-
tor was used to check discharge reproducibility : and to measure

beam-induced ax1a1 electrlc fields.

Figures 3.6 and 3.7 show in detail the Z-pinch apparatus and
beam-generating diode; these were back to back at a 0.0025 cm
aluminum foil electrode which served as the anodé for the beam
diode and the cathode for the Z-pinch. In this way the beam
injected dlrectly into the Z-pinch. A self- integrating magnetic

fluxmeter loop (Reference 3.3) in the diode measured the injected.

 beam current waveform on each shot, indicating peak current and

overall reproducibility. Beam voltage was measured with a resis-
tively graded vdltage divider. Beam and pinch currents were
parallel so that the pinch magnetic field acted to contain the

 beam.

In the Z—pihch the axial current at breakdown flowed in a
thin sheath along the tube wall. The rapid current rise,caused
jxB body forcés which collapsed the current sheet to the cylinder
axis in 3.6 usec. Figure 3.8 is a time-exposed photograph of a

collapsed pinch. The gas pressure (300 p argon) was chosen to
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Figure 3.6 Experimental configuration of Z-pinch apparatus
: and beam-generating diode.

give a collapse time equal to the risetime of the pinch current,
ensuring efficient "sweeping up" of plasma. Associated with the
collapse was a continuous succession of azimuthal magnetic field
profiles. The Z-pinch magnetic field was known for all radii
and times from probe measurements made priof to the experiment.
The probe consisted of three turns of #38 Formval-coated wire,
0.226 cm in diameter, at the end of a 50 ohm coax. The signal
was RC-integrated at the oscilloscope with RC = 264 usec to give
magnetic field versus time. The probe was at the closed end of

‘a thin qﬁaftz capillary tube inserted radially into the discharge
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Figure 3.7
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Z-pinch in support stand. Note gas and vacuum feeds
in head of pinch and magnetic probe inserted near

injection end.
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(;) region. In any Z-pinoh} the_sheaﬁh has a finite thickdess; in’
our case the gas was ionized at all radii even at early times in
the dlscharge w1th conduct1v1ty hlghest near the sheath region.
Figure 3.9 shows. the magnetic field proflles at the times at
which the 160 kA beam was 1njected.

The pulse widtn-of the beam was ~ 50 nsec (FWHM); whiie the
pinch collapse time was 3.6 usec. Thus, the beam could be propa-
gated through theiZ—pinch at a well—defined moment, in a well-
defined Z—pinch'aZimuthal magnetic field. Low-jitter delayed-
trigger circuttry was used to preselect the injection time. The
time of beam injection was measured by algebralcally adding the
signal from the current shunt in the Z-pinch circuit to the 51gnal
from the current: monltor in the beam diode. This sum was dis-
played using a Tektronix 454 oscilloscope at 0.5 usec/cm. The
beam current waveform appeared as a narrow spike in the rela-
tively slowly varying waveform of the Z-pinch ourrent,rdefining

(:) the time of injection to within % 0.05 usec (Figure 3.10).

Beam propagation through the z-pinch was diagnosed in two
ways: damage resulting from beam energy deposition in the Z-
pinch anode and time-resolved measurements of bremsstrahlung
produced during'energy deposition. Bremsstrahlung was detected
using a combination sc1ntlllator and nanosecond risetime photo-
diode. This detector was placed on-axis, 240 cm downstream from
the target anode. A lead aperture shlelded the detector from
any bremsstrahlung produced in the Pyrex wall. A disk of nylon

1 cm thick stood between the target and detector as part of the

Z=-pinch vacuum system.

The proPagetion measurements just described supplied half
of the data required to ascertain propagation efficiency. The

other half of the data consisted of the same measurements made

)
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Figure 3.9

Ot =2.9 sec

r, cm

Profiles of azimuthal magnetic field at times of
injection of 160 kA beam. Perturbation of plasma
by probe was large nearest the axis, distorting
measurements there. : { )
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Figure 3.10 Beam current subtracted from pinch current, sweep
0.5 usec/cm, injection at 2.1 usec.

at the Z-pinch entrance plane: a Z~pinch anode plate was posi-
tioned 0.05 cm behind the foil electrode and damage and bremsstrah-
lung measurements were made as before. When the diode current
monitor indicated that matching shots had been made, the entrance
and exit plane data were compared to provide information about
propagation efficiency.

It should be noted that a high degree of relative accuracy
was obtained with this procedure. This was due both to our
ability to accurately determine injected beam reproducibility to
almost arbitrary precision using the diode current monitor, and

2.5 £ 0.5}

to the sensitive dependence (Ibvb of the bremsstrahlung

waveform on the beam energy waveform.

The various electron beams used were selected by adjusting

the anode-cathode gap in the diode. Pinch pressure was stabilized
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with a calibrated needle valve and monifored with a McLeod vacuum
gauge on each shot.: Pyrex discharge tubes were reused after mild
etching in strong acid and alkaline solutions to remove the
aluminum anode and cathode material deposited on the walls. Since
the Pyrex absorbed gas vapor between shots, the magnetic field
data taken prior to the experlment had to be obtalned under
51m11ar condltlons._ Therefore the plnCh tubes were. replaced

after every shot to obtain the data shown in Flgure 3.9.

_ Anether experimental‘difficultf was cellapse of the anode-
cathode gap due to pressure from the collap51ng plnch Measure—'
‘ments with a simple shorting c1rcu1t showed that the anode moved
toward the cathode at ~ 2 x 10 cm/sec. Small correctlons to

the gap spacinqrcompenseted for this effect.

3.3.1.2 Experimental Results. Beams with”peak currents of
120 kA, 140 kA, and 160 kA were injected at 2.9 usec * 0.05 usec.
In addition, the 160 kA beam was injected at 0.5 usec, 1.7 usec,

- and 2.4 usec.. Total beam energy was 3 kJ. Average current
density was less than 8 kA/cmz, but core current density exceeded
100 kA/cmz(see Section 2.4). ' '

Target damage,rmeasured bremsstrahlﬁng, and injection cur-
rent are given in Figure 3.11 which compares anode damage_and
bremsstrahlung‘produeed by injecting the 160 kA beam at 2.9 usec
with that produced at the entrance plane. The preservation ef
both the amplitudé and shape of the X-ray signal and the quite
comparable degrees of beam-produced damage indicate complete
efficiency of transport, which was also observed with the 120 kA
and 140 kA beams. (In the pulses shown in Figure 3.11 the differ-
"ence in X-ray signal at late times was caused by imperfect beam
reproducibility.) Guidance of the beam was gquite good, as the
well—centered circular damage attests. In view of the great

sensitivity of the bremsstrahlung waveform to beam voltage and
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current, the high degree of'preéervation:indicates that the
voltage and current waveforms were not appreciably dispersed,
attenuated, or otherwise altered during propagation, when in-
jection occurred at 2.9 usec. This suggests that in these cases
there was no important coupling, enérgy exchange; or collective
interaction between the beam and the plasma through which it

traveled.

The most striking feature of the pihch anode damage is the
contraction of the damage pattern for beam injectidn at later
times. Figure 3.12 shows damage patterns produced by 160 kA beams
for four injection times. At the earliest time; 0.5 usec, the
pinch magnetic field had not risen to a high enough value to contain
the beam. This shot was much like the preionization experiment
and here too transport was poor. For other injection times the
damage was extehsive and covered a smaller area at later times.
Figure 3.13 displays the damage radii graphically, as well as
those of other shots. The trajectory of the pinch current maxi-
mum is also shown. The damage is always within the current sheet
during the collapse phase of the pinch. From the field measure-
ments (Figure 3.9) and the damage radii we have determined that
the pinch current contained within the damage radius was always
small compared with the transported beam current, and was smallest
in the case of.largest damage radius (Figure 3.13). 1In other
words, the amount of pinch current coextensive with fhe transported

beam was found to decrease with increasing beam expansion.

Injection of 120 kA, 140 kA, and 160 kA beams at 2.9 usec

‘resulted in expansion of the damage pattern with increasing beam

current {Figure 3.14). Since magnetic self-interaction in the
generating diode presumably increases with current (due to the

concomitant increase in magnetic field), it is probable that
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O 160 kA beam
A 140 kA beam
0O 120 kA beam

+ Time versus radial position of
maximum pinch current density

Injection time
versus damage radius

@ Pinch currents within damage
radii due to 160 kA beam
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Figure 3.13 Graph showing damage radii, injection times, collapse
trajectory of pinch current sheet, and amounts of »
pinch current inside damage radii of 160 kA beams. ( 3
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these increases resulted in increasing deviation from paraxial
trajectories at injection. Electrons from these "hotter" beams
underwent larger excursions from the axis during transport,

causing an expanded damage pattern.

The potential.difference between the Z—pineh electrodes was
time-resolved during beam propagation using the fast risetime
voltage monitor with an Tektronix 519 oscillescope at 20 nsec/cm.
The voltage waveform during beam propagation showed no measur- ‘
able deviation erm the "background" Z-pinch voltage waveform
(as in Figure 3.5). .This was the case for all shots. In this
way an upper limit of about 1000 volts was established as the
maximum value of the induced Z-pinch interelectrode potential,'
corresponding to an induced axial electric field of, at the moet,
17 volts/cm. | '

From thls measurement, a lower bound on the current neutrall-
induced

)Z
< 17 volts/cm, R = 7 ¢m (the radius of the return current rods),

zation can be obtalned by using Equation 3-1.. Using (E

‘and’'r, = 1.5 em (a typical transported beam radius), we see that

inet 2_4.2 X 109'A/sec. If rhis time derivative persisted for
most of the beam pulse duration, the maximum net current due to
the beam can be conservatively set at Imgi = 0.5 kA. In the
case of the 160 kA electron beam, this represents current neutrall—_r
zation of no less ‘than 99.7 percent. No measurements were made
to determine whether beam current density was locally cancelled
to within 0.3 percent, (i.e., the 1nequa11ty g >> T /4ﬂL2 is
satisfied), butlconservative estimates of the plasma skin depth
of the relevant frequencies yield values much less than the beam
radius. This calculation suggests that beam current neutraliza-
tion was locally maintained in the plasma volume co-extensive

with the beam. -
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U51ng the inferred value of I Z:, Ampere s law, and rb7=

1.5 cm, we estimate that perturbations of the Z-pinch magnetic
field could have amounted to no more than 100 gauss during beam
propagation. From_Figurej3.9 it is apperent that such fields
must have had little influence on propagation, which is to say
that the Z—pinch'magnetic field was to a good approximation an
unperturbed external field in which beam’electrohs.followed

single-particle trajectories.

The Z-pinch magnetic field was also measured during the
experiments. Using the magnetic probe, the azimuthal field was
displayed on an oscilloscope at 1 psec/cm and measured field
before and after beam propagatlon on each shot. (Noise precluded
measurements of By during the beam pulse.) Identical measure-
ments had been made prior to the beam propagatlon experlments
These correspondlng pairs of magnetic field waveforms, with and
without beam 1nject10n, were obtained at three radii: 1.9 cm,

2.5 ¢cm, and 3.8_cm. The time derivative and magnitude of the
field were the same before and after beam transport. Beam pro-

pagation had no effect on the time history of the magnetic field,

 indicating no gross perturbation of the discharge by the passage

of the beam.

Other experimental work included the injeéﬁibn_of 175 kA,
425 keV and 250 kA, 200 keV beams at various times in preliminary
tests. Neither'bremsétrahlung measurements nor entrance-plane

damage references were obtained. However, target damage was

comparable to the 160 kA shots at 1.7 and 2.9 usec, and we tenta-

tively concluded that these beams were efficiently propagated.

3.3.1.3 Modeling. 1In view of these observations we have

interpreted beam transport in the Z-pinch as follows: The
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virtual absence of beam magnetic field decouples beam electrons
from each other and they follow single-particle trajectories in
the pinch magnetic field. This explains the relatively low
magnetic fields that contained the beams. In the azimuthal
field of the pinch a beam electron moves in an r-z plane along

a trajectory that repeatedly intersects the pinch axis. Such
motion has been described by Alfven (Reférence 3.6} who showed
that uniform beams cannot propagate with current greater than
Ia = 17,000 B”Y: for the case where the beam is influenced only
by its self-magnetic field. In this experiment the field con-~
figuration is determined by the pinch, not by the béam itself.
Hammer and Rostoker (Reference 3.7) and Benford et al., (Refer-
ence 3.8) have shown that "hollow" beam structures, with mag-
netic fields reduced at small radii but strongly peaked at the
beam edge, enable beams to propagate at currents greaEer than IA'
Thus, for the 1.7 and 2.4 uysec injection times (where the magnetic
field configuration closely approximates that due to a uniform
beam, Figure 3.9) the enclosed pinch current is - less than 17,000
By ®~ 39 kA. The field configuration at the 2.9 usec injection
time varies more steeply than the B ¢ r dependence of a uniform
beam and in this case the enclosed pinch current is greater

than IA'

To obtaiﬁ quantitative understanding of the beam electron
orbits, consider for example a 500 keV electron (mean energy
of the 160 kA beam) in a field of 2 kG (representative of the
case of injection at 2.9 usec). Its Larmor radius is 1.3 cm,
which was roughly the damage radius. To get better estimates of
single-electron motion, we have numerically calculated electron
trajectories in the measured magnetic field profiles (Figure 3.15).
The computer program used finite differences in the radial coordi-

nate, with radius intervals always much smaller than the local
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Figure 3.15

*Calculated electron trajectories in
field profiles at 1.7, 2.4 and 2.9

usec. Assumed entrance (2=0) conditions:

kinetic energy = 750 keV (peak energy of
160 kA beam}, radius = 0.9 cm, velocity
vector (in r-z plane) makes 60° angle
with Z-axis.
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" Larmor radius. For each radius interval, the program caléulated
a circular arc in the r-z plane with radius of curvature equal
to the local relativistic Larmor radius and subiject to the con-
ditions that slope and position be continuous at arc junctions..
We emphasize that these trajectory calculations are strictly
hypothetical trajectories because of our incomplete knowledge of
the actual electron entrance conditions. However, the ranges
over which the entrance parameters individually varied during a
pulse can be reasonably well identified. Incident radii are no
gréater than the cathode radius; incident energies are known
from cathode voltage measurements; and incident angles are known
to reach large values (Reference 3.8) with a time-integrated
average of 40 degrees inclination to the propagation axis when
current and energy waveforms are close to those of the 160 kA
beam used here. Angles somewhat greater than 40 degrees could
therefore be anticipated during the beam pulse. Trajectories
were computed using values for the incident electron's radius,
energy, and angle within the limits just delineated. The kinds
of trajectories described above resulted, and the excursions from
the Z-axis were consistent with the observed radial containment
of the beam. In particular, the most favorable results are in
Figure 3.15, where three orbits are shown that were computed
from identical entrance parameters: vy = 2.5 (peak energy of

160 kA beam), r, = 0.9 cm (compare with 1.25 cm cathode radius),
o = 60degrees (angular deviation from beam axis). The field
profiles for which these trajectories were computed are those
into which the 160 kA beam was injected (1.7, 2.4, and 2.9 usec) .
A consistent correlation between target damage diameter and
trajectory width is apparent. These results serve to demonstrate
the compatibility of our single-particle analysis with the quanti4

tative features of the transport system and electron beam.
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<;> However,_thié is_hot the bniy mode df'ﬁransport possible..
InIFigure 3.156 é tjpical magnetié profile for a'linear pinch is
shown. In Region I, beam electrons execute periodic orbits about
the axis of the pinch as described above. Region I is bounded by
that radius wherein the enclosed pinch current is just sufficient
to turn a beam electron. In Region II of Figure 3.16, where the
'enclosed pinch current is greater than IA and_BBB/Br > 0, beam |
electrons undergo a VB drift type trajectory which turns them
baék into the diode. On the other hand Region IiI, where en-

o closed current is greater than IA but'aBe/ar <0, should transport

beam currer.t because the VB drift is in the right direction.

-Evidence for this can be seen in Figure 3.13 (120 kA beam) where

injection &t 3.6 usec, such that much of“thelbeam is injected

into a 8B/t¢r < 0 region, allows transport without expansion of

T ———— L R B

e et e e e —

R — — =

Figure 3.16 Typiéal field profile for collapéing linear
pinch current sheet. '

S
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the bean: ‘Observation of:the-existence'of'Region II WQﬂld be
diffieult‘in that'damage to the pinch anode'in'Regions I and TTT
would" essentlally obliterate any annulus undamaged by the beam
itself. 'Also, the spread of 1njectlon angles of beam electrons
would tend to smear cut the boundary between Reglons II and III.
X- ray plnhole photographs are a prom1s1ng way of recordlng this

structure

3I3.1.4 Conclusions” The linéar plnch was able to transport

beams ‘over 60 cm Wlthout loss with currents < 160 kA voltages : i

< 750 kA, béam energy ~ 3 kJ at mean current den51t1es of 8 kA/cm2

and peak injected current densities of 100 kA/cmz, The beam

propagated inside the collapsing current sheet, which allowed

some control over_the beam fluence. Pinch ourrents.substantially
smaller than the beam current were sufficient to contain the beams.
Virtually COmplete neutralization of the beam current occurred.

A model based on single-particle motion of beam electrons in the (fj

plnch magnetlc field describes the phenomena.

'3.3.2 Snark Z-Pinch Transport Experiment. This experiment

was conducted to investigate Z=-pinch transport7of intense beams.
These beams were generated on Snark and had'peak beam currents of
310 kA, peak voltages of 570 to 670 kV, and total beam energy of
11 to 13 kJ. The v/y of these beams was 14, twice that of the
738 beams. | | o |

‘A pinch system of larger energy was used for this experiment.
The bank consisted of sixteen 15.8 uyF capacitors, connected in
parallel, with a peak voltage of 20 kV. Total bank energy was
48 kJ. Twelve Belden 198 low—induotance'oables connected in -
parallel led from the bank to the pinch head. The pinch was
45 cm long ard was 20 cm in diameter (Figure 3.17). <Construction
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Figure 3.17 Snark Z-pinch with cable, gas,and vacuum connections.




and operation of. the Snark plnch was 51mllar to that of the 738
plnCh. Pinch voltage was monitored at the point where the 8 foot
cables connected to the bank. Pinch current was monitored by a
pickup. coil at this point.- Wlth charging voltage of 20 kv the
peak pinchfcurrentrwas 850 kA; 18 kV was used in the experiment
to reduce the probability of bank failure. At 18 kV the peak
pinch current was 750 kA. The operating pressure was 300 p argon,
which was chosen {(as for all pinches in this study)} for rapid

gas breakdown and reprodu01ble probe traces. The pinch reached

maximum compression at 5.5 usec. Magnetlc probes of the same

design as used in the 738 experiment were used to map the discharge.

Figure 3.18 dlsplays four magnetic field proflles during the col-
- lapse. The current sheet had a much sharper rise than the 738
pinch; this was due to the considerably higher rate of rise of

the pinch eurrent.

The anode of the pinch was an aluminum plate with a 10 cm
diameter, 0.0025 inch thick tantalum foil stretched over  the
center by a clamping ring.. This foil was used to enhance X-ray
‘production by the transported beam. Its size was limited by the
small gas and vacuumlinlets which were also located in the head
of the plnch A 10 cm recess in the pinch head aliowed'the X~ray
diagnostics to be placed directly behind the alumlnum 0.6 mm |
plate anode. The dlagnostlcs were a SClntlllator—photodlode )
combination,na Compton diode, and a thermoluminescent detectof
(TLD) array spaced over the 10~cm-diameter circle. Operating
procedure'and beam injection timihg were the same as in the 738

experiment.

Snark beams were emitted by the Mark IV cathode, (a rollpin
cathode with a 6.5 cm i.d., 11.85 cm o.d;),_using a 0.00125 cm
titanium anode to help prevent. collapse of the anode-cathode gap

by impulse from the pinch discharge.
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Figure 3.18 Magnetic field profiles at times of beam injectioh.
= R, is beam cathode radius, arrows indicate damage
& radii of transported beams.
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Beams were injected at severalitimes in the pinch collapse,
as shown in Figure 3.18. The arrows indicate the radii of the
damage patterns 6n the pinch'anode. For 0.95 usec, 2 usec, and
3.6 usec (collapée phase) the beam clearly propagated on the _
inside of the current sheet as shown in Figure 3.19. At 5.5 usec,
when the pinch was at maximum compression, the damage extended
" some distance into the region of declining field. The considerable
fluence cbntrol'available with Z-pinch transport‘is evident from
this figure: varying the time of beam ihjection_from 0.95 usec
to 5.5 usec changed the damage pattern area from 250 cm2 to
60 cm2. The beam damage patterns were not uniform at the early
times, but became progressively more uniform at later injection
" times. This is consistent with tHe single-particle analysis
developed earlier: Beams expand to fill the cross section of
the current sheet, but reflect from the current sheet more often
and have their azimuthal velocity components randomized if in-

jected into a smaller diameter pinch sheet.

! | | I ! I |

— = — — « Current Sheet

10 - Boundary ]

1 Damage Radi B

R 5 _r—'_'_RC 9 - us 7
(cm) | _

8

0 1 2 3 4 5 7
t (phsec)
Figure 3.19 Pinch anode damage radii as a function of beam

injection time.
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The beams transported at 0.95, 2.0 and 3.6 usec clearly
propagated inside the current sheet in the Region I mode dis-
cussed previously. 1In contrast to the 738 experimental results,
the pinch current enclosed by the beam channel was much greater
than the Alfven current. The enclosed currents were 156 kA,
173 kA, and 288 kA for the three injection times. The Alfven
current for the beams was less than 35 kA, so that I/IA variéd
from 4.5 to 9 for these shots. In this case the field profiles.
were much like those associated with "hollow" beams, (i.e., lowz
fields at small radii and a steep 0B/dr gradient at the current
sheath) which allowed beam currents in excess of IA to pr0pagate
(see paragraph 3.3.1.3). The beam injected at 5.5 usec propagated
in the Region III drift mode, much like the 120 kA beam shot in

. the 738 experiment.

Transport efficiency was diagnosed by comparing transported
beam photodiode, Compton diode and TLD measurements with those

taken at the anode. Correlation between the three diagnostics

was found to be more reliable than any single diagnostic. The .

0.95 usec shot could not be analyzed because most of the beam
was incident upon the aluminum area of the pinch anode. Some,
but not most, of the 2 usec beam impinged on the aluminum as._
well, giving a reduced efficiency measurement, 70 + 15 percent,
because of the reduced X-ray production. The shots at 3.6 usec
and 5.5 ﬁsed created damage totally within the l0-cm-diameter '
tantalum and were transported with efficiencies of 93 ¢ 15 per-
cent and 82 t 15 percent respectively. The reduction in transport
efficiency at 5.5 usec was perhaps due to injection of parts of
the beams into Region II field geometry. Although many of the
beam electrons were injected into Region III field geometry

(BBe/Br < 0), some beam electrons injected near the axis were in
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Region II field geometry (I > I,, 98,/dr > 0) and drifted back ()
into the diode. Reentry of beam electrons into the diode is a

complex phenomena; it is gquite possible that the process is

lossy. This would explain the reduced efficiency of the 5.5 Usec

shot.

The Snark Z-pinch transport experiment shows that the
_ﬁhysics of the interaction does not change with increasing beam
current. - Transport efficiencies were high and a considerable
degree of fluence control was demonstrated. The single-particle
model developed previously is adequate to explain the damage

patterns and efficiency measurements.

f/—‘-\"
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3.4. BEAM COMBINATION EXPERIMENT

~ The transport.mechanism discussed in the preceding sectiOn,'
offers a'simple.waygto combine beams while transporting them.

When a beam is injectéd into a Z-pinch, the beam electrons are

 decoupled from one .another by the neutralization of their net

current. The beam expands to fill the 1n51de of ‘the current

sheet and a second- beam,_lnjected inside the current sheet at

the same time, will do the same (Figure 3.20).'-There will be ho

interaction between the beams because their fields are suppressed

'by the conductlng plasma.  Beam electrons follow single~

particle orbits to the target. The 8- components of velocity
resulting from off axis injection of the high v/Y beams result in
their azimuthal mixing, so that the comblnatlon beam is soon
azimuthally symmetric. The advantage of this scheme is that the
beams are mixed, not merely brought into proximity, and cannot be
separated later. An experiment was performed to test this model;
the collapsing current sheet successfully combined two beams

while retaining high transport efficiency.

The methods used to extract two beams while preventing any
magnetic interaction between their diodes is discugsed in the
section on diode studies, Section 2. Two 6-cm-diameter rollpin
hollow cathodes were extended on stalks and the anode-cathode
gap (0.45 cm for this experiment) was adjusted by using shims at

their bases. The cathode centers were 10 cm apart (Figure 3.21}.

_ The anode (0.0025 cm aluminum) was .stretched over both diodes and

clamped at the edge of the pinch tube. The two 700 keV beams
injected into the pinch were not precisely identical; they
differed in peak current by ~ 20 percent on each shot. Their sum
varied from 365 kA to 375 kA. Total beam energy was 16 kJ. The
two diode currents for the beams injected at 2.6 Usec are shown

in Figure 3.22(a}. The pinch was a modified version of that used
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Figure 3.20 Beam combination in a Z-pinch.
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Figure 3.21 Photo of pinch base with dual cathodes. Note cable
connections to Rogowski coils around each cathode.
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a.

currents in the two diodes 50 nsec/cm.
Upper peak current 168 kA, lower 205 kA.

b.: - 8nark Marx pulse
charge voltage
(upper) and pinch
voltage (lower),
sweep 1 usec/cn.

Figure 3.22 Pinch and beam waveforms for beam combination.
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Pinch current plus
beam current, 1 usec/cm.
Peak current 650 kA.
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for the Snark tréﬂéport'expériment. Sinéé the'primary indicator
of beam éombinatiOQ was the damage prodﬁced in the pinch anode,.
the head of_the.pinéh was altered to maximize the anode plate
area from which X-rays could be detected and to minimize the
anode plate surface used for gas and vacuum parts. This was
accomplished by placing the gas and vacuum ports at the periphery
of the plate and enlarging the recession behind the plate to a |
15 cm diameter. Voltage and current for thé 15 kV discharge are
shown along with the pulsed charge voltage of the Snark Marx in’
Figure 3.22b and c. On the shot shown, the pinchrand Snark_Marx
were triggered at appropriate times to give beam injebtion at

2.6 ysec into the aischarge. The pinch voltage rose rapidly
until breakdown, then fell and remained low until the pinch
inductance had risen enough (by current sheet cdllapse) to cause
a higher voltage drop across the discharge. Meanwhile the Marx

voltage rose, the master switch fired, and the beam was injected.

Noise on the voltage monitor signal precluded any determination

of the degree of current neutralization by measurement of the
change in voltage across the pinch. Current sheet profiles for
the times of beam injection ascertained by the same probe

technique described earlier are shown in Figufe 3.23 along with

- the radial location of a cathode. The current sheet velocity

was low at'early times (because of the low dI/dt), but increased

after 0.8 usec; maximum compression occurred at 6.5 usec.

Damage to the pinch anode clearly indicated the mixing of

the two beams. Figure 3.24 shows damage to four anode plates

‘produced by transported beams. For comparison, a witness plate

placed behind the anode demonstrates the distinct separation of

the two beams at the injection plane. The transported beams

‘clearly had combined in propagating down the 45 cn length of the

discharge tube. The damage patterns for 2.7, 3.1, and 3.9 usec
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Magnetic field profiles for beam injection
times. The location and size of one cathode
is shown. Arrows indicate outer limit of

spall damage.
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Figure 3.24

“Anode” Plane

Damage produced at anode by two separate beams and
target by combined beams for four injection times.
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show_no'Siqn thaﬁ they were.caused by two separate beams. Damage
at 1.9 and 2.7'uéec was composed of irregular melt and spall
areaé; for the 3.1 and 3.9 usec shots, the damage was a uniform
circular spall area. The arrows in Figure 3.23 indicate the
extent of spall damage; the outer extent of all beam damage was.
difficult to ascertain. The damage pattern for the earliest
injection time, 1.9 psec, has somewhat the'appearan¢e of a

figuré eight, as if the beams were partially merged. This could
occur if the beam currents were not completely neutralized by
plasma current and retained some of their self-fields. The

field profile for 1.9 usec (Figure 3.23) shows that there was

“little magnetic field in the damage pattern region (inside 7 cm).

The fields of the beam may have helped to contain it, although

they were probably limited in magnitude by their partial neutraliF

zation by plasma current.

In previous ?xperiménts the beam current has been neutral-
ized by the preionized plasma ahead of the sheet, but it is
possible that at this early injection time the beam current was

only partially neutralized by weakly prionized plasma (i.e.,

-instead of T > T. ~ 17_). In this case the beams Would.

D B’ D B
retain some self-field and their parallel currents would attract

each other. Parallel currents combine over a time scale,

5‘ ' 1/mczw
T = r e
_ o 411 12

where Il a.'nd-I2 are the currents, m is their reduced mass per cm,

and ry is their initial separation. For the beams in this experi—:

=15 sec) if the reduced mass is just

ment this time is short (~ 10
that of the beams themselves. However, the conductive plasma-

will retard the combination time of the beams to that of magnetic
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diffusion. This occurs because the fields are "frozen" in _
the plasma and cannot change over times less than - Since
combination evident in the damage pattern is expected.

for partial current neutralization, the partial beam

Transport efficiency was diagnosed by TLD arrays and
scintillator photodiode_éignals. Efficiency decreased with
injection time. The 1.9 usec and 2.7 usec shots were transported
‘completely, 104 i'lS.percent and 87 t 15 percent respectively. |
'Inadequate-diagnostics were recorded on .the 3.1 usec shot and the.
3.9 psec shot tranported poorly: 60 + 20 percent. The reason
for this decrease in efficiency is simple: the cufrent sheet
swept in, causing less of the beam to be injected inside the
current sheet at the later time. This agrees with the decline of

- the damage radius as injection time increased (Figure 3.23).

The model discussed above predicts that each beam spreads to
£fill the inside of the current sheet; this was checked by
injecting a single beam. One cathode and its shank were removed
and the pulse'charge lowered to compensate for the impedance
increase; The resulting beam closely resembled each of the beams
used for the two-beam shots. It was injected at 1.2 usec
(Figure 3.23) and filled the inside of the current sheet, in
agreement with_expectatibns. The single beam was not energetic
enough to cause spall over the entire anode plate, but less
prominent damage extended out to 9 cm on the surface. The area
of most intense spall was on the opposite side of the pinch tube
from the point of iﬁjection,_indicating a great deal of beam
spreading. Transport efficiéncy was 90 * 15 percent, consistent
with the 1.9 pséc shot. '
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This experiment demonstrates that beams can be mixed by (:)

injecting them inside‘a:collapsing current sheet. The two 8 kJ

beams spread to fill the sheet and mixed while propagating down

the sheet without substantial loss. Although these beams were

injected directly from Ehe diodes, this experiment is physically
equivalent to the combination of two beams transpdrted some

distance from the generating.diodes.and injected through a foil

into the pinch. . Therefore this combination scheme could be used

in conjunction with a transport stage.
3.5 BEAM COMPRESSiON (TAPERED_EINCH) EXPERIMENT

The problem of beam compression was addressed under the By
studies by injecting a high v/y (PIML) beam into a tapered
Z-pinch. If the current sheet of a pinch is inclined to the
axis of a beam, the beam electrons should reflect from the sheet
at increasing angles as they go down the pinch (Figure 3.25).

' This should reduce the beam diameter and increase the current . (:)
density. However, a beam electron injected at a large angle
should be reflected after a few bounces; this also is shown in
Figure 3.25. The number of electrons which compress and then

' pass through the tépered pinch. should depend upon the angles at
which they were injected. Since the v/y'of the beams used in
this experiment varied from 3.5 to 7 and the peak currents
exceeded the_éritical current, pinching of the beam in the diode
could be expected to introduce high transverse velocity compo-
nents. At early injection times (before the pinch collapses at
the small diameter end), these "hottest" components of the beam
should propagate. ‘Beam injection at later times in the pinch,
however, should result in increasing reflection of the "hot"
beam components and reduced transport efficiency. At even later

times, all of the beam should be reflected from the strong field
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at the-end of the pinch. In this regard, ‘the tapered pinch
should be similar to the magnetic mirror, in that "hot" beams
will be reflected rather than transported. The experiments
'reported here were directed at determining if this picture is
true by measuring beam size and transport efficiency after

- passage of the beam through a tapered Z-pinch.

The pinch used in thlS experiment is shown in Figure 3.26.
The capac1tor bank was the same 20~ ‘kV, 9 kJ unit used in the
738_p1nch exXperiments. Voltage‘was applied to the pinch anode
by a 8-cable (Beldén YK 198) eXtensionzof the transmission line.
" Pinch voltage was diagnosed_ﬁith a resistive current shunt, and
current was monitored with an inductive pickup coil. Magnetic |
field probes were used to map the collapse of the pinch current
‘sheet at four axial locations Magnetic field profiles 3 cm
from the plnch anode are displayed in Figure 3.27. The.30 cm
discharge tube was tapered from a- ‘10 cm diameter at the base to-
.5 cm-at the top, a taper angle of 4 degrees 45 minutes. 1In
tapering the discharge tube, two additional dynamic effects were
introduced into the ccllépsedhistory of the current sheet.
First, the current sheet velocity was higher et_the narrow end
of the pinch, but this was determined from'probefmeasurements to
be a small effect. Second, due torthe-smaller pinch diameter at
the tcp end, the-éinch current density was higher there. This
caused the sheet to be steeper at the top, as shown in Figure
3.28. The "bounce model (Figure 3.25) would then be more wvalid
at the top cf the pinch than at the bottom. '

The tapered pinch experiment was ‘conducted on PIML, using a .
3.8-cm-diameter cathode and A-K distances of 2 to 3 mm. The
base plate of the pinch was a 0.3 cm aluminum plate with a

centra175-cm—diameter hole. An anode (0.0025 cm foil) was
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Figure 3.26

Tapered pinch on PIML.
base pinch.
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stretched over a supportlng assembly beneath the pinch base and
filled the 5-cm aperture in the base plate. The 1njected ‘beams
had peak currents of 90 to 160 kA, peak voltage of 310 to 460 kv,
and a total energy of 1 to 2 kJ. Magnetic probe profiles
(Figure 3.27) near the top of the pinch indicated that the plnch
should shut off beam transport at ~ 1.5 usec, when. the collapse

was ending.

Damage patterns on the face of the 1 mm thlck aluminum
plnch anode indicated the radial extent of the transported beam
as well as the dose level. X-rays generated by the beam in the

. anode were monitoxed with TLDs and a scintillator photodiode
~ located behind the anode.

- The PIML beams were injected into the collapsing tapered
discharge at 13 times up to 2.1 usec, when anode foil motion

shorted the diode. Results of the analysis of pinch anode

‘damage are shown in Figure 3.29. The area damaged by the beams

diminishes until ~ 1.5 pusec, in agreement with expectations.
However, after 1.5 usec, the damage area increases. For injec-
tion times greater than 0.7 usec there was an area within the
damage where the dose was sufficient to cause meltihg of the
aluminum. This area also decreases until 1.5 upsec, then
increases. The most intense dose levels splattered the melted
aluminum; this dose level is not reached until 1.5 usec and the
corresponding area increases in the same manner as the other

areas.

Analysis of the efficiency of beam transport for the 16
shots shown in Figure 3.30 is complicated by the variation of
beam parameters from shot to shot. Efficiency was roughly 50

percent for all shots. Five shots of v/y = 5 beams were chosen
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for their'reprddﬁcibility and their transport efficiency'analyzed
using TLD readings and photodiode trace peak and area. Figure
3.30 displays theSe_efficiencies as well as those of v/y = 3.5
and 7 beams. 'TranSport'efficiency for v/vy = 5 beams is constant
until 1 pysec, then drops siightly and rises. These variations
are small and are almost washed out by the ekpefimental uncer-
tainties. Transport efficiency for the higher v/y beam is lower,
which is consistent with the greater transverse energy that

should be present. Likewise the lower v/y beam. transports with

slightly improved efficiency.

The lowv efficiency of transport is due to the operation of
two loss mechanisms. The first, already mentioned, is the
reflection of beam electrons from the narrow end of the pinch
discharge. This effect should cause a lowering of efficiency as
the beam is injected into later stages of the collapsing dis-
charge. At eafly times, loss is due.to escape of beam electrons’

to the walls. The weak magnetic fields at the base of the pinch

_(from the diffuse current structure mentioned earlier) are

insufficient to turn back beam electrons. Operation of these

two loss mechanisms cause the low efficiency of transport.

Since the transport efficiency changes little with injection
time while the damage area declines, the average current density
of the transported beams increases (Figure 3.31). However, even’

with this increaée the average current density never exceeds that

at injection. -

These resgsults show the essential correctness of the

proposed model of beam compression in the tapered pinch until

1.5 usec. However, beam transport does not cut off or even

decline after that time. Thig indicates the occurrence of new

phenomena, not included in the above analysis.
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It is clear from the field profiles near the top of the
pinch that beam electfons wouid be reflected if theyjfollowedl
single-particle orbits. At 1.5 psec, the field profile 3 cm
from the pinch anode is that of a uniform current (Figure 3.27).
The damage radius at the anode for.this'injection-time is 1.35 cm
and Be at that radius is ~ 10 kG. Therefore, the enclosed pinch
current is I = 5 Br = 67 kA. The Alfven limiting current for
this beam is IA"= 17,000 By = 24 kA. This means that the beam
could not propagate through the field configuration because the
curvature of the beam electron orbits as a function of r is great

enough to turn thém around. Yet the beam is observed to trans-

port with fair efficiency even after the critical pinch field has

been reached. Guillory (Reference 3.9) has suggested that

E x B drift near a region of charge buildup at the collapsed
portion of the pinch allows electrons to penetrate. The charge
buildup is assumed to result from reduced cross-field plasma
conductivity and reflection of beam electrons (V - J) in the high-
field region of the pinch, to the point where charge neutraliza-—
tion is no longer complete. A qualitative.picture of electron
trajectories in.the region is given in Figure 3.32. The beam

flows around the'charge and this produces enlargement of the

damage pattern. When the E x B drift motion around the charge

cloud is slow compared with the axial velocity df the unimpeded
beam, this would be observed as a delay of some beam electrcns,
i;e.,.as dispersion in the pulse shape of the X—rays at the down-
stream target. For some injection times, such dispersion is

observed, as discussed below.
Another pQSSible explanation is that the single particle

orbit model may not be a valid description of electron motion and

that the pinch motion may be important. In cases where the
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Figure 3.32 Flow of electron beam around charge clump Arrows
indicate electrlc field. '

inward pinch velocity is small, the pinch might not be able to

contain the high transverse pressure beam.

Figure 3.33 displays the X-ray pulses from the pinch anode
for the Vv/Y = 5 shots. The leading edge of the X-ray pulse is
relatively unaltered by change in injection time, but the X-ray
lnten51ty 15 nsec 1nto the pulse is reduced and the peak inten- - "
sity is 1ncreased at 0.75, l 0 and 1.3 Hsec. This dlstortlon
could be 1nterpreted as a delay in transport of the portlon of ~
the beam at ~ 15 nsec caused by the charge cloud model described
above. The pulse shape at 1.7 and 2.0 usec 1njectlon times

returns to the normal shape, whlch could be because the charge
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is greater for these 1n3ect10n times so that the transit time
around the charge is short compared to the beam pulse. This
interpretation is tentative; clearly the interaction is an area

for further study.

The experiment described above suggests that "hot“ beamSi
are lost from tapered pinch systems because of (a) diffuse
current sheet structure at the injection end and (b) reflectlon
of beam electrons at the target end. The first loss can
probably be eliminated by (a) increasing the pinch current'above
the 200 kA level of this experiment, thus increasing the magne-
tic field strength and (b) using smaller teper angles, thereby
making the field structure more like that of the straight pinch.
The second loss mechanism, reflection of "hot"'beem electrons,
can only be overcome by injecting "cool"” beams. ' For example a
large diameter annular cathode {(chosen to give I < 8500 By r/d
to prevent pinch) or an array of magnetically'iselated cathodes
could be used for injection into the base of a tapered pinch.
This combination-compression-transport system would eliminate
the problem of an external magnetic field fringing into the

sample volume, which can occur in B systems.
3.6 CONCLUSIONS

It has beern shown that the losses attendant with beam
propagation in neutral gases ahd preionized field~-free gases can
be avoided by transporting beams in Z-pinches. Efficient
transport has been demonstrated for beams with currents from
120 kA to 375 kA at voltages of 500 keV to 750 keV, containing
total energies from 3 kJ to 17 kJ. The injected mean current
densities were'as high as 8 kA/cmz; peak current density was

100 kA/cm2. The beams were transported down pinches from 45 cm
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to 60 cm in length. A considerable degree of fluence control

was demonstrated by varying the time of beam injection into the
pinch; Two 8 kJ'beems were efficiently combined and well mixed.
A tapered pinch was employed for beam compression, but losses
due to pinch current sheet structure and'reflectioﬁ of beam '
electrons prevented any increase in current density upon trens—:

port.

The physics of beam transport in the linear plnch has been
successfully modeled as single-particle motion of beam electrons
in the magnetic field of the pinch. Two transport modes have
been predicted and strong evidence for: their existence has been
obtained. The successful combination of two beams provides
additional support for the model which predicted their mixing.

Beam transport in the tapered pinch also agrees with prediction

- but only up to a point. The failure of transport to cut off at

late stages in the discharge does not agree with single-particle

modeling. Further investigation of this phenomenon may provide

~insight into other processes occurring in Z—pinCh transport.

Scaling of Pinch Systems. The scaling of Z-pinch transport

systems for very high eurrent beams requires:

a. A plasma medium of sufficiently.high conductivity for

plasma current to neutralize the beam current. This is equiva-

‘lent to requlrlng that the magnetlc diffusion time of the plasma

be long compared to the beam pulse length (TD = 4ﬂoa2 >> Ty

where ¢ = plasma conductivity and a = beam radius).
b. Azimuthal magnetic fields strong enough to turn back

pbeam electrons before they reach the discharge tube wall. For

electron energies less than a million electron volts, this means
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fields of several kilogauss for tube diameters a few centimeters

greater than the cathode diameter.

c.. Beam injection into a region of favorable electron
drift motion. Tranéport can occur by electroh motion along
Alfven type trajectories or by VB drift motion (Regions I or III
in Figure 3.15). '

When these three conditions are met, the injected’béam will
propagate to the end of the pincﬁ with little or no loss, .
expanding to £ill the current sheet if the injection area was
inside the sheet. The feasibility of transporting beams over
distances greater than a meter is determined by the voltage
required for development of a well-defined cur:ént sheet. From
the experiments performed in this study, it appears that at
least a 5 kV/ft potential gradient is required for production of
- sharp current sheets. Therefore long-distance transport
requires pinch voltages substantially higher than those used in
these experiments. However, high-energy high-voltage capacitors
are available and the construction and operation of pinches at
the 100 kV level is feasible. An alternative to high voltages
is the staging of pinches with a foil interface between the dis-
charge tubes tb'allow beam transport. Each stage would then

have to "float" relative to ground.

The use of linear pinches with Marx generators in this

program has shown stringent requirements on the triggering

ability of both systems. Since both the Marx and the pinch bank

operate on microsecond time scales, jitter in either system will
seriously affect beam transport efficiency and beam fluence at
the pinch anode. The combined Snark Marx-pinch bank system was

found to exhibit % 500 nsec jitter during transport and beam
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‘combination experiments.- This jitter frequently resulted in

failure to obtain the desired injection time and lowered the
useful shot rate to'about one~half that of BZ transport experi-
ments. Therefore low timing jitter must be considered a pre-

requisite for application of B, transport stages to any multiple-

8
module system.

The-replacement of ‘the discharge'tube in the Z-pinch

constitutes an bperatidnal disadvantage'of the system. Although

‘recycling of the Pyrex glass by cleaning reduces the expense

somewhat, the procedure has limited usefulness. After two or
three cieanings the surface properties of the glass are modified
and the tube must be discarded. Taking account of both the
initial cost of the glass and the labor to clean it, each pinch
shot costs approximately $25.00. While this cost is not prohibi-
tive, it must be considered when compariﬁg to neutral gas and'Bz
transport systems, which do not require such replacement

expenses.

In conclusion, the scaling of Z-pinch systems to multi-stage
transport combination and compression appears technically
feasible. The time phasing and operational features of the _
system would make it a complex one; however, thése complications '
may be justifiable depending on the status of other transport

techniques,
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" 4.1 INTRODUCTION

| SECTION 4 |
INVESTIGATION OF BEAM TRANSPORT
IN AXIAL (B} MAGNETIC FIELDS

by C. Stallings |

Bz systems are defined as those experimenfe With_an ex-
ternally applied magnetic field which is parallel to the desired
beam transport direction. The external magnetic field is usually
applied by a solenQid. The primary advantage of this type of
system is that the magnetic field and the plasma,parameters can

be controlled independehtly.

When intense electron beams propagate in a neutral gas with '
no externally_applied fields they have an electrostatic force

tending to blow-the beam apart, a self-magnetic: field that exerts.

‘a compre551ve force on the beam and, while the beam current is
:rlslng, there 1s an inductive electric field that degrades the.

energy of the electrons. In practice, the beam ionizes the back-

ground gas in a few nanoseconds and propagates in a plasma.

‘Expulsion of piasma electrens rapidly charge-neutralizes the beam

so the electrostatic force disappears. However, the inductive

electric field and the self—magneﬁic field are coupled. When the
piésma conductivity is sufficient to eliminate the inductive
electrlc field, there. cannot be a self—magnetlc field because’ the'
net current is zero. For high v/y beams, the transverse veloc1ty
of the electrons will then cause the beam to blow up (Refer-
ence 4.1). However, when a Bz field is applied,'the electrons
are constrained to follow the magnetic field. This allows the
p0551b111ty of eff1c1ent transport of high v/y beams over a few

meters.
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4.2 DIODES

- When a'BZ field is applied to a diode, the dynamiés are
changed both guantitatively and gualitatively (References 4.2
‘and 4.3). Experiments were carried out to study the effect of _
this applied, lbngitudinal magnetic field in the diode. Figure 4.1
is a comparison of X-ray pinhole photographs of a 3-inch-diameter
rod cathode with three different field strengths. Two observa-
tions can be made: first, the cathode structure is discernible
in even the lowest external field; second, the current density'
appears higher near the cathode center at all field levels studied.
Because of the first observation, the second cannot be explained
by the assumption of beam self-pinch, since the latter character-
istically does not preserve cathode surface structure. To explain
the observed effects, we propose an explanation of diode behavior

MaX ' The magnetic field in

when BZ is of the same order as (Be)
the diode is the sum of the applied uniform axial field and the
azimuthal self-field, which increases with radius. The net field,
therefore, is helical, and the pitch decreases as. radius increases.
Assuming that the electrons in some sense follow the field lines,
the electron axial velocity is a decreasing function of radius,

and the time spent in the diode by an electrén is an increasing
function of radius. The spaceucharge—limited current density

- would therefore decrease with increasing radius for a given anode-

cathode voltagé. To test this hypothesis, a hollow-core, multi-

rod cathode with a 3-inch outer-diameter and a l-inch hollow-core-

diameter was tested. If the beam were pinching due to its own
self-field, the highest current density would be at the central
axis; but if the above arguments apply, then the current density
would be highest directly over the innermost emitters anrnd would
be zero over the l-inch-diameter hollow core. The latter type of

behavior is evident in Figure 4.2, an X-ray pinhole photograph
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Figure 4.1

X-ray pinhole photographs of the anode using a
3-inch-diameter rod cathode.
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taken using this hollow cathode. The self-field of the beam at
the edge of the cathode was 10 kG and the longitudinal magnetic-
field was 11.8 kG. This supports the model presented above,

Figure 4.2 X-ray pinhole photograph of the anode using a
hollow cathocde three inches in diameter with a
l-inch-diameter hole in the center.

'Since the current density is highest at the innermost
cathode emitters, the diode impedance should not be sensitively
dependent upon cathode area (when the latter is above a certain
critical value). Figure 4.3 shows impedance as a functign of
time for a 3-inch-diameter cathode and 3-inch by 1l-inch rec-
tangular cathode. Even though their areas are different by a

factor of 2.3, their impedances are approximately egual. In
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the limit Bz >‘Be,‘the.fiéld is approximately axial:over the
entire cathode and emission is apprqximately'uniform, so that

the impedance is sensitive to the cathode area.

When the Bz'system was used on Snark (Reference 4.4), the
most striking result was that the diode impedance, on the average,
held up longer before shorting. However, as the current density
increased, a larger magnetic.field was needed to make the diode
hold up for the dﬁration of the pulse. These data.are summarized
in Figure 4.4. The impedances were taken when dl/dt = 0. The
parapotential and Langmuir-Childs impedances are given for refer-

ence.
4.3 LINEAR TRANSPORT EXPERIMENTS

The simplest BZ transport experiménts have a uniform BZ
field throughout the diode and transport regions (Reference 4.5).
A diagram of the apparatus used for these uniform'Bi experiments

is shown in Figure 4.5. The cathode and anode stalks were made
from stainless steel rods buried in epoxy. This construction
made the diode region transparent to pulsed magnetic fields. The
"main coil was 1.1 meter long and 5 inches in diameter. The coil |
was driven by a 252-uF, 20-kV capacitor bank. During the first
half~cyecle the magnetic field was
21t

8 x 10-4 sec

2

B, (Gauss) = (148 x 10 %) v, sin

where VO is the charging voltage on the bank. Figure 4.6 is a

photograph of this system on the Snark machine.

A small amount of preionization could be added in the

solenoid by placing small resonant capacitors in parallel with
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the solenoid (Reference 4 6) This superimpOSes-a Small:highw
frequency osc1llat10n on the magnetlc field and glves a low level

of prelonlzatlon between lO and 109 1ons/cc.

4.3.1 PIML, 300 keV. The first experiments with'this

apparatue_were carried out on the Physics International Mylar'_“
‘Line (PIML) machine. The mean electron energy was 200 keV and
the peak current was 180 kA. N

Flgure 4.7 1s a summary of the results for-those experlments

en'the PIML beam.. ‘When the pressure in the solen01d was 600 Mllll-‘

torr and the magnetic field was not used, the transport eff1c1ency

was 42 i 10 percent. Without the magnetlc field, the diode region

plnched into a small core; the beam then spread and was diffused
in the transport reglon, filling the entire drlft tube. When a
BZ field was used (fields larger than 4 kG were tested) the beam
retalned approximately the same shape and size as the cathode
This is shown most dramatically in Figure 4. 8, which pictures the
damage pattern produced by a beam generated with a ~ 3-inch by
l-inch rectangular cathode. The beam transport distance for this
shot was 25 centlmeters. The cathode itself had a somewhat wavy
edge since the em1551on surface consisted of 1/16 —inch- dlameter
rods that were 1/4-inch apart. Although the sample damage area
is more 1rregular than the cathode, the obvious reproductlon of
cathode shape and area, even after 1 meter of tramsport, indicated
that the transport process can be approximated by a single-
particle-orbit theory in which collective effects.are igncred in
the transport region. This is not to say that collective effects
do not take place, but only that they are not the dominant
processes in these experiments. Further evidence for a single-
particle model was that local non-uniformities in beam fluence at

the target were obviously present until the magnetic field was
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TRANSPORT EFFICIENCY FOR O 5 METER
(errors are + 10%)
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t = 240 Msec
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to the time after the start of the applied B, field.

Beam transport at 0.5 meters for the PIML electron

beam. The peak current was 200 kA and the mean energy
was 250 kvV.
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lowered enough for the electron_gyro diameter to equal thé
cathode inter-rod distance. When this condition Was-satisfied,
the sample appeared very uniform. When the beam transport ”
distanoe was increased from 0.5 meter to 1 meter, the tran5p0rt

efficiency changed by less than 10 percent.

4.3.2 Snark, 800 keV. The majority of experiments were

|
. ) ) . . . u . § ) . : . | :
- carried out on the Snark machine. These experiments used exactly -

the same equipment as the PIML experiments. The first experi- f
ments were. ‘used to test the length pressure, and magnetic fleld
scaling. The major 1mprovements over the PIML experlments were
higher current dens1ty and Faraday cup dlagnostlcs, instead of
the X-ray diagnostics used on PIML. This Faraday cup, like the
diode, was transparent to a pulsed magnetic_field.‘ -
|

These initial experiments were carried out with a mean
energy of about_GGO keVv and a peak current of 550 kA. This was
an average current density of 9 kA/cmz. However, as was pointed
out in Seotion.4.2, the diode emission was not uniform. The
current density in the center 5 cm2 was 36 kA/cmz; In other
words, at the anode plane, about_one—third of the total current
flowed in the center 5 cm2. The transport efficiency could not
be determlned just by measuring the relative currents in the
diode and at the -Faraday cup at the end of the transport section.
Pulse dispersion changed the shape of the current waveform as it
propagated. Since there was 'a spectrum of angles,_some electrons.
traveled down the solenoid faster than others and the peak . current

could be altered even though all of the energy was transported.

- Transport efficiency was measured by integrating the Faraday cup

signal and determining the total charge transported._ This was
then compared to the total injected charge. Calorimetry and
bremsstrahlung measurements were also used to determine efficiency,
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but a Faraday cup was normally used because 1t gave information
on the current as a function of time as well as the transport
efficiency. When the energy transport efficiency was compared

to that of charge; the calorimeters gave an efficiency of 80 per-
cent * 20 percent, while the total Coulomb efficiency was 90 per-
cent + 10 percent. This difference was smaller than the experi-
mental error, so it was impossible to say 1f the energy loss was
~due to a degrading of the energy of the electrqns, or the loss of

individual electrons from the beam channel.

Figure 4.9 is a plot of transport efficiency as a function
of distance for two different pressures. Bdth_conditions show a
smooth- decay of éfficiency. rThié shows that the energy loss did
not occur primarily near the anode, but instead was reasonably

distributed throughout the transport region.

Transport efficiency was aléo scanned as a function of
preséure to determine the optimum region. Figure 4.10 shows these
data for a 3-inch-diameter cathode on the Snark machine with
550 kA peak current. The optimum pressure was about 1.0 torr,
the same as the PIML expefiments (Figure 4.7) with a lower current
density. This optimum pressure is somewhat higher than the opti-

mum pressure in neutral gas without any externally applied field.

The most surprising result of these initial experiments is
shown in Figure 4.11, i.e., with no preionization there is an
optimum value of the applied magnetic field. 1In addition, Fig-~
ure 4.12 shows that the optimum B, is rather insensitive to
changes in the current density and that the optimum field is a
rather modest 7 to 8 kgauss. For high current density, the
transport efficiency drops off rapidly with increasing Bz {above
8 kgauss); while at the lower current density, the transport

efficiency drops off much more slowly.
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Figure 4.9 Charge transport efficiency as a function of distance.
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Figure 4.10 Transport efficiency at 1 meter.
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Figure 4.12 Charge transport efficiency at 1/2 meter for three
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4.3.3 DML, 100 keV. During this program we did not study

the effect of preionization in detail; however, some work has
been done and prellmlnary conclusions can be drawn. Work wes
done on the 100-keV DML using a quasi- theta—plnch (these experl—
ments will be descrlbed later in this sectlon) This work used
magnetic fields up to 50 kgauss and plasma densities of up to

15 ions/cc. In some cases, when the plasma den51ty was on the .

10
' 14 15

order of 10 to 10 1ons/cc, transport efficiency was better j

‘than 90 percent even for 100 kA/cm2 and B = 50'kgauss. When rf

i1 1ons/cc) was used in the Snark exper1~

prelonlzatlon (lO to 10
ments, transport eff1c1ency at 18 kgauss and 1 torr or 9 kgauss

and 1/2 torr was not improved enough to make a definitive state-

‘ment. There did appear to be an increase of about 5 percent

but this is w1th1n the experlmental error. The interesting point
is that almost all of the apparent increase in efflclency occurredx

early in the pulse with very little change in the later portlon

of the pulse which has most of the power and charge. This is

consistent with a model in which a small amount of preionization
shortens the effective breakdown time of the gas but has no other
major effect. When the same rf preionization was used with a

12 kgauss fleld but at the optimum pressure of 1 torr, -the trans-
port efflclency was increased by 20 percent. Again ‘this was due
to an increase in efficiency early in the pulse with no measurable

change in the efficiency of the latter portions of the pulse.

The current-densities that have previously been used in.
describing the beam were determined simply by dividing the current

by the cathode area. As was shown in Section 4.2, the current

'den51ty was not uniform but varied with radlus. The peak current
- density ‘with a 60—cm2 cathode of 550 kA was 36 kA/cm over the .

center 5 cmz, w1th a 20- cm2 cathode of 400 kA, it was 46 kA/cm

2
over the center 5 ¢m”. Therefore, the average current densities
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are 9 kA/cm2 and 20 kA/cmz, while the peak current densities are
36 kA/cm2 and 46 kA/cmz, respectively. The current density was
measured on the anode using apertures on the Faraday cup; it was
measured i meter downstream by using a multiple block calorimeter.
The results of these two measurements are shown in Figure 4.13.

To increase the average current density, an ll—cm2 cathode was
constructed. The diode parameters were approximately 400-kA peak
current and 650-kV mean energy, corresponding to an average
current density of 36 kA/cmZ; This beam was transported without

any measureable loss for one-half meter.

The net current was measured by the voltage drop across a
stainless steel registor in the return current piece that connec-
ted the sample to the anode plane. The measurements were taken
across two l-inch-long, 3—7/8—inch-diameter shunts, placed
5 centimeters and 95 centimeters from the ancde; a 3-inch-diameter

cathode was used.

The net current traces near the anode were reasconable and
similar to those obtained without Bz’ except that the magnitude
was smaller (see Figure 4.14). However, the net current 95 centi-
meters from the anode showed a great deal of structure and no
discernible behavior that could be related to the diode parameter.

This behavior will be discussed further in a following section.

Figure 4.15 gives the net current as a percentage of the
primary current for several magnetic fields and pressures. A
following section will discuss these in a detailed analysis. The
primary features are that the net current has a slight minimum at
about 5.6 kgauss and then increases with increasing B and with

increasing pressure, except for pressures below a few hundred

millitorr.
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Figure 4.13 Current density.
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Snark Net Current Data
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There was evidence from the Naval Research'Laboratorf that
the electron beam rotated with respect to the cathede (Refer—
ence 7). As a check on where this rotation takes place, an.
experiment was carried out using a 7-inch by 2—1/4¥inch cathode
and BZ = Bemax'
was placed on the anode and another sample was placed 10 inches

A sample with a rectangular hole in the center’

downstream from the anode. The sample on the anode (Figure 4.16)
. showed a rotation of about 9 degrees, while the sample 10 inchee
downstream did not show any measurable rotation with respect to
the hole in the anode sample.: | '

A high current density, high Bz experimeht'was performed
earlier with IR&D funding on the 100-keV DML (Reference 4.8).
Some of the results are?given here because they pertain to the
guestions of high current density,-preionization, and field

strength that were addressed by this contract.

The apparatus used for these experlments was a theta pinch-
like plasma device (Flgure_4.l7). This device had a large B
field (up to 56 kgauss with'present equipment) as well as a large
dB/dt, which ceuld be used to preionize gas in the drift region

of the electron beam.

The equipment consisted ef'four basic parts: (1) a 56-uF,
low—lnductance capacitor bank, (2} a S-hH'spark gap to switch
the current, (3 a low—lnductance ‘transmission -line from the
capa01tor bank to the field coil, and (4} a 51ngle turn fleld

coil “around’ the electron drift reglon.
The drift region was 1.5 inches in diameter and 8 inches

long. When the electron beam filled the entire 1.5 inches and

was not current neutralized by a reverse plasma current, it had
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Figure 4.17 Diagram of experiment.
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a self-field that was about 15 kgauss. The maximum Ei that could

be applied by the external circuit was 56 kgauss.

The same field coil could be used to ionize the gas in the
drift region. Since the plasma was a good conductor, the net
current was small. Therefore, the B, in the drift region due to

8
the presence of the electron beam was also small.

‘

If the plasma was allowed to pinch intb a small dense cbreL
the diagmagnetic properties of the plasma would tend to exclude&
the BZ from this core. This means that the electrons would have
to pass from a redion of low magnetic field in the cathode into a
higher magnetic field at the anode and then into a lower.field in
the plasma. To minimize the possible problems arising from two
field transitions, the apparatus was operated as a preionized
solenoid rather than as a theta pinch. This means that the
electron beam was fired'after thé gas was ionized but before it

had formed a current sheet.

The field coil was designed so that a relatively large
magnetic field leaked into the anode-cathode gap. However, the
electron gyroradius was small compared to the characteristic.
distances of the Bz_field. This means that (Wl/fBL) was approxi-
mately an adiabatic invariant for each electron (Wl is the trans-
verse energy of the electron and |B| is the magnitude of the
magnetic field). ' If the cathode was in a weak field, Bl’ and the
maximum field in the field coil was BO, then only those particles

with initial angles of

ok
W = B
(®]

could move into the region of maximum field (W is the total'energy

of an electron).
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The X-ray flux coming from a thin ﬁantalum target was used
as a measure of the electrons striking the target. ‘A photodiode
(always in the same geometry with respect to the target) was used
to measure the X-ray flux. The skin depth for the external
magnetic field was 0.8 mm for tantalum and 4.0 mm for graphite.
Therefore, 0.025-mm-thick tantalum targets and 0.5-mm-thick
graphite targets could be used without seriously distorting the

applied B, field.

The first experiments were performed with the field coil
3/4 inch away from the anode. This meant that the -anode-cathode
gap was in a weak fringing portion of the applied magnetic field.
The beam propagation was very poor. The target plate showed only
slight damage and the photodiode showed very little X-ray flux
coming from a tantalum target placed 2 inches from the anode
(1.25 inches inside a 7.25-inch-long field coil). This indicated
that almost all electrons were lost in the first two inches.
High v/y beams, such as the ones used in this experiment, in
Snark, and in larger machines, have most of the energy in a
transverse component. The previous adiabatic invariant argument
leads one to expect difficulty in transport when the cathode is

purposefully in a weak fringing portion of the magnetic field.

The magnetic-field topology was chaﬁged by using a specilal
return-current insert. This insert (Figure 4.18) served a dual
purpose; it carried any net current that may exist in the beam-
plasma system back to ground, aﬁd it extends the magnetic-field
lines so the single-turn solenoid appears to be at the anode
instead of 3/4 inch away. Therefore, by using this geometry, a
‘large magnetic field could be applied in the diode and mirroring
effects could be minimized. This produced a dramatic improvement

in beam transport. When the pressure in the drift chamber was
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Figure 4.18  Return-current insert.

141




. - ) . . + - ) -
O ., u | Q ’ . s T
. . { { H

* apoue mnp U0 PTOUSTOS 24yl y3TM uotTiebedoad weesg g1 aanbtg

wo/A L9 . S . wo/A tvo
uo /oest (g _ wuo foesu (g

BUSEEERNR)

142

PII07 T ST 2anssoad pue

ssneboTTy g sT 2g -spoue
BY} UC PTOUSTOS !dpoue -opoue uo srdwes
noiy ssyour (-9 oT7dueg

SREY



1 torr and the peak applied field was 50 kgauss, approximately
100 percent of the beam was transported (Figure 4.19). Although
this was the only condition which gave 100 percent transport, a

large'range of conditions gave transport between 50 to 75 percent

(Figure 4.20). For example, approximately 70 percent of the beam
was transported using a pressure of 0.2 torr and a B, field of |
" 28 kgauss. '
Pressure (millitorr)
200 500 | 1000
‘ - 20 35% ' :
Magnetic Field 28 70% 40% 50%
(kilogauss) 42 50% 80 to 90% ' 60%

50 40% | 95 to 100%

All percentages are * 5 percent
Figuré'4.20 Percentage of beam transported.

The symmetric return-current piece was used with a thin
graphite sample to confirm the fluence arriving at a sample
6 inches from the anode. The crater produced in the graphite
sample was one centimeter in.diémeter and about 2.5 mils deep.
This correlates very well with the 100 percent transport deter-

mined by photodiode measurements of the bremsstrahlung produced

" in the tantalum targets. This implied that 100 calories were

delivered to the'target in a 120-keV beam with a fluence of

125 cal/cmz. The graphite was removed for essentially the entire
electron range. This means that the dose was at least 2000 cal/q,
2.5 mils into the sample, ahd the front-surface dose was in excess

of 6000 cal/g (computed for an assumed incident angle of 60 degrees).
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Some experiménts were done to measure the plasma dénsity
inside the solenoid using a coaxial Langmuir probe. Because of .
the probe saturation at high density (greater than 5 x 1014 ions
per cubic centimeter), a definitive correlation with beam trans-
port was not obtained; however, when the plasma density was
.greater than lO13 ions/ce, at least 50 percent of the electron
beam was transported the length of the solenoid. When the mag-
netic field was too low {(below 50 kgauss at 1000p and below
25'kgauss at 200u) a dense plasmé was not formed and the beam did
not transport efficiently. At 200y, when the plasma was formed
‘at fields above 25 kgauss, the transport efficiency decreased
with increasing B, just as it did in the PIML and Snark experi-
‘ments. The optimum pressure again appears to be about 1000y but
the issue was clouded by the close coupling between the magnetic

field and plasma density.

The imporfant conclusions of these 100-keV experiments are
that current densities in excess of 100 kA/cm2 can be efficiently
transported with Bz' even at 100-keV mean energy, but the initial

13 or lOl4 ions/cc. In

‘plasma density must be of the order of 10
addition, BZ can be used efficiently at values greater than
50 kgauss, but again only when the preionized plasma density is

greater than 1013 ions/cc.
4.4 BEAM CONVERGENCE (CONE EXPERIMENT)

Two of the problems associated with high beam currents are
inductance in the diode and.high transverse energy in the electron
beam. Both of these problems are directly related to the large
self-magnetic fields produced when a high current beam is genera-
ted. When the diameter of the cathode and beam are increased,

the inductance is reduced and the electrons probably have less

144




!
R

transverse energy. The drawback to this hpproach is_thét a
large diameter cathode usually means a large area, low fluence

beam.

The cone experiment made a large diameter beam in the form

.of an annhulus with'a_relatively small area. 'The'magnetic field

“was generated by a conical solenoid with a conducting cone in the

center to exclude magnetic field from part of the volume (Fig-
ures 4.21 and 4.22). The property of this field configuration |.
was that field lines converge and the diameter of the electron '

béam”Was reduced;'but the field strength was not increased so the

- area and temperature of the beam were not changed In practice,

the beam was expected to remain as an annulus because the magnetlc
field was excluded from part of the volume by resistive diffusion.
This meant that the innermost f;eld lines actually went into the -
solid aluminum cone, and consequently these field 1ineé.could not

be used to transport electrons.

A typical sample is shown in Figure 4.23. The cathode
diameter was slightly larger. than the entire sample. As pre-

dicted, the diameter of the beam was reduced while the width of

“the annulus 1ncreaqed and the area remained constant._ The hole

in the center corresponded to the magnetic flux that passes into

the solid aluminum cone.

The energy-transported to the sample appeared to be at least
90 percent of the injected energy; however, the injection was
very inefficiéﬁt and erratic. An average of about 40 percent of
the energy entering the diode arrived at the anode and there was

a large amount of shot-to-shot scatter in this number.
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Figure 4.21 Task 3.5 - annular cathode with conical preionized

channel and Bz.
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Figure 4.22

Completely assembled cone

147

system.




A352

Figure 4.23

Sample at the end of the cone system.
was the diameter of the entire system.
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An instability was observed in the propagated'beam. This
~instability was observed as a wavy nonuniform damage pattern

- (note that the aluminum cone was supported by six legs that
1ntercepted part of the beam and these are also evident in the
sample} . The growth of th;s instability was observed on a single
shot by dividing up the beam into six segments and observing each
segment at a different distence downstream (Figure 4.24). . The

growth appears to be appreximately linear.

The important.éonclusien that can be drawn from these experi—
ments is that the transport region behaved as expected except for
a non-catastrophic ifistability; however, an unresolved problem

remains in the construction of the diode.
4.5 CONCLUSIONS

The BZ systems were operationally very simple. The period
of the magnetic fields were long enough to make timing and jitter
problems insignificant, and the system could be readied for the
next shot almost as rapidly as a similar neutral gas system. In
particular, the liners did not have to be cleaned after each shot

-as they did with the linear pinch.

A planar cathode”did not emit uniformly.- The_curfent
density was peaked in the ceﬁter, but it could be made more
uniform by increasing the applied BZ field. ‘The diode did not
short as early when a BZ was applied, but as the current density

was increased a larger B, was needed to have the diode hHold up

for the duration of the pulse.
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Figure 4.24

Growth of an instability as a function
tance from the anode.
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There is an optimum B for beam transport at about 7.5 kgauss. .

This optimum is very broad for current densities of about 3 kA/cm2

~and a wide range of conditions will give transport efficiencies in

excess of 75 percent, but as the current density was increased the
optimum became more pronounced. This optimum can probably be
broadened by bettef pfeionization. Even without preionization,
current densities of 36‘kA/cm2 éveraged over an ll—cm2 cathode
were transpo:ted-efficiently at the optimum Bz' When a go—cmz
cathode was used, the current density in the center 5 cm™ was

46 kA/cmz; this beam was also transported 0.5 meter with 90 per-

cent efficiency.

Feasibility was shown for using a double cone type geometry
to reduce the diameter of an annular beam without changing its
area. An unexpected problem arose with diode gonstruction and
all of the beam was not injected, but this does not appear to be

a fundamental problem.

In general, the behavior of intense electrdn_beams in a
longitudinal field is more complicated than originally anticipated;

however, it has been shown to be an efficient means of transport-

ing these beams over l-meter distances.
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SECTION 5

BEAN\ TRANSPORT IN AXIAL ® )
N\AGNI:TIC FlELDS--CALCULATIONS

by N Guillory

5.1 DEPENDENCE OF NET CURRENT ON MAGNETIC FIELD

Two theoretical models predict an increaSe'ernet current

with increasing magnetic field. One, due to Guillory, is

presented and disduséed in some detail here; the sécond,'due to

Lee and Sudan, has recently been published (Reference 5.1), and

its applicability is discussed here. The first model agrees

-roughly with our experimental data if the plasma density, np, is

of the order of lOlS to lO16 cm_3.' The second model agrees

roughly with the data if n, "~ 1013, wWe feel that the first of

these theories gives predlctlons somewhat more in accord w1th

*
the limited net current data of our experlments

The net current traces near the downstream target are

erratlc both durlng and after the passage of the beam. The net

‘current near the anode is more reprodu01ble it . has a llnear

rise throughout the beam pulse (unlike the behavior reported in
DASA 2426 for: B = 0 and lower beam power). Superimposed upon'

thls linear rlse are small oscillations or steps with periods on

The data consists of net current traces near the anode and
_target ends of the transport region for each of eight shots,
all at different values of B, (the applied magnetic field or
P (pressure). See Figure 4.15..
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the order of 5 to 10 nsec, near thé limits of resolution of the
‘traces. Similar fast fluctuations appear with larger amplitude

on the downstream net current.

The linear rise of net current is relatively well under-
stood in terms of a Boltzmann eguation with time-dependent

plasma density and self-consistent induced electric field. The

peak value (or, if one prefers, the slope) can be interpreted in .

terms of an effective conductivity.

However, the osciliationé or steps in thé_nét curreht at
the anode and thé'erratic behavior of the downstream traces even
long after beam turnoff strongly suggest the presence of
instability, probably involving the streaming of background
plasma electrons. The instabiiity appears to be convective
(Reference 5.2) with amplification anti-parallel to the
streaming velocity of the plasma electrons. The increase of the
upstream net cutrent with increasing.BZ and P suggests that the
resistivity, due to the instability (and probably the growth
rate), increases with B and P. The plasma denéity probably
‘iﬂcreases with P; thus we expect an instability which, if its
‘growth rate does not explicitly involve collisions, goes as W
and probably wp (cyclotron frequency and plasma frequency) to
some positive powers. The two-stream cyclotron instability
(Reference 5.3) appears not to behave in this way. The ordinary-
mode instability (Reference 5.4) behaves correctiy but is ruled
out because it occurs only when the plasma energy density
exceeds twice that of the magnetic field. The whistler
instability (References 5.5 and 5.6) has a growth rate propor-
tional to wcwp and can apply to plasmas of moderate density if
there is a high energy "tail" on the distribution function in

parallel (or perpendicular) velocities (Reference 5.6).
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5.1.1 Presentatlon of the Instablllty Model The model

given here will have two basic features

a. A 31mple descrlptlon of net current in terms of
effective re31st1v1t1es averaged over spatlal coordlnates and
beam duration '

b. Assumption of instability (unspecified), as just dis-

‘cussed, to explain increasing net current with'BZ-at high plasma.

‘density

Justification of the first of these model asSumptiens ﬁill
largely be left to a later discussion. Pressure:dependence of
the net current is due to changes in both the collisioh rate and
the plasma density. We now present the model and fit it to the

data, after which we will evaluate the model of Lee and Sudan.

5.1.1.1 Net Current in Terms of Axial Conductivity. If

the axial plasma current density is related to the induced E,
field by ' o

J = total effective resistivity)

zp = B/ Mot (Mot

then we can show that the ratio of net current to beam current

32 19,06t /98

is given by . j = (Z/ntot + l)_l

where Z is a dynamlc beam 1mpedance, dependent only on beam

radius and risetime:

—<=— w (w = inverse risetime of beam)

155




Comparison of the actual net and pfimary (beam) current traces
at the anode shows that the ratio.j is approximately constant
throughout the beam pulsé (with slight jitter), and this can be
predicted theoretically for times longer than a collision time

(which is typically less than 1 nsec).

During the beam pulse, a typical value for the self-magnetic

field_is

: _ net;_@ . .
Be = = . Jznet’ with JZnet evaluated on the axis.

Then VXE = 1l/c dBe/dt gives as a typical value of E,:

2
Ez - (C2 ;) |Jznet|

and this supplies the desired Z. It is assumed that the beam is
well charge-neutralized so that there is no space charge contri-

bution to Ez’ and it is assumed that the net electron flow is

forward, i.e., JZnet < 0.
The relation j = (Z/ntot + l)—l then follows simply from
sz = Ez/ntot'and the deflnltlons.‘

In our experiments the ratio J t/JB Z § was always small,

zne
so that approximately

~ tot

j z << 1
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5.1.1.2 Net Current in the Presence of Instability. As

discussed previously, we now assume that electrons scatter off
of unstable waves at a rate_v* proportional to the growth rate
of the instability, assumed to increase with B. The effective
parallel resistivity l/oH now has a classical part, l/c ; and a z

contribution n from the instability. Thus

Here o_ and p0551bly n depend on P, and n depends on B. If the
scattering of electrons by the turbulent waves proceeds at
roughly the linear growth rate, as in some streaming

instabilities (Reference 5.7), then,

2
~ 41Im w/w
n /p

“with Imw as the growth rate. However, when the cdllisiqnless

plasma theory indicates Imw = KW, r We must expect to find
Imw = Ko, = Vv because when the collision rate exceeds the linear
collisionless growth rate there is usually no growth of the

waves.

With this simple model we have

1

1T 5z
O

+

NS

with n ~ 4ﬂ/m; (kw_ = v) when this is positive, and equal to zero

‘otherwise. We leave K to be determined by fitting the data,

then check the acceptability of the empirically derived value.
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5.1.1.3 Numerical Evaluation of Instability Model. If we
9

assume v (sec—l) ~ 7 x 10° P(torr) for electrons in nitrogen gas
of ionization < 40 percent, and if we take 1/0O ~ 4ﬂv/w; (which is
probably good for P > 1 torr), then a beam with a risetime of

100 nsec and a radius of 3.8 cm gives

14
A~ 0.6 px 2
g 4 n
o o)
and
14 L _
1~ 0.84 x 107 (1.7 «xB - 0.7 P)
_ b _
when this is positive. {Here P is in torr, np in r::m"3 and B in
kG.) '

From the data we have dj/dB(kG) ~ 0.8 x 107° at P = 1 torr.

This would require

« ~ 0.55 np/1016

and the instability would take hold at

B(kKG) ~ 0.7 x lOlG/np

The value n, = 1.2 x 107° gives Imw ~ 0.07 w_ (k = 0.07)

‘and the model estimate of j is shown in Figure 5.1. If np is
higher than this at P = 1 torr, the horizontal portion of the
curve becomes shorter and lower (instability sets in at lower
Bz), and the value of k required to fit the data increases as
np. In the "low-frequency whistler" instability of Reference

5.6, Imw is between wci and wce’ and Imw ~ 0.07 we is thus quite
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Pigure 5.1 Net current data at P=1 torr, compared with instability
theory for n, = 1.2 x 1015 and growth rate 0.05wq -
Theory does not apply to left of the dashed line.

)
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17 at 1 torr, then the K.

reasonable. But if'np is as high as_lO
required becomes larger than unity, implying Imw > W,s an
unlikely.situation: The data point at Bz = 0'also becomes
harder to explain, although the model does not strictly apply
for very low B,. Actual prediction of np from ionization rates
is possible in principle if the plasma density at breakdown or
pulse onset is known; but because np exponentiates With the
ionization time, the appropriate average value of n_ cannot be
calculated to within a factor of three. Our model thus seems to
apply if np -~ 1015—1016 cm_3.

The actual transition from the stable to the unstable
- regime is somewhat rounded by the statistical nature of the
collisional damping, but this is a minor refinement. Another
refinement is that at low applied B, where the self-field By
exceeds B, a geqmetrical effect of anisotropic conductivity
enters: the axial conductivity has an increasing contribution
from the small cross—-field component of the conductivity tensor.
Diamagnetic effects previocusly neglected also become important
because of the larger azimuthal plasma currént. These combined
effects are expected to produce somewhat larger axial net cur-
rent, which could explain the slightly high value of j observed

at B_. = 0.
_ A

5.1.1.4 Pressure Dependence of Net Current. The pressure

dependence is not easily explained. - If np « P, then the smaller

value

d3/dB (kG) ~ 0.4 x 102 at P = 0.6 torr
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indicates that k varies with n_ to some power léfger thén'uﬁity,
say K < n;. There is no known model for this'in.the_instébility
behavicor, and it is not clear that np « P. A further complicaf
tion is that np mgy depend on beam current_density-JB. In the.
experiments, Jy was consistently higher for the 8.9 kG shots
than for those at 5.6 or 14.8 kG, and this may affect the model

because n, is assumed fixed when fitting the data.

The observe&'net current for zero applied Bz is not.
constant but has a minimum at P ~ 1 torr. But the relation
between this data and what one would expect for BZ > By is
clouded by the fact that when B, = 0 the perpendicular conduc-
tivity

o 2, 2.-1
S0, =04 (1 + wc/v )

is involved. The increase in net current (for Bz = 0) at lower

'pressures is explained by the decrease of o, as v decreases.

The increase of net current with P when P > 1 torr is attributed
to the fact that collisions increasingly impede the flow of the
plasma return current. Greater ionization from avalanche
apparently does.ﬁot compensate for this,.indicating that np :
varies slower than P, or that electron-ion collisions dominate

and the electron'temperature Te is decreasing with increasing P.

5.1.2 Comparison with the Theory of Lee and Sudan. The
model of Lee and Sudan (Refefence 5.1) predicts an increase of
net current with-BZ although it takes no account of rising
plasma density or of the finite length of the transport region.

_In the regime where the net current is still small, they give

=g la Y2 e -0t
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IWhere'C E'wc(BZ)/wPE This is plotted in Figgre §é2'for two
quite low values of plasma density, pp ~ 10 cm ~. For higher
np, j is smaller apd increases more slowly with Bz' and thus
cannot explain the data.

If the density really is as low as 1012 cn™3 then the
instability model probably cannot explain the data, mainly
because oOZ is not large enough (OOZ = 1.6 x 10_14 np/P, with P

in torr).

From previcus studies of ionization rates in the presence
of the beam (Reference 5.8) we estimate that np is at least 1015
cm-3 when most of the beam current passes, but measurements have
not been made. For further investigation of these effects, it
is imperative that plasma density be measured, at least upon

beém turnoff.

5.2 DIAMAGNETISM OF A WARM BEAM PENETRATING A UNIFORM PLASMA
WITH AXTAL MAGNETIC FIELD

5.2.1 Effect of Incomplete 6-Current Neutralization:

Equation for Bz Neglecting By. We shall now consider a hot
(large thermal spread) beam in a plasma with B = Bziz along the
direction of propagation. ILet us take the case where beam cur-
rent Iz and beéam surface current Ie (from diamagnetic and VB
drifts) is rising. We shall assume that I, is completely
peutralized by infinite conductivity o, of the plasma along
magnetic field lines. The 0 current is only partially
neutralized because of finite plasma conductivity o, normal to
the magnetic field. Thus Be is zero because the net Z current
is zero, but Bz and de/dt are nonzero because of finite g -
The dBZ/dt produces a 0 electric field, driving the plasma Jg4
current density. We neglect radial plasma mass flow due to Egx

B, and the radial dependence of 0.
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percent

3,

—

Pigure 5.2

B , kG

Net current versus magnetic field as predicted by Lee
and Sudan  (Reference 5.1), evaluated for two different
plasma densities (solid curves). PI data is shown as
circles (for P=1 torr) and triangles (for P=0.6 torr),
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The beam surfacé g current is 3 = 4mc d_ (ne )1, - - (5-1)
o Y B dr 178
where €| is the perpendicular energy per electron for the beam
plus plasma (usually the plasma pressure anpl is smaller than

€ >>
the beam pressure n, & | even though np nb).

~

The plasma © current is Jpe'= 0 - E, where E= E 1 + E 1

and 0 is the plasma conductivity tensor:

H
‘GH o) 0 1(9)
0 0 g/ (2)
If the radial electric field is Zero, then g . E = 0 Ee. We

assﬁme that this is the case and we assume 306/9r = 0. Then

putting the total current

_ 4mec d : g
J = —B-“" d_r (nE:AL-) + O.L Ee : ) (5"‘2)
into the Maxwell_equation for VxB (neglecting the displacement

current c_laD/at), we get

3
B, _am 4
B

But the Maxwell equation for VXE,

[+3

0 (rE.) = - & B,
3r ‘Y8l T T T 3t
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can be combined with Equatlon 5-3- after multlplylng Equatlon
5-3 by r and differentiating:

3B\ | | 3B, |
9 z) _ d fr d - 2 = -

Using nei =P and rearranging, we have the diffusion-like

equation:
2 g : 3P - a%p |
2 r ar 2 0 rB 2 3rf Bdr B 2
o B ar

where B refers to Bz only. The right-hand side of the equation
is a source term (nonlinearly dependent on the solution B) for

the radial diffusion operator on the left-hand side.

Because BPL/Br, as a function of r, changes with time (the
beam is slowly being compressed by the magnetic field), one must
actually include B_ and the beam input distribution to solve the
problem rigorously. Even without that difficult program one can
see the physics of the solution to Equation 5-5. The initial

condition is that B = Bo’ uniform everywhere, at time zero. The

" source term, concentrated near the pressure gradient (beam

"edge") and pressure second derivative, causes a reduction in B
to diffuse inward from the source region on a magnetic-diffusion
time scale. This change in B propagates a distance proportional
to

c(t/csl);5

in a time t; but note that B jumps discontinuously at the source

location (whereVer 3P, /8r and BZPJ_/Br2 # 0) when the beam is

introduced. For a rectangular profile of P (r), this means a

sudden change in B at the beam edge only, which then propagates

diffusively to larger and smaller r.
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 While we have not examined the motion of the beam envelope
as B changes theré, it is reasonable to suspect that when
Br ﬁ 0 is included in the treatment, the beam will constrict,
probably on a magnetic-diffusion time scale, to the radius
required by pressure balance, and the beam edge will become less

sharp.

5.2.2 Radial Fields Included. 1In a medium of uniform

constant tensor conductivity E, the vector potential, z,
satisfies :
82
at

4

=
=

N

[s¥] Lo )
e
olg
0':

~ 1l 3
59 - V5 5t

it

+ ol

b,

UXVXA + s
X 2 B

Q

where Jg is the beam current; (plasma currents are in the ¢

terms). We assume azimuthal symmetry in r, 6, Z coordinates

and choose as gauge A = 0. Then when - is very large we

have
2 2
3 1 3 3 1 o 41 9 i
2 A F |-t Tyt 5 O wT | By = T
ar [r ar 9 ] [ aZ2 c2 8t2 c2 ee_at] 5] c 0
13 - . 9%
and c ot AZ - 9z +'O(Jz/qrzz)

where Jg and Jy refer to the beam current. If we assume A and )

are functions only of r and u = vy (vt - z), and let k = 4ﬂﬁyoee/c

(B = V/e, Y—2 =1 - 62) we have from the Ae equation
: 8A
_ _& .y 8 _ 4r
RAg+ (k-5 34 =z

lee




g

"y

e

[ A
.

“,-& 3

&%

where R is the radial operator 3/%r [1l/r 3/5r (r -)]. Note that

w

2o _ Jx
Ju Y

with Br the radial magnetic field perturbation. -

For order-of-magnitude estimates we assume a solution of

the form
Ae = rF (u)
: for r < R
Je = rj (u)
where R is the beam radius, and take j{u) = josin'su for
0 < u< n/s. (This defines s in terms of the beam duration

T: s =.ﬂ(BYCI)_l.) With this model of the solution we have
RA, = 0 and

9
~ _ 4m . 2 2, ~% . _
B_ < y]o(k + s7) r sin(su + ¢} (5-6)
for r < R and 0 < u < /s, where ¢ E'tan_l(s/k). Since.

Bz = 1/r a/ar-(rAe) = 2F(u) and r3F/ou = aAe/au = Br/y, we have

oB 2B
_Z = X
du YYr
and 1if BZ = BZO when su =~ - ¢, then the diamagnetic perturbation
is '
pp, = 8T 5 s (% + k%) [cos(su + ¢) - 1 (5-7)
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for r < Rand 0 < u < 7n/s. Note that s/k = [(BY)z Oeer}—l, s0

that when By ~ 1 one has s/k ~ (OLT)—l, which is usually small.

Without attempting to refine these solutions by matching
inner and outer radial solutions or those inside and outside the
*
beam region 0 < u < 7/s, we have from Equations 5-6 and 5-7 a

qualitative picture of the perturbed magnetic field, as in

FPigure 5.3.
Ahead . Behind beam
of ___,___beam _//- e ————
s ——— ety
I i - U
| i
l |
| '
Br i —_—
{
AB E —

Figure 5.3 Br' Bz profile for beam diamagnetism.

T
Solutions ahead and behind the beam decay exponentially.
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If one puts

3 = drc dPi
6 B dr

from the preceding section into this model with J, = rj(u), it

becomes clear that the model represents a beam prgssure

P =P - arz, i.e., a parabolic profile. In this sense the
present model is more restrictive than that of the preceding
section, but it is less restrictive 1n having the Z-dependence
and radial magnetic field included. It is easy to show that
with the parabolic density profile the solution of Equation 5-7
is approximately a solution of the diffusion equation: Equation
5-5, discussed earlier, provided o, T is large andIABZ is small.
The source term in that case is proportional to r for r < R, and
the solution ABZ is constant with r for r < R. If the beam pres-
sure 1is not monotonically decreasing with r < R, there are para-

magnetic as well ad diamagnetic source terms.

5.2.3 Discussion. The consegquence of these equations is

that the beam is slightly diamagnetic when the beam pressure
decreases monotohically with radius; for the Snark beam, with
most of its 500 keV energy assumed to be in transverse motion,

4 A/cm2 would cause a 10 to 20

typical current densities of 10
percent reduction in field strength when the applied field is
10 kG. Yet this does not mean that pressure balance determines
the beam radius. . Since the transport region is short compared
with the beam length Rct, the actual beam radius can be deter-
mined more by new incoming beam electrons than by the response
of a beam electron to the pressure gradient. The forces on the
beam electron are such as to make it drift primarily in the 9
direction, thus reducing B, . Radial motion due to E, x B,

0

causes a radial drift of [0.1 E_, (kV/cm)] cm in the time

9
(~ 10 nsec} required to traverse the 1 meter drift region.
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5.3 REDUCTION OF TRANSPORT EFFICIENCY WITH INCREASING NET
CURRENT .

In ordei'to reach the end of the. transport regibn,'a beam
electron must have sufficient parallel'energy to ovéfcome the
retarding E, eléctric field induced by imperfect current
neutralization. The magnitude of EZ becomes larger at higher
magnetic field (above about 8 kG) as indicated by the net
current increase. We might therefore expect poorer transport
at higher B, because those electrons which cannot overcome the
higher retarding voltage will either return to the diode or
arrive downstream very late in the pulse, after the class of

electrons which are counted as transported charge.

Because thére is evidence that most of the beam energy at
these current densities is in transverse motion (References
5.9, 5.10, and 5.11), these moderate EZ fields over a length of
about 1 meter may cause reflection of a considerable part of the
pulse. The fraction of total energy to be found in transverse
motion increases with increasing current (if the energy, Y, is
held fixed); therefore, we expect the fraction of parallel energy
to be smaller late in the current pulse, whe{e_the current is

larger.

Figure 5.4 shows a typical dibde current and voltage trace
and gives a rough estimate of the parallel energy of a typical
electron* as a function of time during the pulse. The actual
time history of the parallel energy is probably determined by

conditions in the diode and at the diode-plasma interface ({which

* ' '
A radial average, weighted by current density.
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Figure 5.4 Time history of beam voltage and current, and estimated
parallel energy &) for 3-inch-diameter cathode and two
values of B,. Parallel energy loss Ag|| (dashed) is
estimated from the measured net current by assuming Eg
constant with z and t. Charge transport begins to
break down at t = t. (shown for BZ = 8.9 kG), and
emission stops at t_ t : '

5"
.may be a region of nonadiabatic motion). As vet there is no
satisfactory theoretical model which predicts the pitch-angle
distribution of the electrons leaving the diode, as a function of.
current and applied B, magnetic field, although some steps have |
been taken toward such a theory (Reference 5.12). For applied

BZ fields larger than the self-field, Bo' of the beam without
current neutralization, the particle orbits should begin to
"straighten out," tending toward paraxial orbits as B, > «.
However, the fields used so far have provided B 5 B . (ThlS is
perhaps fortunate for transport because of the v1olent instabil-
ity that can set in when the parallel energy distribution

" becomes sharp, Reference 5.13.)
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As a rough model, suppose that all the g¢-motion in the
diode becomes perpendicular motion in the transport region.
.Suppose further that the motion in the diode is along the field
lines Beie + Bzié, and neglect the radial (pinching) velocities.
(These assumptions are probably not realistic; they are made
only to provide a working model.) This mode 1 gives the parallel

energies shown in Figure 5.4:

e (b)) = ——=XAE (5-8)
_ 1+ (B (t)/B,)
with V(t) the_beam voltage. Diamagnetic effects on B, are
neglected. ‘
The parallel deceleration is given by
m d_ (Yﬁ ) = - eE;, + myu db/dt - Y;lMaB'/és (5-9)
dt I I E |

where uy is the guiding center velocity along field lines

'(approXimately the particle velocity VZ),

U, = cE x 8/B%, B' = B V1 - Ef/B2

E
M = Pf/sz'

with P, the perpendicular momentum observed from the frame moving:
with Up. The unit vector in the direction B is indicated by b,
~and the path length along field lines by s.
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The last two terms in Equation 5-9 represent magnetic

- mirror forces due to diamagnetism of the beam. If this is a

slight effect as implied in Section 5.2, we expect the dominant
effect in determlnlng charge transport to coTe from E”( EZ).
This E is roughly constant during the pulse but scales with
the rise rate of the net current when B, 2 7 kG, as observed in
Section 5.1. The magnitude of the net current is not dramatic-

ally different at large and small distances, so while reflection

" of beam electrons is negligible we may take aEZ/Bz ~ (0. Neg-

lecting diamagnetic effects, the degradation of parallel energy

Ag, = e E 4dZ + A e
fi Z a |l

where A ey is the parallel energy loss in the anode foil and in

~during transit is

the screening foil of the Faraday cup. When AEH ~ g for a
typical electron leaving the diode, it is expected that the.
charge will not reach the detector. It will return to the

diode and, if the voltage there has decreased, it will fall into

the cathode (this is the case for the final portion of the pulse

- in Figure 5.4}. Charge transport thus greatly diminishes at the

time, t;, at which A;H ~ g (Some transport persists because
electrons near the beam axis have most of their energy in
parallel motion.) Because the beam current is a rising function
bf t, this near termination of transport can significantly
affect the Coulomb transport efficiency, &, even if t, is not
much less than to' the time at which energetic.emission ceases

in the diode.

Actually, durlng that portion of the pulse which is belng
transported.- This is deduced from the fact that both J_ ., and
Jp increase more or less linearly. net
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If tl occurs when the beam voltage V is nearly conStant,

then the model'Equation 5-8 gives
.  B§(t1) = B [ev/bey - 1
'If the beam current Iy is still linearly rising, and if
Aeﬁ A LeEZ + Aae”,
with o o L = transport distancé'

.
A e, ~ 10 keV
a |l

and

EZ ~ ndJB/dt

as discussed in Section 5.1, this gives

£, ~ (caB /21)% [ —F= - 1] (5-10)
- eIBR(BZ) + Aaen
where R(B,) = nL/ﬂaZ is the turbulent resistance.

This approach gives magnitﬁdes of the charge transport

_ efficiency which agree moderately well with the data at higher
BZ where the model Equatibn 5-8 is expected to apply; (certainly
it does not apply for B, ~ 0). However, Bs”/at is small as
shown in Figure 5.4, and this means that t, is a sensitive

function of the model and of E,. For this reason Equation 5-10

. .
{0.5 mil titanium anode.)
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should not be used for quantitative predictions} only the
underlying idea is to be applied. (For instance Equation 5-8
gives the efficiency & increasing with B, up to ~ B, while the

real optimum B, is much lower.)

A consequence of this model is that when thé_pulSe-shOrts
early, & should be large. This is in agreement with the data,

which show-tO increasing with increasing B_-
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'SECTION 6
BEAM TRANSPORT IN NEUTRAL GAS,
NO EXTERNAL MAGNETIC FIELDS

by D. Pellinen

6.1 INTRODUCTION .

The least complex sYStem of transporf‘and combination for
a multi—megampére machine involves subdividing the 6utput cur-
rent into separate magnetically isolated beamlets.. If the beam
self-pinches in the diode, current densities of 100 kA/cm2 are
achievable. fTransport in a thin-walled array of separate guide

pipes could be carried out at this current density. It has been

" known for some time, however, that there are competing mechan-

isms which prevent efficient transport of pinched high v/y
béams, when they are injected into a neutral gas without |
externally applied-field (Reference 6.1). Since such beams.afe
characterized by highly nonparaxial electron motion, a large
fraction of the total beam current is lost over the first few
centimeters of transport if the gas is preionized or if it is at
a pressure appropriate to rapid breakdown--approximately 0.75

torr in nitrogen. After these high-angle components are lost,

“the remaining portion of the beam propagates relatively

efficiently; (an e-folding distance of approximately 250 centi-.
meters has been observed for a 250 kV beam propagating in a
i~1/4—inch~diameter pipe}. On the other hand, if gas breakdown
is delayed by use of sufficiently low-pressure gas (less than

0.5 torr in nitrogen), then the net current can equal the
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.primary current for a larger.fractioh of the pulsé duration,
resulting in better containment of the transverse energy
'compbnents by the azimuthal self-magnetic field; In this case,
however, the rapidly rising current creates a back emf which

decelerates the energetic electrons,

Consider, for instance, a 6-MA pulser with the current of
the machine subdivided into N, separate beamlets. Then, for a
risetime of 20 nsec, we get E_ (V/m}) = 10“7 di/dt (A/sec) =
10'-7 X 6x10 /N x 1/20x10 g 30/1\1 MV/m, If. the beam is '
propagated at pressures below 1 torr, the breakdown time will
be relatively insensitive to E/P and will be equal to approx1—
mately 10'_9 seconds divided by the pressure in torr (Reference
6.2). If the pressure is chosen sufficiently low to prolong the
breakdown time but high enough to give collisional charge
neutralization, then a reasonable value for piessure would be
0.1 torr, giving a breakdown time of 10_8 seconds. 1If we assume
that the characteristic breakdown time controls the velocity of
the beam front, then we can approximate the beam-front velocity
£ ~ V/E, tg. ~2
front velocity with the velocity of propagation of high v/y

by v

electrons within the beam and by requiring negligible erosion
over distances of roughly 2 meters, we see that at least thirty
separate beams are required. 1In addition, the allowable pipe
diameter for efficient transport of the self-pinched beam is
questidnablé.' Previous experience (Reference 6.3) indicates
that the low-pressure beam behavior is subject to even greater
losses than that from erosion alone when the beam is contained
within a relatiVely small~diameter conducting pipe. As a
result, one is not able to closely pack the tran3port'beams over
a small out?ut afea.. By creating.a beam which has minimal
transverse énergy, many of the problems previously discussed can
be eliminated. Transport of such a "cold" beam has been sug-

gested by J. C. Martin (Reference 6.4).
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Aesuming uniform current density from a disk cathode of
radius, r, anoae+cathode distance, d, and no diode impedance
collapse during the pulse, beam pinch (and the resulting genera-
tion of large transverseéenergy components)'ean be avoided if
the diode current'(assumed here to be the Langmuif—Child's_Law

current) is. less than the critical value given in Reference 6.5:

3/2

.y 2,.2 | .

The current for each beamlet at 1 MeV must then be less than
85,000 amperes.' The hypothetical 6-MA pulser would requlre, for

example, 90 separate 65,000~ampere beams for a diode r/d of 3.

The'approach-for the neutral gas experiments in this program

L )} and to
_Tcritical
investigate their transport efficiency in small-diameter guide

pipes.

was to generate small area beams (with T < I

6.2 EXPERIMENTAL DIODE BEHAVIOR AND TRANSPORT EFFICIENCIES.

The_eXperiment was performed on the 738.Pulserad (which-Was
operated at 600 to 800 kV peak voltages) using two cathodes
mounted on a low inductance dome inside the tube. Total currents .
as large as 150 kA could be geherated in this configuration
{75 kA per beam)and lower currents could be obtained by reducing.
the pulse charge voltage. The experimental configuration is
shown in Figufe 6.1. Diode current and voltage.waveforms were
measured with Rogowski coils surrounding each cathode and an
annular capacitive voltage divider. Guide pipes were built
ranging from 1.9 to 2.54 cm in diameter and with lengths rang-
ing from 4 cm to 1 meter. Two types of cathodes were also
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Neutral gas drift chamber

Guide pipe‘(variable in
length from 4 cm to 1
meter)

4

Cathodes
(roll-pin

S type ™ 2 cm

0.d.)

\ Rogowski coils

fnet current)

Anode _
{aluminized
Mylar)

cathode
dome

Prepulse
gwitch

Faraday cups.
(primary current)

Diode current monitor

Diode voltage
monitor (capacitive}

Figure 6.1 iixperimental configuration for neutral gas transport.

experiments.
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developed; a 2-cm-diameter flat cathode and a 1.76 cm hollow
annular cathode. Both used hollow roll pins as their emitting
surface;_ Figure 6. 2 shows.a-bhotogfaph of the two diodes mounted
on the'pulser. An 1nstrumentat10n package consisting of a self—
1ntegrat1ng Rogowsk1 coil to measure net beam currents and a
high-current Faraday cup was ‘made to snap on the end_of each
guide pipe. The Rogowski coil was located 0.95 cm in front of
the Faraday cup collector face. Anode-cathode spaeing and guide
pipe length and diameter were ihdePendently variable. Data were
simultaneously taken on botthran5port eystems with parameters '

being independently varied.
TwO pulsiﬁg‘sequences were made with the following goals:

a. Determine diode impedance as a function of anode-cathode
spacing and determine the effect of self-pinching on each
cathode. Determine the attractive effect of the two cathodes on

each other and determine injection efficiency.
"b. . Optimize injection efficiency and nmeasure transport
eff1c1ency as a functlon of pressure, anocde target distance, and

injected current.

Phase one was accomplished with the 2-cm flat cathodes; The

" initial pulsing w~as done using the tube voltage monitor and the

two anode current monitors as impedance diagnoétics. The effect

of beam'self—attraction was gualitatively checked by open shutter

photography and calorimetry. Injection efficiency was measured’
by moﬁnting a Faraday cup at an anode target distance of 8 cm and

taking the ratio:

IFC (peak)
Tpiode (peak)
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Figure 6.2

Photograph of double-diode setup used for
neutral gas transport tests.
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Conclusions drawn from the first shots were

a. Two independent beams could be generated and the beams

did not seem to perturb each other.

b. The diode current could be described by Child's Law
where the constant was on the order of 50.

c. Injection efficiency, i.e., , was on the

IFC/IDiode
order of 30 to 40 percent, at Z = 8 cm.

d. A cool beam was not generated; pinching in the diode

could not be avoided.

In an attempt to improve injection efficiency by lowering the
degree of diode pinch a new pair of cathodes were built to raise
the diode impedance at the same A-K gap. The cathodes were
annular in shape (1.76 cm o.d.) and roll pins formed the emis-
sion surface. Further minor improvements were made in the
hardware and testing was again begun. Twenty-four ﬁulses were
taken with mean energies ranging from 0.446 MV to 0.730 MV with
peak currents of 70 kA to 31 kA per cathode. Injection
efficiency was monitored with a Faraday cup at 4 c¢m and was
found to be approximately 65 to 70 percent relatively
independent of injected current. Transport efficiency versus
drift pressure was measured at Z = 0.5 meters (see Figure 6.3);
it was found to peak in the range of 0.4 to 0.6 torr and was in
the range of 50 to 60 percent of the measured.diode current,
corresponding to transport of 80 to 90 percent of the injected
current, i.e., the current that reached Z = 4 cm. Transport was
measured at Z = 86 cm at a pressure of 0.5 torr and transport

efficiencies of 40 percent of the diode current or 60 percent of
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Figure 6.3 Transport eff101ency versus pressure at Z = 0.5
meter - 1.25 cm radius guide pipe--peak Faraday

cup current versus peak diode current.
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the injected curxent were measured, Transport effioienCy'versus B
distance is_plotted in Figure 6.4 and typical data (showing
injected.and.t:ensported current waveforms) is given in

Figure 6.5.
6.3 CONCLUSIONS'. )

The results of the neutral: gas transport work have shown

that the suggested approach (namely generation’ of small dlameter.

50 to. 80 kA beams and transport in small dlameter gulde plpeS)

is unfeaSLble because of - the inability to prevent beam plnch

'(hlgh transverse energy) ‘in the circular and annular diodes.’

The Langmuir- Chlld's Law constant descrlblng the impedance

behavior of the diodes appeared to be 1n the range 40 to 50

which 1mp11es currents:

I =Y_"" +2/3° < 8500 8y r/d

50
or I < 25 kA atil'MV would be required to prevent diode pinch.

Beam injection efficiency was definitely improved by use of

- a hollow (annular) cathode. Beams from the 2~crm-diameter solid

cathode showed loss of 50 percent over the first 8 cm of
transport, while the loss for beams generated by a similar

diameter hollow cathode was' 30 percent over the same distance.

There appear to be several directions for neutral gas

transport that may yet show promise for application to multi-

megampere machines:

a. Genetate beams with lower current density to aveoid

‘diode pinch.
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b. Use annular or strip cathodes to achieve higher current

densities without pinch.

c. ~ Couple the separate beams.in a final combination/

compression stage.

The'prbspects for neutral gas transport'systEms_operating

in the range 20 to 50 kA/cmz.are not, however, promising.
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SECTION 7

DIAGNOSTICS DEVELOPMENT
by D. Pellinen and ‘D. Wood

- 7.1 INTRODUCTION

Instrumentation for the measurement of electron beam and
X~ray output parameters was developed on this program as an _
extension of a wide base of existing voltage, current, and X-ray
diagnostics developed at Physics International over the last

decade.

Diagnostics. specifically developed or modified for use on
the Mylar lines included capacitive voltage monitors for the
tube and line, a large self-integrating Rogowski coil (current
monitor) surrounding the cathode emission area, Faraday cups (to
measure injected and transported current), and X-ray fluence and

depth-dose calorimeters. The diode and electron beam diagnos-

‘tics are described in Section 7.2. Section 7.3 outlines the

X~-ray diagnostics.

: : *
7.2 ELECTRON BEAM AND DIODE DIAGNOSTICS

7.2.1 Voltage Monitors. Voltage measurement near the

field emission diode of any high current pulser is desirable

® . '
By D. Pellinen.
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since the magnitude of the inductive portion of the voltage
waveform is minimized. The restrictive geometry of the low
inductance tubes used on the Mylar line facilities precluded the
use of graded resistive monitors of the type developed for use
on the more spacious (higher inductance) tubes used on PI's oil
dielectric machines; for this reason an annular capacitive
voltage monitor, recessed into the anode plate, was developed
and tested for use on the 0.3 Q/100 kV Mylar line and on Snark.

The physical location of the capacitive monitor was shown
in Figure 2.6. A detailed view of the monitor construction is
given in Figure 7.1; (this particular version was used on the
0.3 /100 kV line in field gradients = 300 kV/cm). A 3-mil
Mylar insulator was used between the annular plate and ground.

A shielding ring was employed to minimize electric field at the
epoxy-metal joints. This version employed a spark gap set to
prevent excessive voltage application to the output cable should
an arc occur between the capacitor plate and the anode plate; no
such arcing occurred during use, so the spark gap was not used

on subsequent monitors. An electrical schematic is given below:

Vcathode plate
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1l watt
125 @ + 5%
-carbon resistor
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20 mil_wire
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Figure 7.1 Capacitive monitor construction.
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The ratio of voltage at the cathode plate to the vbltage on the
capacitor plate,:~ Vcathode_plate/v': C2/Cl waslkept in the
range of 200-400/1 with Cl several tens of picofarads, and C2 a
few nanofarads. Further attenuation was given by the ratio

Rscope/(RSCOpe
circuit (RS

+R), where the total resistance in the monitor .

copé+R) was chosen to given an RC time constant
~ 1 pysec. To avoid unnecessary loss of signal, a 125 { cable
was used and fed.directly into a 519 scope; extra resistance was
added near the monitor itself (typically a few hundred ohms).
This configufation minimized reflections in the monitor circuit
and gaveltotal attenuation values V /VOut of 300 to

800/1.

cathode plate

Calibration of the monitors was performed in situ by one of
two techniques: (a) When the tube assembly was removed
(0.3 ©/100 kv line)} a pulsed voltage was applied to the cathode
plate using an external 530 @ cable'pulser. Capacitive monitor
output was then calibrated against a resistive monitor placed
external to the tube. (b} The monitor was calibrated against

line voltage monitors by firing low voltage open-circuit shots.

Performance of this voltage monitor on the 0.3 O/100 kV
line {and on the PI Mylar line, 1.0 9/300 kV) has been good. A
similar monitor installed on the Snark tube has performed
erratically. At voltage levels across the anode and cathode
plates of < 500 kV we have successfully used the monitor, (see
Figure 2.7 in Section 2); however at higher voltage levels the
waveform shows nonreproducible behavior occurring after 50 or 60
nséc into the pulse. A possible explanation is the formation of
a plasma sheath near the cathode plate which could effectively
change the capacitance between the active monitor element and
the cathode plate.

194




7.2.2 Current Monitors. Faraday cups have been used .

~extensively for measurement of primary (energetic) electron

- current. A description of the original monitor (used at the

anode plane) is given in Appendix B. The modification to this
basic cup allowing measurement of propagated current is

described in Reference 7.1. A similar cup was constructed on
this program to be transparent to pulsed magnetic fields for use'

in Stalling's Bz_tfan5port experiments.,

Rogowski coils were used to monitor diode current. The

monitors are described in Appendix C.
_- *
7.3 X-RAY DIAGNOSTICS

Much of the. X-ray diagnostic equipment used in the per—
formance evaluation of the Snark machine has been under
continual development at Physics International Company (PI) for
several years. The often times unique diagnostic requirements
encountered on cther PI machines such as, for example, the 738
Pulserad in the low-impedance photon mode, have necessitated the
development of'sophisticated but reliable equipment that can be
used in a routine manner on the different machines. Included

are both time-resolved and time-integrated diagnostics.

The time-resolved diagnostics include commercial scintillator

photo'diodes and special photoelectric diodes manufactured by

Physics International. These detectors were used on Snark to

provide the time history of the radiation pulse and other quali-

tative information.

*
By Don Wood.
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The time—inteQrated diagnosties(included“conVentional
thermoluminescent dosimeters (TLD) and calorimeters. In
materials suitable for use in calorimetry the absorbed radiation
is convetted entireiy to thermal heat energy so that the measure—
ment of the temperature rise of the lrradlated material provides
a fundamental and direct method of determining the absorbed dose.
The temperature rise 1is also independent of photon energy and
dose-rate. Used on Snark were tantalum-foil depthFdose calori-
meters and a totally absorblng tungsten fluence calorimeter.
Thermoluminescent dosimeters were used on all shots to prov1de
normalization of the calorimetry between succe831ve shots to

account for nonreproducibility and to map the radiation field.

Characterization of the Snark X-ray output with the time--
integrated dosimetry included the following steps: (a) deter-
mining the rate of fall-off in the X-ray intensity'as a function
of distance from the source point with TLD's,.(b) measurement of
the X-ray deposition in the tantalum-foil depth-dose array thet
is corrected for the rate of fall-off determined from the TLD's
in step (a), and (c) measurement of the X-ray fluence. The time-
resolved diagnestics were used to determine when the radiation
pulse terminated so that accurate calculations of total energy
could be made from the dicde diagnostics. The results of these
calculations were then used to determine the yield and efficiendy

of X-ray conversion.

The following sections briefly describe the depth dose and
fluence calorimetry and the last section discusses the results
of the measurements on Snark. Also included is a comparison
with the low impedance output from the 738 Pulserad using thin

beryllium debris catchers.
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(:) 7.3.1 Tantalum Depth Dose Calorimeter. A tantalum depth

dose calorimeter was used to measure the front surface dose
(FSD) and the deposition versus depth profiie. A cross sec-—
tional diagram of the calorimeter positioned above the Snark
diode and showing'the location of the thermoluminescent dosi-
meters (TLD) is given in Figure 7.2. The calorimeter consists of
a series of thin tantalum foils, each monitored with a thermo- |
couple and contained within a small evacuated chamber with a
“beryllium window. Each foil is surrounded by a guard‘ring of the
same material so that edge losses are minimized_aﬁd the back
foils are shielded from radiation incideﬁt at 1arge angles with
respect to the beam axis. The foil composite behaves to the
incident radiation as if it were a solid material so that the

energy deposited in depth in the material can be accurately

measured. The dose in calories per gram for the ith foil is
given by
(:> 0 X ? cal |
Q - |14+ 2 0.647AV.( )inTa
m. X i \gram
1 o}
where, X, = distance from the center of the first foil to the .
_ center of the ith foil (cm)
Xo = dlstance from the X-ray source to the center of

-the first foil {(cm)

th

Avi = thermocouple response of the i foil (millivolts)

n = exponent to convert for dose fall-off over the
thickness of the foils.

The millivolt readings (AV } of the foils were read out
w1th a VIDAR digital voltmeter and printed on a tape.

K//
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Figure 7.2 Schematic cross section of depth dose calorimeter
and thermoluminescent dosimeter array showing
relative position of X-ray source.
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The above relation accounts for the axial dose fall-off and
extrapolates the dose in all foils back to the location of the
first foil.

The FSD is calculated from the above equation where the
value of AV4 is determined by extrapolating the cooling curve
for the first foil to the time the shot fired. The FSD

‘represents the average deposition across a 0.0005-inch tantalum

foil. The fluence (in calories per squaré centimeters) is.

‘determined by the area under the deposition profile. Since the

tail of the‘profile is the most difficult to measure experi-
mentally, some error is inherent in determining the fluence and
it is highly desirable to have an independent measurement of

X-ray fluence.

7.3.2 Fluence Calorimeter. The fluence calorimeter

provides'a direct measurement of X-ray fluence. A cross

sectional schematic diagram is shown in Figure 7.3. The calori
meter housing is approximately 4 inches in diameter by 9 inches
long and is easily pottable. An ion pump and absorption pump
provide the required vacuum. The aluminum heat shield attached
to the end of reservoir forms an isothermal.cavity at the
reference temperature. The absorbing mass is a solid cylinder
of tungsten and is suspended inside the isothermal cavity by
silk threads. Intermittent manual contact of the absorber to
the face of the reservoir provides accurate temperature
reference (TO). The area through the circular cross section of
the absorber is 5.63 cm and its length is 1.5 cm, which gives
only 10 percent transmission at 660 keV. Temperature changes
induced by X-ray deposition are monitored with a thermistor.

The fluence is calculated from the equation,

= AT 2
= 3 Cp_(AR)O AR {cal/cm”)

0
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where :
' m = mass of tungsten absorber
Cp = gpecific heat of tungsten
A = area of front face

(AT//_\.R)o =-témperature coefficient of thermistor at the
reference temperature (TO).

AR = registance change

The temperature coefficient of the thermistor (AT/AR) was
measured by simultaneously monitoring the thermistor and a
thermocouple also attached to the absorber and varying the
temperature about the reference temperature (Té). However, a

more direct and accurate technique was also employed. The

- calorimeter was exposed to a 400 curie C5137 gamma source

(0.66 MeV) at Physics International Company. At this energy
there is 10 percent transmission through the absorber so that
the calibration must be increased by 10 percent for radiation
which is totally absorbed. The calibration is

m AT -5 2

— — = + —_ .

2 CP (AR) 6.21 x 10 t+ 3 percent (cal/cm”™-chm)
This value agrees to within 10 percent of the value calculated

using the température coefficient of the thermistor.

Two 0.5 mil tantalum foils were also positioned directly in_

front of the tﬁngsten to measure the FSD, and TLD's were placed

outside the calorimeter housing.
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- SECTION 8
SUMMARY AND CONCLUSIONS

The conclusions of this work relating to beam generation,
transport, and diagnostics (both e-beam and X=-ray) are summarized
below.

8.1 DIODES

Diode impedahce laws and the phenomena of impedance COllaPSe
have been studied. Diode impedance prior to beam pinch in the '
anode-cathode gap has been accurately modeled using a Langmuir-
Child's impedance law with a time-dependent gap spacing to
include the effect of hydrodynamic expansion of the anode.
Impedance levels of cathodes when current values are greatly in
excess of the critical pinch current have been described by a -
parapotential flow model. Hollow cathodes have proved useful in
extending the impedance lifetime of high-current pinched diodes.
Measurements of current density at the anode plane as a function
of radius and time have shown the existence of current "wings"
(i.e. current density at the cathode edge) even for the highly
pinched beams which appear to set a fundamental péréentage limit
on the energj one can deliver to the pinched core. Self-magnetic
decoupling of nearby diodes has been demonstrated using isolated

~cathode shanks and ground return cylinders.

203




8.2 NEUTRAL GAS TRANSPORT-NO EXTERNAL FIELDS

Our approach to a neutral gas transport system (géneration
'of small-diameter, 50 to 80 kA beams and transport in small-
diameter guide pipes) was found to be infeasible because of
diode pinch in both the circular and annular cathodes used in
the tests. Because of an apparent decrease in the Langmuir--
Child's impedance constant (K = 40 to 50 instead of 136) for
this geomefry it'appears that currents ~ 25 kA per_beam would be

required to prevent diode pinch.

Other neutral gas approaches that may yet be feasible
involve generation and transport of much lower current density

beams followed by a compression and mixing stage.

8.3 TRANSPORT IN EXTERNAL Be FIELDS (LINEAR PINCH)
Efficient transport and combination- of beams using linear

pinch discharges to provide external B, fields has been shown

¥
feasible as a multi-beam handling approach. Approaches to beam
compression in a tapered pinch have shown unacceptably large

losses: this appears to be the only weakness of a B, transport

_ S
system. Fluence control has been demonstrated by variation of
injection time of the beam into the collapsing pinch, and

transport has been described by a single particle model. Time

phasing and operational features of a B, system make it a

&
complex one; however, these complications may be justifiable

depending on the status of other transport techniques.
8.4 TRANSPORT IN EXTERNAL B, FIELDS

High transport efficiencies at current densities up to

40 kA/cm2 have been observed using longitudinal magnetic fields
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in the range of 7 to 8 kG. (An optimum field was found for
transport--higher and lower fields produced lower efficiencies).
Higher levels of gas preionization have been shown to improve
transport efficiencies at higher magnetic fields. Beam dompres-
sion to higher current density and the convergence of beams to
nearby spatial locations remain the major areas of uncertainty’
in the feasibility of a complete B, transport system. Another
disadvantage to BZ systems is the presence of fringing magnetic
fields in the irradiation volume. However, these fringing fields
may possibly be reduced to acceptable levels by shielding the
sample volume from pulsed external fields or by configuring the

solenoid coils in a closed field configuration.

Beam convergence has been effectively demonstrated by use of
a large annular cathode injecting into a conical ﬁransport
region. In this case, the Bz field was held constant throughout
the transport region so that the beam cross-sectional area
remained constant; the shape at injection (a large-diameter thin
annulus) was transformed into a smaller—diameter, thicker annulus

without loss of transport efficiency.
8.5 DIAGNOSTICS

Electron beam and X-ray diagnostics have been developed
and modified for use on high current accelerators. Voltage
measurement continues to be an area of minimum accuracy becauée
of the inductive‘component present on the monitor output
[Vinductive = d/dt (LI)]. A capacitive monitor located inside
the tube near the cathode has proved useful at lower operating
voltages, but it exhibits erratic behavior at‘voltages of 500 kv,

and we have had to rely on voltage monitored external to the tube
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for routine.voltagé'diagnoSfics (including_correction-fbr the = . (;)k
inductive component). Diode current diagnosis has been

accomplished by use of a Rogowski coil surroundiﬁg the cathode.

One advantage of this technigue (as opposed to current shunts ”
external to the tube) is that it provides an accurate measure of
accelerated current, independent of current flow along other

paths (e.g., flashing across the insulator, or background emis-

sion by the high—Voltage feed structure}. Faréday cups and

graphite calorimetry have been adapted for monitoring parameters

of transported electron beams. Calorimetric X-ray diagnostics

have been demonstrated as usable on a routine basis. They are

able to provide direct measurement of X-ray fluence and X-ray

energy deposition versus depth profiles (as well as front sur-

face dose)-in moderate to high-Z materials. The major advantage

of this calorimetry approach (over TLD dosimetry) is that it

eliminates the need for spectrum assumptions or bremsstrahlung
production calculations to unfold fluence and front surface dose

from the TLD readings. _ <:>
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APPENDIX A

'QUASI-PARAPQTENTIAL ELECTRON
FLOW IN A HIGH V/YDIODE

by
J. Creedon




O A.1 INTRODUCTION

In the past several years,.the high current relativistic
diode has been the subject of extensive investigaﬁion (Referehces
A.l through A.6). These diodes have pulsed voltages of lOSVto
107 volts applied for periods of '~ 10_7 seconds giving peak

. il
currents in the range of 10% to 106 amperes.

For many cases, the pulse length is sufficiently'long so
* ~that the anocde current approaches a steady atate value. For this
reason, only steady state solutions will be considered in the

following analysis.

A typical diode might have the configuration shown sche--
matically in Figure A.l. The anode is a plane. The cathode
shank is a cylinder of radius RC’ and the face of the cathode 1is
spaced a distance d from the anode. Actual cathodes are usually

<:) composed of needles or of some other roughened surface so that

the emission process is initiated by field emission.

There is evidence that a cathode plasma forms (References
A.2, A.4, and A.5), due to the vaporization of‘metallic whiskers
on the cathode surface (References A.lO,_A.ll; and A.12). The
existence of this plasma at the cathode is the basis for the
treatment of these diodes as "space~charge-limited"; that is,
' the emitted current density is limited to that value for which -
the associated space chargé cloud reduces the electric field to

zero at the cathode.

For the space-charge-limited case, and with a sufficiently
low potential difference between the cathode and anode, one could

(neglecting fringing effects) apply a nonrelativistic Child's law

:./_\
Ny
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Cathode | Anode

Figure A.1l

Dicde configuration.
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theory for plane-parallel electron flow. (All symbels are de-
fined at the end of this appendix and MKS units are used through-

out.)

2.34 x 1076 vo3/2- -
g F d2 S ('A_l)'_.

where jO is the current density, VO the anode-cathode potentiél

difference, and d the anode cathode spacing.

For diode currents below the critical current (to be defined
presently) the observed current densities tend to be COnsidefably
higher than values calculated from Equation A-1. One explanation
for this discrepancy is the impedance collapse phenomena (Refer-
ences A.l and A.4). It has been postulated that the lafge energy
density of the electron beam at the anode creates a highly con-
ducting plasma, and that the hydrodynamic motion of the anode
plasma (as well as the cathode plasma) reduces the value of 4

during the pulse.

Another mechanism which must be considered is the emission
of positive ions from the anode plasma. The problem of plane-
parallel bipolar flow of electrons and positive ions has been
considered by Langmuir {(Reference A.7) and others (References A.8,
A.9, and A.15). If jo is the electron current density in the

absence of positive ions (Equation A-1), je the electron current

"density with positive ions, and jp_the positive ion current den-

sity, then (nonrelativistically):
1

o y 3 du | -
(je/_:lo) - f {U% + @ I(l—U);i—ll}Lz (A2

(o}
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where

] T
Je np

and ﬂe and np are the charge to mass ratio for the electron and

the positive ion.

For the completely space-charge-limited Case.(a = 1.0) the
electric field is reduced to zero at the anode (as well as at the
cathode). Numerical evaluation (Reference A.7) of the integral
in Eguation A-2 gives je =-1.86 j0 for o = 1.0, and jp is negli-

ble because n_ »> 1n_.
e p

As the applied potential and the anode current of the diode

increase, two new phenomena become important.

a. Eguations A-1 and A-2 must be modified by using the
correct relativistic relations between velocity and kinetic
energy .

b. The self-magnetic field of the anode current causes the
trajectories to be curved towards the axis.

_ The relativistic velocity cbrréction_has been worked out
(References A.5, A.6 and A.9) for both unipolar and bipolar plane-
parallel flow. '

when considering the effect of the sglfﬁmagnetic field, it
is convenient to define a critical current Ic (References A.5,

A.6, and A.14):

R

. = ' —E _ ,
IC 8500 Bo Yo & (A-3)

where BO is the ratio of the electron velocity to the speed of

light at the anode and y_ = (1—802)—%.
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Equatioh A—3'is an approximation derived by neglecting the
radial electric field and the variation of the magnetic field
along the path of the electron. The current I, is the anode

current which causes an electron emitted at the cathode edge to

follow a path which is tangent to the anode surface.

Despite its approximate nature, Equation A-3 gives a good

‘indication of the current level that will cause pinching. For

currents higher than the critical current the anode current will

"be concentrated'afOUnd the axis of the diode.

It is possible to minimize the effects of the anode plasma
by constructing the cathode in the form of a hollow ring. For
a pinched electron beam the anode plasma and positive ions will

be concentrated around the axis and will have a minimum inter-

action with the emitting areas of the cathode.

There remains the problem of calculating the anode current
in the presence of the large_magnetic field. The problem of the
very high current diode in many ways suggests the “Brillouin type
of electron flow that exists in crossed electric and magnetic

fields {(Reference A.13).

DePackh (Reference A.14) explored just such a pOSSlbllltY

* when he calculated the parapotentlal (i.e., along equlpotentlals)

flow in a diode. Friedlander et al. (Reference A.6) have carried

out a similar calculation.
In the following sections we will develop a parapotential

model for the diode which predicts anode currents that are in

good agreement with measured values.
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A.2 PARAPOTENTIAL MODEL

The object of any model for electron flow in a diode is a
consistent solution for the coupled equations that describe the
interaction of the electromagnetic fields and the motion of the
electrons. In other words, the motion of the electrons under
the influence of the electromagnetic fields will give a certain
space-charge distribution. This distribution, when combined with
the equations of the electromagnetic fields and the boundary con-

ditions, must give the original fields.

The model proposed here is not completely consistent in the
" above sense. The principal assumption of the model is that the
electron flow is parapotential in most of the diode, but that
there is a small region around the axis in which the electrons
travel across the equipotentials to reach the anode. The total
current carried by the electrons is calculated as a function of
the anode potential by neglecting this small region around the

axis.

Other features of the model may be seen by referring to
Figure A.2. The emission is assumed to occur principally at the
edges of the cathode and on the cathode shank. The. emission for
most of the central area of the cathode is suppressed because the
electron sheath has depressed the potential to zero in this region,
The details of how the electrons leave the cathode edge or shank

and reach higher equipotentials are not considered.

It is at least plausible that the anode current is deter-
mined by the amount of current that can flow from the edge of the
cathode to the axis, and that one can calculate the ancde current

without considering in detail the process that occurs at the

axis.
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Figure A.2 Schematic of electron flow.
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The current flowing in the diode is.presumed.to have only
radial and axial components and it is assumed to be cylindrically
symmetrical; Only_the steady state case is considered. Because
of the symmetry and the lack of an azimuthal component of current,
~ the magnetic field in the diode has only an azimuthal component.

The magnetic field is given by

B-(b = (uO/ZTrR)fj + do

_ , . Y >
where R is the radial distance from the axis and f'j « do is taken
over an area whose boundary is the circle (centered on the axis)

of radius R located in a plane parallel to the anode.
For the steady state, the equation of continuity gives
. .
v+ 3 = 0

From the divergence theorem and the assumption of electron

flow along eguipotentials one can see that

f5- %
(taken over an area as specified above) is a constant for any

point on a given eguipotential. Therefore, along an equipotential

v Lo

B¢’ o

The parapotential flow condition for a trajectory that is

approximately straight is

E = -uxB
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and since u is a constant

E = |vv| a%. | . | (A-4)

élong any equipdtential.

Now consider a polar'coordinate_system with its z axis along

the axis of the diode and with its origin at the anode surface

{see Figure A.3). The form for the gradient in spherical polar
coordinates N
_vy L1V 1wz
W= 3z T T35 % ' rsino 39 %9

suggests a very simple set of equipotentials. If V is only a

function of the polar angle 6 then
vV = V(6}

and

- -1 3V
E = r 3

The eguipotentials are the cones

6 = constant
and the condition in Equation A-4 is satisfied since

R = r sin 6
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Figure A.3 Coordinate system for diode calculations.
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(;)  These considerations result in what is perhaps the simplest
possible set of eguipotentials. Of course, there is no guarantee

of unigueness.
The derivation which follows is very similar to that pre- -
sented by Friedlander et al. (Reference A.6) for conical eguipo-

tentials.

A.3 RELATIONSHIP BETWEEN CURRENT AND POTENTIAL FOR CONICAL
EQUIPOTENT 1 ALS o

The system of equations that must be 501ved”(see symbol list

at the end of this appendix) is
Poisson's equation:
2 0 | '
vy o= - - S (a-5).

<:> . - | o

I = fj . | . (A-6)

B = -ux8 o - (A7)
Magnetic field:
, u_ I _
By = 7R - (A-8)
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"Relationship between electron velocity: and potential:

. 2 .
u = BC = [: - '-\-(—2];] (A——Q)
ev + mocz‘
Y = :
m C2

From the diVérgence theorem and the conical flow lines for

j one can see that

j o«

e

r

on an equipotential, and since the velocity u is a constant on an

equipotential, the charge density must have the form

o = g(8)/x° (A-10)
where g(8) is some function to be determined.

The current flowing between polar angles 6 and 6 + A is

given by
AT = - pBCAA = - Ei%l B C 2w_r2 sind A 6
ot r _ _
so that
%% = - 27 g(8) B C sin 8 | (A-11)
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‘Combining Equations A-5 and A-10 and eXpresSing_the'result'

in spherical polar coordinates gives

2 = o |
a“v cos 8 av _  _ g{8) -1
02 t sin® @ =N : (A-12)

Writing E as - VV and combining Eguations A-7 and A-8 gives

av  _ ?E_E_O___I_ o . (A—l3).:
dse 2T sinf ' - '

If Eqﬁation A-13 is differentiated and'combined with Equatibn

A-11 to eliminate dI/d8, the resulting expression for g{(8) can be

substituted into Equation A-12. If the result of this process is

combined with Equation A-9 one gets, after some manipulation,

, | ,
dy L, cos & dy . _ Y fdy | (A-14)
d82 sin 6 do 2 2 bas -

Y_-'_l . :

which is the fundamental relation for the'parapotential flow.

For a solution to Equation A-14 make the substitution:

Y.= ln‘[tan %] B (a-15)
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giving

which has the solﬁtion

. .
y = kyln vy + (v2-17] +x

5

(a-16)

if we designate by § and em'the polar angles of the equipo-

tentials that comprise the minimum and maximum extent of the

electron flow, then the boundary conditions are

This gives

220

(A-17) -




<~) The current flowing with polar angle < 6 can be evaluated

from Equations A-13 and A-9:

‘ .2 .
m_C . . .
_ 27 o~ sin & dy . o _
I = W = g 3 36 : (A-18)
_ g Sin 68 - dy
= 8500 —--—~—~——”B _ d5
from Eguations A-9, A-15, A-16, and A-17
, 2 .. - '
dy _ gy dy | (y -1) 1 - (2-19)
dse dy de kl sin © -
Q Combining Equation A-18 and A-19 and using the relation

1
By = (Y.z-—l) ‘ gives

I = 8500 Y/kl

or substituting for kl from Equation A-17

8500 Y 1n [Ym + (sz;i)%]

Bm &
1n [tan ~—2—]— 1n [tan -2-]_

(a-20)

I =
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and the anode current I, is given by this expression for Y =Y

m .
at 6 = 6_: ) .
m : .

8500 y_ 1n [ym'+ (szél)%l |

I = . . o . (a-21)
° ~1n [tan Qﬂ] - In [tan é] ' '
N 2 2
By setting Y = 1 in Equation A-20 it can be seen that, as an

essential boundary. condition for the différential equation des-

cribing current flow, there must be a boundary-current Ib flowing
for 8 < §

. |
8500 1n {Ym v oy 21 ﬂ I

I, = m—) =_9
b 1n [tan Sml © 1n [tan & Ym
2 2 !
'For the region between the equipotential at & = Om and the

anode at 8 = m/2 the potential is given by a solution of Laplace's
‘equation: '

: ' In [tan %]
V=Vt (vm—vo) em— o _ (a-22)
1n tan—z— :
where Vé is the anode potential and Vi is the potential for
6 =06_.
_ m

The electric field calculated from the parapotential solution
and from the Laplace solution (Equation A-22) must give the same

result for & = em. Differentiating Equation A-22, expressing the
results in terms of y and equating to dy/d6 from Equation A-18
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_ 8500 v (y_-v.) . '
T = n _m o - - (A-23)
° 2 3 8m '
o -1)7? In |[tan -5

Eqﬁatiohs A-21 and A-23 can be combined to eliminate 6"

_ ‘8500 v ' : Y
'IO = q ; ln’ym + (sz—l)%]+_—-§w———
‘ .=1n _kan 5] -

(A-24)

From Equation A-24 it can be shown that the minimum value

qf Ib {(i.e, IO/Ym) ocgurs for

(;) " For a given diode geometry and anode voltage (i.e. Y} we

N,

wish to calculate the anode current I . The basic assumptions of
the model are that the emission occurs prinbipally on the cathode
edge or shank, and that the equipotentials are cones, so that it

seemed only natural to pick the angle'ﬁ such that (see Figure A.2):

tan & = Rc/d

The quantities em, Yo' and I0 are all unknown; although the
specification of any one of them determines the other two by a
simultaneous solution of Equationé A-21 and A-23. The simple
parapotential theory is not sufficient to solve the problem com- :
pletely since it excludes the regidn around the axis where the
flow crosses the equipotentials and where the boundary current

“flows.
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The fbtal diode current (from'Equatibn A-24) is plotted:in ' Ci)
Figure A.4 versus the potential Vm which occurs for 8 = Gm at
the edge of the parapotential flow. From Figure A.4 it can be _
seen that when Vm = VO (the anode potential) the tbtal current Io |

reaches a relative maximum value called the saturation current.

Parapotential flow with Io greater than the saturation value
can only occur for the portion of the curve to the left of the
minimum. - Since IO = Y Ib and_ym-—>l for small-vm, values of IO
‘greater than the saturation current would imply that most of the

current is boundary current.
Experimental evidence strongly suggests that the actual

current which flows is the saturated parapotential current:

that is (from Equation A-23 and A-24}),

Ym T Yo O = /2

For these conditions the ancde current is given by (see

Equation A-21)

| 2 %]
I = 8500 v, I» ’Yo'+ (Yd 1)
o) - 1ln [tan _6/2]

The.relation can be expressed in a more useful form by

expanding the denominator (for tan 6 >> 1):
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sin § " tan §

3
(x-1) + ...

-

1 2
In x = (x-1) - 5 (x-1) +

so that

|._I

In [tan %} T - = -

8
e

The anode current is then given by

R

~ 2_ %]
I, ¥ 8500 Yo In |Y  + (Y, 1)

ala
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e/m

SYMBOL LIST

(MKS Units)
anode current density
anode potential

anode-cathode spacing

~cathode radius

electron current flowing in the presence of
positive ion -

positive ion current

charge to mass ratio for an electron
charge to mass ratio for a positive ion
. ga %

Ip/3e e/np)

critical current

velocity of light

velocity of the electrons at the anode

uo/c
(1 - 8%

o]

magnetic field and its azimuthal component
current density in the diode
radial distance from the axis

electron velocity in the diode

~electric field in the diode

potential
spherical coordinates of a point in the diode

charge density
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permeability and permitivity of free space (;)
diode current flowing with polar angle < 6

u/c
%

(1- 6% .
polar angle of electron flow for which y =1

maximum polar éhgle of electron flow - .
value of v for 9 = em

- boundary current

<,
L
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A High Current, Subnanosecond Response Faraday Cup

1. PELLINEN

Physics International Company, San Leandro, Cal{furniaﬂ#i?-?
_(Received 1 December 1969; and in final form, 4 May 1970}

A suhnanosecond risetime, millivhm resistance Faraday cup was designed and tested for measuring fractional
" megampere electron beams from pulseet electron aceelerators. The device has been typically operated at electron
Lewm currents of 60 kA with an average electron kinetic energy of 4 MeV. Under short cm.uu conditions the . .

levice bas measured currents excecding .23 MA,

SERIES of pulsed electron accelerators having

power outputs exceeding 10" W and pulse durations
of approximately 50 nsec has been developed for beam-
plasma interaction studies and material response applica-
tions.? A subnanosecond risetime, high current charge
collector, and low inductance shunt resistor combination
was designed and built to measure intercepted beam cur-

"rents and to act as a shunt to measure short circuit currents

on the accelerators.

The device is illustrated by a schematic in Fig. 1 and by

a photograph in Fig. 2. The charge .(‘:ollector is an 8.7 cm
diam 8.7 ¢cm long cvlinder of graphite which acts as the
center conductor. The resistor is a 0.0025 ¢m thick coaxial

tube formed of 302 alloy stainless steel, separated from the

center conductor by 0.0075 cm of Mylar dielectric. Con-

231

néction is made by four straps soldered to the stainless
steel resistor. The ground connection is made by a cvlin- .
drical shell connected to the outer conductor of a coaxial
cable. The shell also forms a vacuum seal for the shunt,
Computed inductance of the coaxial resistor is less than
3% 10~ H. The resistance of the cup is typically 7 m.
The device is calibrated by two independent methods.
First, & known dc current is passed into the cup, and the
resistive voltage drop is measured with a millivoltmeter.
Second, a pulse gcmmtor is’ connected to the device as
shown schematically in Fig. 3, and the output waveform
and input current are momtmed consecutively with a
sampling oscilloscope. A typical calibration trace is shown
in Fig. 4 which is a double exposure where the upper trace
is the output of the cup, and the lower trace is the inpul
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pulse; both are at 2 nsec/div. The risetime of the device
is shown to be less than 1 nsec. '

Tyvpical current waveforms on two-high current pulsers
are shown in Figs. 5 and 6. The first is a short dreuit shot
into the cup with the Physics International model 730
Pulserad, Peak current is 2.8 X )" A, The second shows a
record for a 4 MeV mean energy eléctron beam on the
model 1140 Pulserad acceterated into the cup. Both wave-
forms are consistent with calculated peak currents and
magnetic probe waveforms.

Basically the device is a short circuited, lossy, conxial
transmission line. The current is monitored by measuring

/
N

N

Bear

\\\\
/ N

0.0075-cm \‘
Mylar — 0.0025~cim
Dielectric Srainless Stec!

Fie, 1, Schematic of Faraday cup.

.

-

2
cenfimeters

FiG. 2. Faraday cup.

cakie

~Faraday cup

Pulse
Generator

Sampling
Oscilloscope

/ Shunt

116, 3, Faraday cup copnected to oscilloscope and pulse generator.
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63 s cha
H||lll'

Fre, 4. Farwday cups calibration irace,

! i Horizontal,
12 nsee alive; cupoutpan 2006V din

waveTariy 5y oy

Fio. & short circuit current puise on model 730 Palserwd, 440 s
cuyn Horizontal, w0200 nmee dive sulput, 900N iy 24 HE
A divo.

Fio. 6. Accilerated currun_.un model 1140 Pulserad beam of
4 MeV electrons, 4 mu? cup. Horizontal, 50 asee div: vertical, 190
Vodiv=47.5 k. \ div.

the resistive \r)ll.wL dmp along the stainfess steed outer
conductor. A current injected into the collector will
propagate towurd the rear, simultancously inducing an
image current in the outer conductor. When the 'wave
reaches the shorted buck end in approximately 0.47 nsec,
the voltage wave will reverse polarity and reflect backward,
largely canceling the inductive voltage. This wave will be
damped in several transits by the resistive losses in the
stainless steel and graphite. Because the outer conductor
is electrically sealed, the current must penetrate the outer
conductor to generate a difference in potential between the
readout terminals. The ratio of current density at the
outer surface of the conductor of thickness Xy to the
current at the inner surface is given by

1/ Ty=exp[ =X o((w/ 2)uo)}],
where w is the angular frequency, p the magnetic per-

meability of the conductor, and ¢ the conductivity of the
conductor. For the 1.0°-GHz transient wave

I/ly=e Vot

Thus the outer conductor will tend to fiter out high
frequency transients generated in the cup. The risetime
predicted solely from current penetration time in the foil
resistor is about 1.1 nsec. The observed risetime is slightly
less.

1 H. F. Rugge e! al., Bull. Amer. Phys, Soc. 12,5 (1967)
*W. T. Link, IEFF. Trans. Nucl. Sci. NS-14, No. 3, 777 (1967),
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Several seif—integrating Rogowski coils (Reference C.l)”with
a risetime of appfoximately 2 nsec and a.typical sensitivity of
250 V/MA were deVeloped for measuring megamp currents on pulsed
electron acceleraters-' The coils operate in electric fields of
0.5 MV/cm and in the VlClnlty of large gamma radiation sources

without objectlonable noise plckup or signal degradatlon._ The

coil is located dlrectly beneath the accelerator anode and en-

cirelee the field emission cathode to ensure that only current

 emitted by the eathode is measured. The coil itself is enclosed

in a polyethylene enveloPe to shield it from charge pickup and

phy31cal damage 1f the electron beam strikes it.

Two sizes of coils were made to accommodate various anode-

" cathode configurations similar to that shown in Figure C.1 and

-all were built to essentially the same design as shown in Pig-

ure C.2. Integration'of the coil output voltage was performed on
a low inductance 0.1 @ resistor similar to that pfeviously des- |
cribed by the author (Reference C.2) differing only in that the
resistor was fabricated of 0.0125-mm-thick stainless steel. = The

-coil was a helix of copper wire with a mean diameter of 3.3 mm

and a pitch of 7 mm and it was inserted into a 6.4 mm o.d. by

3.7 mm 1.d. commercial polyflow tube {Referenceec.3); The coil
is connected to the integrator terminals and the assembly plotted
in epoxy in a form. Coil charaéteristics for the two sized coils
used to date are tabulated in Table C.1l. |

Takle C.1

CHARACTERISTICS OF SELF-INTEGRATING ROGOWSKI COILS

Inside Diameter Absolute Sensitivi%yf' Decay Tine
(cm) - {(V/MA) (V/W/m<) (usec)
10.2 . 360 92.5 1.2
15.3 o 260 100 B 1.4
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} 1 1 1 1 1 1 1 1 1 ]
0 10
om -
A is the accelerator anode )
.. B is the integrator built on UG 491
- BNC connector
C is the field emission cathode
D is the Rogowski coil
Figure C.1 Field emission diode with a 10 cm i.d4., current
' monitor in place.
v
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Figure C.2 Integrating Rogowski coils, 10 and 15 cm i.d.
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Calibration was made by threading the center oonductor of a  .(;)
coaxial cable through the loop and shorting it to a ground plane
connected to the outer conductor, and dr1v1ng it wrth a current

pulse from a 50 Q pulse generator.

The absolute sensitivity in V/(W/mz), V/A, the decay con-
stant L/R, and coil transient response are measured by this _
method. Figure C.3a shows the 15 cm coil being driven by a _ -
325-nsec, 20-ampere pulse and the coil output recorded by.a Tek~ '
tronix 454 oscilloscope at 1 mV/cm. Figure C.3b snows the 1eading
edge waveform from'the_same.coilion a 1.9 nsec risetime Tektronix
7704 oscilloscope'et 2 nsec/cm. The line from the'coil'was not
terminated at the oscilloscope in order to double the voltage:
amplitude. The risetime of the trace from 10 to 90 percent of
maximum amplitude-is approximately 2_nsee, which is very nearly
- the risetime of the oscilloscope. Generally one expects the
‘risetime of such a coil to be comparable to the transit time _ .
around the coil (Reference C.4). This is about 1.5 nsec for the (v)
10 cm coil and 2.4 nsec for the 15 cm coil. The measured rise-
time of the 15 cm coil is somewhat faster than 2.4 nsec. Part of
this may be a bit of voltage'peaking by the self-inductance of
the 1ntegrat1ng resistor. Also on loosely wound coils, such as
these dr1v1ng a small re51stance, the turns adjacent to the

- resistor provide the majority of the very fast rising current.

The Rogowski coils were also cross calibrated against a
high current Faraday cup (Reference C.5) with an accelerator

pulse at about 500 kA peak current.

Output waveforms from several accelerator pulses are shown
in Figures C.4 and C.5. Figure C.4 shows the current on a shot

where the accelerator was acc1dentally shorted and the current

Ry

i
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a'

b.

Vertical - 1l mv/div
Horizontal - 100 nsec/div

Output waveform of 15 cm i.d.
Rogowski coil driven by a 20
ampere current pulse

Vertical - 5 mvV/div
Horizontal - 2 nsec/div

Oscilloscope input unterminated

Figure C.3 Calibration traces.

237




megamp

Diode current,

Time, nsec

Figure C.4 . Current waveform on aCC1dental accelerator short,

0.57 MA/dlv, 50 nsec/div.

rose to 1.0 MA.  Peak magnetic field at the 10.2 cm fluxmeter was

39 kG. Figure C.5 shows instrument traces from an accelerator

pulse with-a 1.0 @ field emission diode. The voltage waveform

was obtained from a capacitive voltage divider in the pulse-

forming network and correction was made for the inductive voltage
drop by the method similar to that previously described by the .
author (Refereﬁce C.6). The current monitor was the 15.3 cm i.d.

Rogowski coil.

The 00115 have proved to be rugged both mechanically and
electrlcally.f Both coils described went through an accelerator
test series without being destroyed or showing any calibration
drift. | | o
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b. Pulse forming network voltage, 0.58 MV/cm

accelarating petentisl megavolts, MV

3 1 i ] 1 L
0 29 40 1] E:L 100 120 140
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¢. Accelerating potential
Figure C.5 1Instrument traces from accelerator pulse, 50 nsec/cm.
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