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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, B,, 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
DASA01-70-C-0063 and DASA(01-71-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 Sidney
Putnam and Dr. 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-
nosties). John Creedon's work on parapotential
dicde theory was a substantial contribution to
the diode task.
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SECTION 2

DIODE STUDIES, B, = 0
by B. Ecker

2.1 INTRODUCTION

In the context of theicontinuing'developmént of intense.

‘high v/y electron beam generators, the following studies

of high v/vy 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 énough 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

not 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.voltagé is required so that

‘diodes can be roﬁtinely_désigned 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.

15
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SECTION 2

o | DIODE STUDIES, B, = 0
. o by B. Ecker

2.1 INTRODUCTION

. .

In the context of the continuing development of intense
‘high v/v electrdn beam generators, the following studies
df'high'v/y‘diode physics*have.beeﬁ performed under the projeéts
titled "Development of an Advanced X-ray Source" and "Advanced

Photon Source Technology Program."

(i)’ | | '2.1;1' Diode Impedance.

a. Impedaﬁce'lifetimes must be loﬁg enough for the genera-
:tor energy to be converted into relativistic electron cﬁrrent in
the diode. Impedance collapse, the drop in diode impedance
apparent from diode Currént and voltage diagnostics wheén solid
cathodes or small anode-cathode gaps are used, must therefore

not occur earlier than ~ 130 nsec.

b. Alverlfled physical theory of the plnched beam diode
> that predicts diode current as a function of cathode dlmenSLOns,
P anode-cathode spacrng, and applied voltage is required so that
diodes can be routinely designed to. accommodate future generator
output specifications,'-For'e#amplé, diode impedance in the
range 0.8 to 1.0 § was necessary ih'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 Window. In

addition 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:cdnditién for beam
transport.systems« With BZ = 0, the }36 (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 Qf‘the'beam enexgy concentrated around
the axis over a chss—sectional area considerably smaller than -
thé cathode area. However, it was not clear if indeed all of
‘the electrons afe swept in toward the axis or if some curfent‘3
réaches'the anode at radii comparable to the cathode radius.
‘Since there is 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'totél,energy being left out of the tightly pinched, high-
current Qensity core. In view of the relevance of this possi-
bility té attainment of the desired beam specifications and to
the entrance design of beam transport systems, the radial struéf
ture of the current density was investigated at.the anode'plané

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. In this configuration, hgweVer, 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 tubé. Studies have therefore been necessary to
~determine if these effects,_described below, Cah be'suppréssed

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

Résults,regarding diode impedancé, beam radial structure,
and decoupling of diodes, with Bz'z 0, constitute the next four

subsections.

16
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2.2 DIODE IMPEDANCE CHARACTERISTICS

2.2.1 Impedance Collapse. The use of anode—cathode'spabé'

ings of less than 4 mm in low impedance diodes brought with it
the phehomenon of impedance collapse. The term impedance collapse :
connotes an appreciable drbp 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 depeﬁdence_in the impedance, but
we Were unable to find a casual 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 E;osing of the anode-cathode gap, dé, due to expansion
of the anocde plasma at a rate of typically 1.5 cm/msec. 1In
studies using the DML generator, a mode 1 was ‘developed in which
the anode 1is assumed to consist of a highly conductive plasma,
exploding from its midplane at a_velocity of 1.5 em/usec,
beginning at t = 10 nsec. This explosion is the thermomechanical

response of the anode to the high energy density loading of the

. electron beam. This anode veloclity 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 emplrlcal impedance values calculated using

the Child's Law with time-dependent gap spacing,

- ' a5 2 -
_ 4.27 x 10° a° . _
7 = L iy (mks) {2-1)

% , . ‘
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.

17
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" Figure 2.1 Diode impedance with solid cathode, DML generator.

Solid lines indicate theoretical, points indicate
experlmental. :

whére A is the cathode emission area, d = do - v(t~10—8L v =

1.5 % 1078 m/sec is the assumed anode velocity, t is the time

(t > 10 nsec) and V0 is - the diode potential difference in milli-

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" éathodes, that
is, cathodes with needle electron emitters distributed over 0
sSr sr .y where r is radial distance measured from the lQngiF
tudinal (cylinder) axis and-rout is the cathode outer radius
(Figure 2.2), To delay the effects of impedance collapse,

"hollow" cathodes were used on which the electron-emitting

surface extends over r, in ‘S r s roaer an annulus. This configu-

ration was tested -on the basis’ of the follow1ng qualltatlve

18
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‘arguments. The high-current beams pinch and deposit energy in

the anode most heavily near the axis (near r = 0). At early
times, though, energy deposition does occur in the ahode:directly
OppOSlte the annular cathode surface. But before pinch, the cﬁré'
rent is relatlvely 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 dese per unit area

in the anode is not great enough to cause immediate anode explo-

: sienlOpposite the cathode; rather, the high-velocity anode expan-

sion primarily responsible for impedance collapse occurs 1in the

vicinity of the axis, -and lmpedance collapse is suppressed if rln

is sufficiently large (Figure 2.2). This effect is clearly visible

in Figure 2.3, which shows a typical 1mpedance time-history using
the'large annular cathode shown in Figure 2.8a. The impedance
waveform reaches a relatlvely constant plateau, and not until

very late in the pulse does it exhibit apparent collapse.

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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2.2.2 High v/y Impedance. "Child's L&w,-exPressed as an -
_impedance formula in Equation (2-1), succeséfully predicts the
voltage~¢urrent 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 diode, this
condition is no longer satisfied and'Child's'Law.is_inaccurate.
- The céuse of'pinch is- the strong azimuthal magnetic field whose

source is the beam current itself.

An ap?roximate 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 1s egqual tOVIC, which is the
largest possible current at which an electron emitted paraxially

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

Hinfluehcg of the self:magnetic field. This critical current is
I {amps) = SSOOBY(rout/dO) . | (2-2)
where

r = cathode outer radius
out

do = anode-cathode spacing

1-84H7% =1+ ev_/mc?

This model assumes that there is no space-charge'neutralization
in the diode (i.e., posiﬁiVe ions are not present) and no radial
-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 I, can be derived by

setting-the anode-cathode spacing do equal to the Larmor radius

21




TN
i ;

‘.‘_\\_—/.1

" our diode experiments on the Snark generator: r

" of an electron with kinetic energy eVO-(Vo's‘diodé'pOtential).

moving in the magnetic 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 édge, if it is assumed that the

. applied axial electric field is uniform, the magnetic field

varies negligibly over the trajectory, and the radial electric

'field_i$ Zero.) .

As an example, consider the parameters typical of some of

out = 72.8 mm,

4 =3.5 mm, 8y = 2 (v ~ 500 kV). This gives I, ~ 350 ka.

o _
Currents of about 500 kA were attained at 500 kv, which suggests

that dicde pinch is to béyexpeCted. Witness plate damage and -

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

The ‘only ‘analytical framework (to our knowledge) developed
for the description of diodes With pinched flow (strong self-
magnetic fields) is that of'parapotential flow'theory, which has
been'appliea to the case of”the high~current, high v/y diode by
de Packh (Reference 2.2), Friedlander, et al. (Reference 2.1},
and Creedon (Réference 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 céthode

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

dut

traverse the anode~cathode gap. - Such an'accumulation of charge

near the axis must depress the axial electric field at the.

cathode at interiér 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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Ariode

Equipotedtials Idealized
/ // . equlpotentlals

(a) (b}

'Figure-2u4 (a) Physical schematic of equlpotentlals during

- pinched flow;

(b} Idealized equipotentials along which electrons
are assumed to flow toward axis. Circled area
with question 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 also experiences a magnetic force (due to the azimuthal

magnetic field Be) that is also perpendicular to the'equipoten—
tial and is opposite the electric force. These two forces will
be of egual magnitude and cancel if the electron velocity divided
by'thé speed of light is B = E/BG (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

magnetron, with the magnetic field acting as an insulator in the

interelectrode space.) The assumption of steady-state

‘(BI /Bt = 0), parapotential force-free flow provides partial

1nformatlon on the spatial dependence of the current density,

charge density, and fields. The added regquirements of Ampere's
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" law and Poisson's equation result in a fundamental equation of

the flow [ de Packh (Reference 2.2)]: -

A VZV = 2r—2612/d2V‘(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 Equation

:(243) indicate that a "bias current” must flow in the axial -

direction inside the parapotential 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 alohg the anode.‘ Highef 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<p1anar 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 this
occurs, although emission'from the éathode shank is.the probable
sourée.' 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 .parapotential flow elsewhere in the diode. The model does

not treat the distribution of current at the anode plane.
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As developed fully in Appendix A, Creedon treats the

"grazing" case mentioned above and finds the voltage4current

'characteristics shown by the smooth curve in'Figure 2.5 for which

I = 8500 (x
o

out/dg) ¥ Inly + (42 ——'l)%]'(nﬂ{s) (2-4)

The total current I_ was measured using a calibrated Rogowski

coil embedded around the diocde, and the voltage V was measured

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

- annular capacitive divider around the diode. The latter voltage

monitor and the Rogowski coil, illustrated in Figure 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_agrée well with the stéady-staté parapotential calculations
over the ranges of 7.26 <r_ . /d_ < 20.8, 170 kv <Vv_ < 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 appear 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 fhe planar'cathode

surface. We interpret 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 r /d to be
used to obtain desired current IO with diode voltage Vb

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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snark anode-cathode configuration showing diode current
and voltage diagnostics (not to scale).
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illustrated in Figures 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.apatt. 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, In-addition, it can be seen that each

_cathode in its cylindrical conducting enclosure can be viewed as

a coaxial transmission line in that the current flowing along the
shank will induce a reverse current in the surrounding wall. For

a single-cathode configuration, with the cathode concentric with

the tube axis, the induced return current is azimuthally uniform

as it leaves the cathode enclosure and flows radlally away along
the inside surface of the horizontal anode support plate. For a
double cathode arrangement, however, the induced. retuxrn current
in each cyllnder wall must be peaked opposite the central axis
simply because it must be zero near the central axis. Since
antiparallel curxents repel each other, this effect causes the
shenk current to flow primarily alongrthe "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 D2 has the

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

In order to generate unperturbed, uncoupled beams, it is

evident that the ratio DB/Dl {or D3/D2; if D2 waere larger than

D ) must be sufficiently greater than unity, so that the cathode

.flow perturbatlons, strongest near the support plate, are

,negllglbly transmltted to the anode-cathode gap where the beam is

generated.
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Figure 2,10 Schematic of double- dlbde configuration.
: Each Rogowski coil partlallv surrounds e
one diode.
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iFigure 2.11

Cathode on extended shanks used in
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.
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Peak voltage across each diode was typically 800 kV, and
peak current in each diode was typiéally 220 kA, with anode-
cathoderspacings da = 4.0 mm (Figure 2.13). Three set-ups were
fabricated and tested, each with a different value of Dy. By
changing D, we adjusted the ratio Dy/Dy to be 0.312, 0. 625 and
3.12. In the first two cases, graphite w1tness plates immedi-
ately behind each anode foil showed damage craters that were
closer- together than the cathode axes, with strongest mutual
attraction when D3/D = 0.312., However, 3/D = 3.12 gave damage
craters on line with the respective cathode axes, 1nd1cat1ng

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

We interpret these results to suppoft the -analysis of diode
coupllng 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 extendlng 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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Slnce no problems were encountered 1n using thls technlque

‘with 1nd1v1dual currents high enough to pinch (wh;ch was obvious

from the witness plates), we assume that its only hlndrance 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

with inner radius Rl and outer radius R2' the lnductance per

:'meter of a number N of parallel coaxes 1is.

L = EE_ 1in E& = Emﬁnlgzz 1n'E§
27N ".Rl N Ry
In the configuration tested we had Ry = 1.5 inch, R2 = 2.0 inches,
and N = 2, so that L = 0,288 x 10_7‘% 29 nH/m; with D3/D = 3.12,

the successful case, we had D3 = 0. 32 meter, so that the extra
inductance from the extended shanks 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 decoupling with D3 = 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 @, which is a strong overmatch for Snark and gives somewhat -
inefficient power delivery. This impedance was due to our use of
the reletively’small'cathode fadius 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. In a practical
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system, this overmatch could be easily eliminated. Since the

~ impedance as well as the inductance is inversely proportional'ﬁo.

the number of diodes, N, the hypothetical increase to N = 8 in

the above example would give a corresponding impedaﬁce of about

0.6 2, a good match for Snark in this case.

2.4 BEAM RADIAL 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

whichfutilized 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'andde plane was

measured as a function of time.

2.4.1 J{r,t) Measuréments Using the 738 Generator. In

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 1970),
on p. 53 and in Figuré 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.

The verification of these wings was the factor that led to the

use of wider linear pinch tubes and resulted in highly efficient

‘beam transport with the By technique.
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'.It is-alsolnoteworthy that beam'pinch occurred‘at a time

‘when the total diode current was ~ 105 kA, which is within 10

percent of the critical cﬁrrent I, = 8500 BY‘(rout/db) for the

configuration used: the voltage at pinch time was 550 kv,

.corresponding to By = .1.82, and rout/8, = 31.8 mm/5 mm = 6.36;

giving Ic'% 98.kA.

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

~machine, similar measurements were made using the DML pulser.

with-a 3.8l cm radius solid needle cathode to see the effects

-~ of indfeasing'v/y from about 3.5 (tYpical of the 738) to about

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 présenCe of Wings containing about 50 percent of the total
energy cqﬁfirmed the earlier findings. - In this case, the
quantityllc provided only a gualitative 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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2.4.3 J(r,t) Measurements Using the Snark Cenerator.

~ Having firmly established the existence of Wings in the current

dlstrlbutlon contalnlng a substantial portion of the total beam
energy, 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 studieslhad already shown that

diode impedance for pinched beams is determined by r /d , and

out
is insensitive to changes in the cathode inner radius r,
Since in practical generator deSLgn the quantlty routd will be

restricted by impedance considerations, we decided to investi-

gate the possibility of utilizing r. as an independent varlable

to control the dlstrlbutlon 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 rell—pin-
cathode with 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 and 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 regiens measured by the Faraday cups. Region

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

cathode in Figure 2.8. Region 2 is the annular area where

r, = 1.85 cm < r < 4.15 cm = r,. Region 3 is the central disk
< 1.85 cm = rj. '
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'.Figure 2.14

Radial design of Faraday cups used for J(x,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 ¢ircles are
the two inner edgeg used during experiments.
(See Figure 2.8)--Drawn to scale. '
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Figures 2.15 and 2.16 show the cdrrent waveforms in each of
the'three regions and Figure 2.17 shows diode impedances for the

case do = 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 éxpense
of the pinched core

c. .Removing the inner pins had no obvious measurable
effect on diode impedénce or total current waveforms

d. Removing the inner pins delayed the onset of pinch,
although the apparent pinch velocity was unchanged. (The pinch
Velocity is deduced by dividing the distance ry=Ty into 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 vp ~ 1.0 mm/nsec

e. Increasing do 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 Velbcity increased to vP 1.6 mm/nsec.

Thgse results indicate that the critical current I (Equation
2-2) is at best a qualitative estimate that tends to be low.
In fact, if by "pinch" we fundamentaily mean a concentration of
current at the axis, then I, 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

approximate nature of Equation 2-2" are:
a. The fact that the pinch time changed noticeably (by

15 to 20 nsec) when r, was changed. Egquation .2-2; and its deri-

vation include'no effects of rin; and
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- b. The fact that with unchanged voltage waveforms the time
of pinching changed considerably when do alone was changed By

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

H

1 ' 2
K : .T§;=.~§—-2n [Y + (y" - l)%J | ‘ . 2-5

A which is a function of Vcltage ohly. Since voltage wave forms of,
i . for example, shots 690 and 692 varied.insignificantly'(Figure
' 2.21), Eguation 2-5 would predict the pinch time hietofy of these
. two shots to be unchanged and yet Figures 2.16 and 2.19 show a
shift of almost 30 nsec when d was increased from 4.0 mm to
6.4 mm. Since Eguation 2-4 for I, has been upheld in this study,'.
it follows that Equation 2=-2 for IC is the source of the dis=

agreement between Eguation 2-5 and experimental results.

,~1 . [ i |
500 |— : ' ' ; : d = 4.0 mm —
@]
¢ "'S-\ —T T 4 = 6.4 mm
400 - . ]
> 4 N\
' 200 |- Y/ ' \ —
100 =
. 3
, N
o [ | | | .
o 50 100 150 700

Tlme, nsec

Figure-2.21' Diode voltage waveforms held virtually constant
' ' when d was changed from 4.0 mm to 6. 4 Imm .

a5




* The fact that the'wings in theléurrent distribution
intenéify when the inner radius is increased,suggests‘that.the
wings would be minimized when r.,, = 0. However, this was 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

minimizes them and optimizes beam pinch. 'However} with solid
cathodes the'impedance collapse p;oblem necessitates the use of
an anode-cathode gap do = 3.5 mm, which‘in'turn demands a. large
diameter cathode in order to achieve sufficiently low impedances;

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 substaﬁtially more

' theoretlcal 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'transport‘system,

with B, in the diode. Following a review of diode results with
' Bz.= 0 we discuss our investigations of diode physics with an

applied axial magnetic field.
2.5 CONCLUSIONS, DIODE PHYSICS WITH Bz =0
Our investigations of diodes with B = 0 can be grouped

into the categories. of dlode impedance, radlal structure of the

current flow,-and decoupllng of diodes.
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Diode impedance prior to beam pinch has been accurately

modeled using Child's Law with time-dependent anode- cathode =

spac1ng to descrlbe the hydrodynamic expansion.of the anode due

.tto beam energy deposrtlon. Using large diameter hollow cathodes,
‘dicde impedance under plnched beam conditions has been success-
fully predicted at the time of maximum current by a’ spec1ally

adapted appllcatlon of parapotentlal flow theory. 1In other

'words, we have, for the first time, verified a practical scalingr’

law for the de51gn of dlodes in the voltage—current reglme of-

prlme 1nterest

Diode decoupllng studies were necessary because of the

‘strong nmutual 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 explaln that sufficiently long, 1nd1v1dually enclosed

cathode shanks provide the needed decoupling of anode- cathode
regions, and that impedance and inductance problems are eaSlly

avoided by proper choice of the number of diodes.

Studles of the radial structure of pinched beams at the
anode plane revealed chronlc wings in the radial dlstrlbutlon of

current, limiting the current density and energy in the pinched

" core and necessitating that the linear pinch (BS) beam transport

option have a beam compression capability that we were unable

to achieve dﬁring the course of this program.

In view of the latter complication (and other important -

features relating to B, 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

.Technology Program"” is discussed in the following sections.
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SECTION 3

BEAM TRANSPORT IN AZIMUTHAL
| (BBJWWAGNHTC FIELDS

'by J. Benford and B. Ecker

3.1 INTRODUCTION

Previous studies (Reference 3.1) have sﬁown that the'propa-
gation of intense relativistic electron beams in neutral gases
is acéompanied by fundamental loss mechanisms. These losses are
substantial and make efficient transport of intense beams with
currents greaterAthah lO5 amperes prchibitive.

The first of the mechanisms is loss due to repulsive electro-
stétic self-fields. For a beam current density of 105 A/cm2 the
electron number density is 2 x 1013 cm-3. Such a beam with a '
1 cm diameter has an.eiectriC‘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 ipnize atoms and expel electrons to échieve neutralization

‘of the electrostatic force before it can propagaté; 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 - lO13 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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- Typical values are dI/dt = 10 A/sec,'r

estimate this back~emf,'consider a uniform beam of radius Ty and

~infinite extent propagating inside a metal cylinder of radius R.

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

a1

_ 1 2. dIl oyl .
E_= = [}+gn ('R/rb) ] = (3-1)

2

1 . o
3 b = 1.25 ¢cm, R = 5 cm,

-Ez = 4 x'lO6 volts/meter. MeV electrons in such a high dI/dt
"beam can thus lose their energy in transport over distances as

‘short as a fractlon of a meter.

These two loss mechanlsms 1nvolve the presence of electric

"fields, which can be thoroughly quenched by filling the transport

region with plasma of high conductivity. Radlal electrostatic
fields are eliminated by expulslon of plasma electrons from the
beam volume, and axial fields are neutralized through the action
of'plasma electroﬂs indﬁctively accelerated in the direction
opposite that of beam propagation. This latter motion results

in the net currént being less than the beam current, an electro-.

‘dynamic effect termed current neutralization. The condition for

the beam current to be neutralized is TD > TB' where tD =
4ﬂda2/c2 is the magnetic diffusion time of the background plasma
(a = beam radius, g-;'plasma,conductivity), and tB_is the beam
pulse duration. In highly conductive plasma the beam current is
highlf neutralized; propagation of a beam thrdugh 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, theréfore,'should not propagate in a preionized-
gas~if there is substantial transverse beém‘énergy! This trans-
verse energy is due to the-ihteraction of beam electrons with |
the large magnetic field of the beam (pinch effect), an inter-
action that'bccurs'in the field-emission diode where the beam

is generated. Consequently, beam electrons entering the drift

region (throﬁgh 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 planar diode 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 em radius at the plane of injection.

The experiment consisted of examining beam propagation

Ithrough two adjacent regions: 'Region 1l and Region 2 (Figure 3.2},

using measurements of net current and observations of witness
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platé.damagé. A preionizing gas discharge waé set up in Region 2
between a stainless steel screen cathode and aluminum plate anode’
with a separation of 25 cm, The cbnfiguratibn is similar ﬁo that'
of a linear pinch, but the discharge here was approximatély uhi~
form—through-the entire volume because the total inductance of

the discharge circuit was high enough to prevent éelf~pinch'of

the discharge. There was leakage of‘ionizedjgas across the
screen into Region 1 due to expansion of the heatéa plasma in the
dischargefproper, so that ‘the gas in Region 1 {(a l-cm gap) was
partially iOnized~ Even 0.01 percent idnization gave a free

electron den51ty comparable to that of the electron beam. The

~ gas in Region 1, therefore,‘was prelonlzed——ln the sense of thls

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 Region 2. The cathode

gscreen and anode plate served as witness plates for damage due
to the beam. Four Rogowski coils were used to monitor net current:

l' R2, and R4,had fast risetimes (~-'1 nsec} and their outputs

were 1ntegrated to measure net beam current, with L/R typically

600 nsec; R3 monitored the dlscharge current and was RC integrated

with RC = 103 usec. The axial positions of the Rogowskl 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 |
Curreht had a 5 usec quarter- cycle time. The beam was injected
at peak current u51ng delayed triggers which synchronized the.
firing of the electron beam and gas discharge. No external
voltage was applied across Region 1; and the time scale for
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hydrodynamic_diffusion'cf the low energy plasma from'Region‘2

into Region 1 was very long compared with the charge relaxation

time, go that it is reasonabkle to consider Region-l‘to have been-
field-free.

Using air aS'the background gas, beam propagation was ob-
served under neutral and . prelonlzed conditions at 190 ¥. In
Reglon 1, screen damage clearly supports the phys;cal plcture of

beam propagation presented above. Injection into neutral gas

-

always resulted in localized on-axis disintegration of the

screen, indicating'propagation of some portion of a pinched

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 in Figure 3.3. 1In

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 is
not complete, due to the conductivity of the plasma. Although
expan51on 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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. in both regions are shown ianigure 3.4.

' case but seemingly "stabilize"

200

Neutral gas

100

Net current (kA) -

"Preionized gas

1

0 50 | 1000

Time (nsec)

Figure 3.3 'Net beam current waveform from Reglon 1,

using
‘neutral and prelonlzed alr

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

The manner in which
waveforms diminish drastically with distance in the preionized

in the neutral case indicates how
the larger self-field in the neutral case results in self-focus-

ing and, therefore, in relatively prolonged prqpagation.

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 conclusion is supported by the observation by.Konzes,‘et al.

(Reference 3.4) of efficient transport in preionized gas of beams

,with little transverse motion. Externally applied forces appear

to be necessary for the propagation of high~transver3e—energy
beams if the advantages of preionization are to be retained. 1In
particular, consider the removal of Region 1 and the intensifica-
tion of the discharge in Region 2. In such a case the beéam
would be injected directly into a high condﬁctivity‘medium with

an externally applied guidance field to prevent beam expansion.
3.3 2-PINCH TRANSPORT

3.3.1 ?38 Z-Pinch Transport Experiment. The objective of

this experiment was to COnfine-and'transport a beam by injecting
it into a plasma with a trapped azimuthal magnetic field. This
field,_an:externally applied substitute for the beam self-field,

‘would result 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 enerxrgy (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 Apparatus. The Z—pinch'bonsisted pf,two plane-
parallel, 9.8~cm~diameter,'0.2—cm—thick, circular aluminum elec-

trodes at the ends of a gas—filled 6l-centimeter Pyrex cylinder.

_Discharge return current was carried by six coaxial return current

rods to a strip transmission line that was connected to a 42 ufF,

13 nH capacitor bank (Figure 3.5).
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A726

N o 42 uf

' ‘ —0
o \AA1  Strip transmission line —L. “hvdc
: ° e LT,

Current shunt _ .
110 kA/cm; 1 psec/cm ’

Voltage monitor

8000 volts/cm; 1 usec/cm

Small magnetic probe
4.28 kG/cm; 1 psec/cm

- Figure 3.5 Z-pinch circuitry and diagnostics .
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'The firing of a low-inductance (25 nH) rail 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 reqﬁired in order to delay reflections of the beam-
induced voltage signal from the capacitor bank; the double-
transit time of the line was greater than the beam pulse width.

Figure 3.5 disPlays_circuit'diagnostics and typical waveforms.

The current shunt was a section of brass fdil, 0.025 centimeters
"thick, 0.8 m&, inserted in the,transmiésion line .and folded to
- minimize lead inductance. The voltage monitor was a resistive

divider in parallel with the transmission line near the Z-pinch.

Calibration tests showed a risetime of 5 nsec. The voltage moni-

tor was used to check dlscharge reprodu01blllty and to measure

_beam- 1nduced .axial electric fields.

Flgures 3.6 and 3 7 show in detail the Z- -pinch apparatus and
beam—generatlng diode; these were back to back at a 0.0025 cm
aluminum foil electrode which served as the anode for the beam
dlode and the cathode for the Z-pinch. In this way the beam
injected directly into the 2Z- plnch 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 voltage divider (Reference 3.4). Beam and pinch-

currents were parallel so that the pinch magnetic: field acted to-

contain the beam.

In the Z-pinch the axial current at breakdown flowed in a
thin sheath along the tube wall. The rapid current rise caused
j%B body forces 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 u argon) was chosen to

59




22 Indicates conductor Mylar insulation
Pyrex L] . To gas bleed
: valve

discharge tube.
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M . X-ray
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probe - Strip transmission

line

Figure 3.6 _Experimental configuration of Z-pinch apparatus
and beam-generating diode.

give a collapsé-time equal to the risetime of the pinch current,
énsuﬁing efficient,"sweeping up" of plaéma. Associated with-the
collapse was a continuous succession_éf azimuthal magnetic field
profiles. The Z-pinch magnetic field was known for all radii

and times from probe measurements made prior to the experiment.

. The probe consisted of three turns of #38 forval-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 quartz'Capillary tube inserted radially into the discharge
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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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Time—iﬁtegrated (open shutter) photograph'of.lz

kV, 500 y Ar discharge.

Figure 3.8
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region. In any Z-pinch, the sheath has a finite thicknessf in
our case the gas was ionized at all radii even.at early times:in
the discharge with conductivity highest near the sheath region.
Figure 3.9 shows the magnetlc field proflles at the tlmes at
which the 160 kA beam was lnjected

The pulse width of the beam was ~ 50 nsec (FWHM) , while the

‘pinch collapse time was 3.6 usec. Thus, the beam could be ?roPa-

gated through the Z-pinch at a well-defined moment, in a well-
defined Z-pinch azimuthal magnetic field. Low-jitter delayed-

trigger circuitry was ‘used to preselect the injection time. The

“time of beam 1njectlon was measured by algebralcally adding the

81gnal from the current shunt in the 2- pinch circuit to the signal

- frem the current monitor in the beam diocde. 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 current, defining

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 comblnatlon scintillator and nanosecond- rlsetlme photo—

diode. This detector was placed on-axis, 240 cm downstream from
the target anode. A lead aperture shielded 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

zZ- plnch vacuum system
_The propdgation 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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measurements there.
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SECTION 1

| INTRODUCTION
by S. Putnam and P. Spence

' This report presents the results of experlmental 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/y beam work

at Physics International (PI) is given in this section; this is‘i
followed by a more detailed review of the results of present
' programs. The remaining sections (each written by the pPrincipal

~investigator) cover the following WOrk areas: diode studies,

beam transport in azimuthal (B ) magnetic fields, beam transport
in longltudlnal (BZ) magnetic flelds——experlment and theory, beam
transport in neutral gas, and diagnostics development. The
concluding seotlon discusses the application of this technology

to the proposed Casino generator.
1.1 PROGRAM HISTORY

This report summarizes DNA-funded electron beam transport,

_dlode,'and X-ray diagnostics work performed in support of Casino

“technelogy development from January 1970 through July 1971 (con-

current 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.
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1.1.1 February 1968 through August 1968: 738 Pulserad

(DASA 2175) .

a. High v/y beam 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 £ransport 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

- ocones.,

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

4. 'Diagnostics development; self-integrating B probes;

anode Faraday cups, cathode voltage monitor.

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

a. Observation of time-dependent impedance collapse in

high v/v diodes.

b. Primary current and net current measurements for

transported beams.

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

of net current.




d. Documentation of beam transverse 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 hlgh transverse energy elec-

" trons.

e. Diagnostics development- Faraday cup, self-integrating

'Rogowskl coils, low-inductance wall current shunt for measurement

of primary and net currents in propagated beams.

f. Observations consistent with Graybill's experiments of

.accelerated idns”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-

ficiency.

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 1.1)). As a result of this development, construction
of the higher voltage and current modules required for the pro-

posed Casino system was shown to be feasible.

The work summarized in this report covers two'project periods:
from Januaxry to October 1970 (during the initial construction and
testing of Snark) and from November 1970 through.July 1971 (during
the upgrading and facilitization of Snark). The generator develop-
ment and upgradlng is reported separately in PIFR-226 and PIFR-296.

Accompllshments of the beam transport and diode work during the

.two..recent program periods are summarized below.
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1.1.3 January 1970 to October 1970 (Project 21-227).

a. Low impedance diode studles on 0.3.¢, 100 kv Mylar llne,

emplrlcal modeling of lmpedance collapse due to anode exp1051on,

r,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 BS);

development of‘lO6 ampere pinch for use on Snark.

c. Efficient beam transport (100 kV, 100 kA) in & quasi-

theta pinch discharge (preionization plus external Bz).

d. Diagnostics development; capacitive diode voltage
monitor, current monitor surrounding the cathode (Regowski 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-

potential model. Measurement of current density variation with

radius and time at anode plane.

b. Extension of beam transport in Z- plnch (Snark) to 700 kV, o

300 kA showing efficient transport.

c. Development of two magnetically isclated cathodes and

demongtration 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).
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e. Efficient beam transport in BZ_(Snark). Extensive

" parameter scan of field strength, gas pressure, preioﬁizationg

“transport distance, and current density.

f. Successful feasibility £est‘of,beam convargence in Bz

using a‘rihg cathode and a conical Bz field configuration.

g.. Extension of'diode‘impedande lifetimes with Bz'applied
to the diode. ' '

1.2 PROGRAM REVIEW

The overall goal of'the DASA-funded béam'and dicde programs .
(PI Projects 21-227 and 21~-294) has been to obtain the necessary

technical background to design an optimum Casino system from the

viewpoints of cost, ease of operation, and reliability. When the

21-294 program‘was presented to DASA last October, our experience
peinted to several possible generator-diode-transport systems,

all of which required further experimental.investigations in order
to be evaluated as an eventuai Casino design, lExamples of com-

plete Casino systems considered at that time. are:

By-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 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 pres-

sure which gives rapid electrical neutralization but incomplete

current neutralization, or a short linear pinch stage.




B, Solenoid System: Séveral-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.

Conlcal B System Current from a large ring cathode

'follow1ng along field lines to a smaller diameter reglon w1thout
vchange in the current‘den51ty. This system was designed to glve

a relatively cold beam at formation, to minimize total magnetic
field energy, and to avoid the necessity of beam compression.

Moreover, it was félt‘that such a system would allow a greater

‘degree of beam compression, if desired, than linear solenoid

systems beéause of the lower beam temperature. Radiation produc-

‘tion calculations indicated that a Casino system with conventional

X-ray converters would reguire ~ 300 kJ beam energy for 1 MeV

electrons, dellvered to a planar dlsk target with an average
2 ,

‘current density of ~ 30 kA/cm”.

_ Withithese systems and Casino requirements 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'E 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 pércent over a meter when v/y was increased to the range of
4 to 5.

c. By {(linear pinch)-utranspdrt efficiency & 90 percent

over 2—footrdistances.




a. BZ——solenoid transport_showed large scatter (40 to
85 percent) in transport efficiency over distances of ~ 1 meter
at v/y in the range of 2.5 to 15. Preiconization 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) which
appeared to bé inéOnsistent-with-adiabatic_mirror compression
results (Cornell). Mirror field geometries near the diode were

shown to result in large beam energy losses.

our program was therefore designed to f£fill in the many
‘technical-gaps'of the various systems and to extend the existing
Be’—Bz work to the higher v/y and current densities that would

be required for Casino. Our emphasis was both to demonstrate as

'many features of each system at Casino levels as possible with

Snark and to elucidate the physics involved in these features,

5inasmuch as none of the systems appeared to be strictly additive

or modular. More 5pecifically, 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 By and’

Neutral Gas Systems).

a,‘ Model impedance versus gecometry and voltage, and design
0.8 to 1 ohm diode ' |

b. Deéign high current, magnetically isolated cathodes




c. Achieve impedance lifetimes of ~ 120 nsec

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

‘apertured Faraday cups

Status of Work: All major program goals have been accom-

- plished for the diode work. Parapotential modellng of impedance
‘has been verlfled thereby allowing design of cathodes for

currents above I . Reproducible operation of diodes at 2 < 1

, C _ ,
has been achieved with impedance collapse only after ~ 110 to

- 120 nsec. Magnetic isolation designs have been teeted. The

'apertured—Faraday—cup work has given'the time dependence of the .

current density, j(r,t), for several cathode conflguratlons and

has shown the existence of current density out to radii equal to

-the cathode radlus even when a portion of the beam plnches

strongly.-

1.2.2 BeeSyStem Tasks.

a. . Extend transport studies using Snark beams, develep

scaling laws for field reguirements

b. Investigate limits of fluence control using both linear

. and tapered pinches

¢. 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 X 90 percent.

The feasibility of beam combination as a linear pinch has also
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been demonstrated. Fluence control (5¢ 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 Tran5port.

“a. Efficient tfanqurt has been observed for beam currents
between 120 and 310 kA, with average current densities over the

cathode surface betweenflo4 and 4 x lO4 A/cmz._ Peak current

" densities have been .in the range of lO5 A/cm2 (this . last number

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

738 machine) . Traﬁsported 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 cm2 to 50 cm2 at the 13 kJ level

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

c. 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
conductLVlty to provide good current neutrallzatlon
ii By 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 90




to 100 perﬁent, when two beamS'Wéré”injecﬁed'inside.a collapsing
z-pinch current sheet. Witness plate damage at the end of the
45—céntimeter—long transport region-clearly shows mixing of the
two beams'in an azimuthaliy symmetric pattern; Aé in the single.
beamn 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 observed to be ~ 50'per—
cent. The data indicate (1) compression of the beam up fo-

1.3 psec after firing the Z-pinch, (2) failure to éompress at

times beyond the 1.3 usec injectioh time.

1.2.3 BZ Systems Tasks.

a. Characterization of diode impedance versus tube geometry,

voltage, and applied field.
b. Modeling of impedance coliapse with B_.

c. Investigation of transport efficiency versus BZ’ gas

pressure, and degree of preionization.
d. Determination of length scaling of transport efficiency.
8. Invéstigation of conical Bz system feasibility.

Status of Work. Linear solencidal transport work has ac-

complished the -generating and-transporting of beams with peak
‘current densities of 'lO4 to 105_A/cmz.(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
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radial dependence which has been qualitatively modeled. The

impedance_has been maintained over the acceptably long times of
~ 120 nsec, even at current densities < 3O'kA/cm2. Preliminary

experiments with the conical“B# system on Snark have shown_that.

‘a sheet beam from a large annular cathode can be reduced in

- diameter without compression. More specific data on solenoid

transport are given below.'_

a. DASA Mylar‘Line (DML) (120 keV, 135 kA) transport data
showed 90 percent transport efficiency at 105 A/cm2 (v/y ~ 35)

over 20 centimeters upon injection into a preioconized plasma.

These results demonstrate a high transport efficiency for a bean

exceeding both Casino current density requirements and the v/y of

a probable component of a modular system.

b. Physics Tnternational Mylar Line (PIML) transport data
at 200 keV and area-averaged peak current density of 3.55kA/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 1 meter.

d. Snark experiments with 20 to 30‘kA/cmg area-averaged
cﬁrrent density peaks show a transport efficiency 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
£1lows within about lO'percent of the beam area.

i1
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e. Neutral gas study tasks- " this portion of the program-

- has addressed only one SpelelC aspect of such systems; i.e.,

can relatively cold beam-lnjectlon conditions be ‘achieved in

‘the diode at 1 MeV with uniform current_densities in the 25 kA/cm2

range? Such an accdmplishment woﬁld eliminate the necessity of
substantial beam compressmon. Cur relatively small effort has

not been promising. . It would seem that any neutral gas system

will reguire considerably more work to demonstrate feas1blllty.

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 ablllty to efficiently transport hlqh

current density and high v/y with Be and Bz systems.

12
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current, the high degree of preservation indicates that the
voltggé"and'curreﬁt'wavefofms 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, energy exchange, or collective .

interaction between the beam and the plasma through which it

traveled.

The most striking feature of the plnCh anode damage is the

'contractlon of the damage pattern for beam injection at later

times. ' Figure 3.12 shows damage patterns produced by 160 kA beams

.1 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 tran3port-was poor. For other injection times the
damage was extensive 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 plnch 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). In other

words; the amount of pinch current coextensive with the transported

beam was found to decrease with increasing beam expansion.

Tnjection of 120 kA, 140 kA, and 160 kA beams at 2.9 usec
resulted in expansion of the damage pattern with ihcreasing beam
current (Figure 3.14). Since magnetic self—interactién in the
generating diode presumably increases with current (due to the

concomitant increase in magnetic field), it is probable that

69




O 160 kA beam
O 140 KA beam
0O 120 kA beam

+ Time versus

“maximum pinch current density

‘@ Pinch currents within damage

radii due to

~Injection time
versus damage radius

radial position of

160 kA beam

w.
R

Injection Time, msec
’ ™o

Pi_nch 'C‘urre'nt, kA

bumd

Radius, cm

'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.
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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—pinch electrodes was
time-resolved during beam propagation.uéing the fast risetime :
voltage monitor with an Tektronix 519 oscilloscope at 20_nsec/cm;
The.ﬁoltage waveform during'beam propagation showed no meaSur—f
able deviation ffom the "backgrouhd" Z—pinch voltage waveform
(as in Figure 3.5). This was the case for all shots. 1In this
way an upper limit of about 1000 volts wés established as the
maximum value of the induced Z—pinch interelectrode potential,
corresponding to an induced axial electric field of, at the most,
17 volts/cm. '

From this-measuremeht, a lower bound on the current neutrali-
zation can be obtained by using Equation 3-1. Using (Elnduced)z

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

"and r, = 1.5 cm (a typical transported beam radius), we see that

b

inet'g 4.2 x lO9 A/sec. If this time derivative persisted for

most of the beam pulse duration, the maximum net current due to

MaxX _ 0.5 kA. 1In the

the beam can be conservatively set at Inet

‘case of the 160 kA electron beam, this represents current neutrali-

‘zation of no less than 99.7 percent. No measurements were made

to determine whether beam‘curreﬁt density was locally cancelled

, . . 2 .
to within 0.3 percent, (i.e., the inequality g >»> TCZ/4HL is

satisfied), but conservative 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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max ' o _
net’ Ampere's law, and r, =

1.5 cm, we estimate that perturbations of the Z-pinch magnetlc'

Using the inferred value of-I

field could have amounted to no more than 100 gauss during beam

-propagatlon. From Figure 3.9 it is apparent 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 electrons followed

single- partlcle trajectorles

The Z-pinch magnetic field was also measured during the

'nexperlments.- Using the magnetic probe, the azimuthal field was

dlsplayed on an oscilloscope at 1 usec/cm and measured field
before and after beam propagation on each shot. (Noise precluded'

measuremerits of By during the beam pulse.) Identical measure-

ments had been made prior to the beam propagation experiments.

These corresponding pairs of magnetic field waveforms, with and
without beam injection, were obtained at three radii: 1.9 cm,
2.5 cm, and 3.8 cm. The time derivative and magnitude_of the
fleld 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 injection of 175 kA,
425 keV and 250 kA;_ZOO keV beams at various times in preliminary
tests. Neither bremsstrahlung measurements nor entrance-plane
damage references were obtained. However, target damage'was
comparéble 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. In view of these observations we have

interpreted beam transport in the Z-pinch as follows: The
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virtualfabsenCe of beam magnetic-field decouples beam electronef-
from each other and they follow single-particle trajectories in
the pinch magnetlc field. This explains the relatively low.
magnetic flelds 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 (Reference 3.6) who showed

.that unlform beams cannot propagate with current greater than

Ié = 17,000 BHY) for the case where the beam is influenced’ only

by its self-magnetic field. In “this experlment the field con—'

figuration is,determined.by the plnCh, not by the beam 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 greater than IA'

Thus, for the 1.7 and 2.4 usec 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 .
B”Y ~ 39 kA. The field configuration at the 2.9 usec injection .
time varies more steeply than the B o r dependence of a uniform
beam and in this case the enclosed pinch current is greater

than IA

To obtain 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 msec). Its Larmor radius .is 1.5 cm,

which was roughly the damage radius. To get better estimates of
single-eleetron 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, w1th radius intervals always much smaller than the local
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1.7 usec
— — 2.4 usec
mmame—e— 2.9 nusec

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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pLarmor radius. For each radius interval, the program calculated

‘a circular arc in the r-z plane with radius of curvature eqdal
to the local relativistic Larmor radius and subject to the cen—
ditions thateslope and position be continuous at are junétions.
We emphasize that these trajectory calculations are strictly

hypothetical trajectoriesrbecause 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
greater than the cathode radius; incident energles 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 radlus,

' 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 favorahle results are in

Figure'B 15, where three orbits are shown that were computed

_from identical entrance parameters: y = 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 diametexr and
trajectory width is apparent. These results serve to demoﬁstrate'
the compatibility of our single-particle andlysis with the éuanti-

tative features of the transport system and electron beam.
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However, this is not the‘only mode of transport possible.
In Figure 3.16 a typical magnetic 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/Sr;> 0, beam

- electrons undergo a VB drift type trajectory which turns them

_back into the diode. On the other hand Region III, where’ en-

closed current is greater than I but BBe/ar < 0, should transport
beam current because the VB. drlft is in the right direction. .
Evidence for this can be seen in Figure 3.13 (120 kA beam) where

‘injection at 3.6 usec, such that much of the beam is injected

into a 9B/3r < 0 region, allows.transport without expansion of

-

Figure 3.16 - Typlcal field proflle for collap51ng linear
' ' pinch current sheet. ' |
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the beam. Observation of the existence of Region 1II would be

difficult in that damage to the pinch ‘anode in Regions I and TII

would essentially'obliterate any annulus undamaged by the beam

itself. Also, the spread of injection angles_ef-beam electrons‘
would tend. to smear out ﬁhe boundary'between Regions II and III.
X—réy_pinhole photographs are a ppomising way of recording this

structure.

3.3.1.4 Conclusions. The linear pinch was able tortraﬁspor

" beams over 60 c¢m without loss with currents < 160 kA, voltages

% 750 kA, beam energy ~ 3 kJ at mean-current densities of 8 kA/cm
' ' ' 2

“and peak injected current densities of 100 kA/cm“. The beam
‘propagated inside the collapsing current sheet, which allowed

' some  control over the beam fluence. Pinch currents substantially

Virtually complete neutralization ‘of the beam current occurred.

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

pinch magnetic field describes the phenomena.

3.3.2 Snark Z-Pinch Transport Experiment. This experiment

was conducted to investigate Z-pinch transport of 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. ' |

t

2

"smaller than the beam current were sufficient to contain the beams.

A pinch system of larger energy was used for this experiment.

The bank consisted of sixteen 15.8 uF capacitoré,rconnected in

parallel, with a peak voltage of 20 kV. Total bank‘energy was

48 kJ. Twelve Belden 198 low-inductance cables connected in

parallel ied from the bank to the pinch head. The pinch was
45 <m loﬁg«and was 20 cm in diameter (Figure 3.17). Construction'
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and'operation.of'the'Snark pinch.was similar to that of.the‘738

pinch. 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. With charging voltage of 20 kV the
peak pinch current was 850 ka; 18 kV was used_in the experiment -
to reduce the probability of bank failure. At 18 kV the peak
plnch current was 750 kA.  The operating preséure was 300'u'argen,

which was chosen (as for all pinches in this study) for rapid

- gas breakdown and reproducible probe traces. The pinch reaehed_"

maximum compression at 5. 5'psec Magnetie probes of the same

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

“F;gure 3.18 displays four magnetic field profiles- durlng the col-

"lapse. The current sheet had a much sharper rise than the 738

pinch; this was due to the considerably hlgher rate of rise of

. the plnch current

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. 1Its size was limited by the

small gas and vacuum inlets which were also located in the head

of the pinch. A 10 cm recess in the pinch head allowed the X-ray -
.diagnostics to be placed directly behind the aluminum 0.6 mm

- plate anode. The diagnostics were a scintillator-photodiode

combination, a Comptorr diode, and a thermoluminescent detector

-(TLD) array spaced over the lO0-cm-diameter circle. Operating

procedure and beam injection timing 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 1.d., 11.85 cm o.d.), using a 0.00125 cm

titanium anode to help prevent collapse of the anode cathode gap

by 1mpulse from the pinch discharge.
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- Figure 3.18 Magnetic field profiles at times of beam injection.
B o Ry is beam cathode radius, arrows indicate damage
( . _ radii of transported beams.

81




q

3

Beams‘were injected at several times in the pinch collapse,
as shown in Figure 3.18. The arrows indicate the radii of the
damage patterns on the pinch anode. For 0.95 usec, 2 usec, and
3.6'yse¢ (collapse 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 maximun compression, the damagé extended

some distance into the region of declining field. The éonsiderablé

'fluence control avallable with Z-pinch transport is evident from

this .figure: varying the time of beam 1nject10n from 0.95 #sec
to 5.5 psec changed the damage pattern area from 250 cm2 to

60 cm?. The beam damage patterns were not unlform 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.

T 1 ] T

.......'._..__ — Current Sheet

10 |- Boundary . 7]

Damage Radius

E (psec)

Figure 3.19 Pinch anode damage radll as. a function of beam
ln]ectlon time.
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The beams tran5ported_at 0.95, 2;0 and 3.6 psec clearly
propagated inside the current sheet in the Region I mode disF_
cussed previously. In 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 varied
from 4.5 to 9 for these shots. In this case the field profiles
were much like those associated with "hollow" beams, (i.e., low

flelds at small radii and a steep BB/ar gradient at the current

sheath) which allowed beam currents in excess: of I to propagate‘

A
(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 1n
the 738 experlment

Transport efficiency was diagnosed by comparing transported
beam photodiodé; 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 usec created damage totally w1thln the 10-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 eiectrons were injected into Region'III field geometry

(ase/ar.< 0), some beam electrons injected near the axis were -in
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‘Region II field geometry (I > I, 3B,/3r > 0) and drifted back

into the diode. Reentry of beam electrons into the diode is a
complex phenomena; it is guite 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

physics of the interaction does not change with increasing beam.
“current. Transport-efficiencies were high and a considerable
'degree of fluence control'was-demohstrated. The single-particle

model deVeloped_préﬁiously is adequate to'explain'the damage

patterns and efficiency measurements.




3.4 BEAM COMBINATION EXPERIMENT

The'transport mechanism discussed in the preéeding section
offers a simple wéy to combine beams while transporting them. -
When a beam is injected into a Z—pinéh,_the beam electrons are
découpled from one another by the neutralization of their net
current. The beam expands to fill the inside of the current
sheet and a sécond-beam, ihjected inside the current sheet at

the same time, will do the same (Figure 3.20). There will be no.

LI

-ilnteraction between the beams because their fields are suppressed
.”by the condﬁcting plasma; .Beam eleétrons follow single- '
 particle orbits to the target. The,e—componenté of velocity;

resulting from off-axis injection of the high. v/Y beams result in

their azimuthal mixing, so that the combinatiog beam is soon
azimuthally symmetric. The advantage of this scheme is that the
beams are mixed, not merely bfought into proximity, and cénnot-be'

separated later. An experiment was performed to test this model;

s\‘u//, .

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 discussed in the
section on diode studies, Section 2.  Two 6fcm-diaméter rollpin
hollow cathodes were extended on stalks and the anode-cathode
. gap (0.45 cm for this experiment) was adjusted by using shims at
C their bases. The-éathode centers were ‘10 cm apart'(Figurer3.21).
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 3.21 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. Snark Marx pulse c. Pinch current plus
' charge voltage - beam current, 1 usec/cm.
(upper) and pinch Peak current 650 kA,

voltage (lower),
sweep 1 usec/cm.

Figure 3.22 Pinch and beam waveforms for beam combination.
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for the ‘Snark transport experiment. " Since the primary indicator

- of beam combination was the damage produced in the pinCh.anode,

the head of the pinch 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 the 15 kV discharge are

" shown along with the pulsed charge voltage of the Snark Marx in

Figure 3.22b and ¢. On the shot shown, the pinch and Snark Marx

were triggered at appropriate times to give beam injection at

2.6 usec into .the discharge. The pinch voltage rose rapidly

until breakdown, then fell and remained low until the pinch

inductance had risen encugh (by current sheet collapse) 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 Figure 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 psec.

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 cm length of the

discharge tube. The damage patterns for 2.7, 3.1, and 3.9 usec
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Figure 3.23

Magnetic¢ field profiles for beam injection
times. The location and size of one cathode
is shown. Arrows indicate outer limit of
spall damage. . :

90




FJ
»

Figure 3.24 .Damage produced at anode by two separate beams and

at
target by combined beams for four injection times.
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. instead of T > 7T

show no sign that'they'were caused by two separafe'beams. -Damage

at 1.9 and 2.7 usec was compesed of irregular'melt'and spall
areas; 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,'l.Q usec, has somewhat the appearance 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 (iﬁside 7 cm) .

The fields ©of the beam may have helped to contain it, although -
they were probably limited in magnitude by their partial neutrali-

zation by plasma current.

In previous experiments tﬁe 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 neqtralized by weakly prionized plasma (i.e.,

D 5’ p ~ TB). In this case the beams would
retain some self-field and their parallel currents would attract

each other. Parallel currents combine over a time scale,

1/mc2'n"
T = x —_— ..
o 411712 |

where Il-aﬁd I, are the currents, m is their reduced mass per cm,

and r is their initial separation. For the beams in this experi-

=15

ment this time.is short (~ 10 sec) if the reduced mass is just

that of the beams themselves. However, the conductive plasma

will retard the combinaticon 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 T~ Since

D <. B'for partial current neutralization, the partial beam

combination evident in the damagé pattern is expected.

TranSport‘efficiency'was diagnosed by TLD arrays and

‘'scintillator photodiode signals. Efficiency decreased with

injection time. The 1.9 usec and 2.7 usec shots were transported
completely, 104 + 15 percent and.87 t 15 percent respectively.
Inadeguate diagnostics were recorded on the 3.1 psec shot and the

3.9 usec shot tranported poorly: 60 % 20 percent. The reason

for this decrease in efficiency is simple: the current sheet

swépt 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 injéction time increased (Figure 3.23).

The model discussed above predicts that each beam spreads to
£ill 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. Thé resulting beam closely resembled each of the beams
used for the two-beam shoté. It was injected at 1.2 usec
{(Figure 3.23) and £filled the inside of the current sheet, in
agreement with expectations. The single beam was not energetic
enough to cauée spall over the entire anode plate, but less
prominent damage extended out to 9 cm on the sﬁrface._ The area
of most intense'spall was on the opposite side of the pinch tube
from the point of injéctioh} indicating a great deal of beam
spreading. ‘Transport'efficiéncy‘was 90 £ 15 percent,'consistent
with the 1.9 usec shot.
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" This experlment demonstrates’ that beams. can be mixed by

1nject1ng them inside a collap51ng current sheet.  The two 8 kJ”

beams spread to fill the sheet and mixed while propagating down i

the sheet without &ubstantial loss. Although these beams were
injected directly from the diodes, this experiment is physically

equivalent to the combination of two beams transported 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'PINCH) EXPERIMENT
The problem of beam'compression was addressed under the Be

studies by injecting a high v/y (PIML) beam into a tapered

Z-pinch. ' If the current sheet of a pinch is inciined 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 eleetron 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 tapered 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 critical current, pinching of the beam in the diode
could be expected to introduce high transverse velocity compo-
nents. At early ihjection times (before the pinch collapses at
the small dlameter 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
tlmes, all of the beam should be reflected from the strong field
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at the end of the pihch' - In this regard, the tapered pinch
should be similar to the magnetlc mlrror,'in fhat "hot" beams
will be reflected rather than transported. . The experiments
reported here were directed at determining if this picture is
true by meaSurihg‘beam size and transport efficiency after

passage of the beam through a tapered Z-pinch.

The pinch used -in this'experiment is shown in Figure 3.26.
The capacitor bank was the same 20 kv, 9 kJ unit used in the

738 pinch experiments. Voltage was applied to the pinch anode

by a 8-cable (Belden YK 198) extension of the tradnsmission line.

Pinch voltage was diagnosed.with 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. Magﬁetic‘field profiies 3 cm

from the . pinch anode are displéyed 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. In

taperlng the discharge tube, two additional dynamic effects were

introduced into the collapse history of the current sheet.

First, the current sheet velocity was higher at the narrow end

‘0f the pinch, but this was determined from probe measurements to
be a small effect. Second; due to the smaller pinch diameter at

. the top end, the pinch current density was higher there. This

caused the sheet to be steeper at the top, as shown in Figure

3.28. The "bpunce model (Figure 3.25) would then be more. valid

at the top of 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

' 'éentral.5—cm—di6metertholei‘ An anode (0.0025 cm foil)‘wae
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Figure 3.26 Tapered pinch on PIML. Note central anode toil at

base pinch.
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TFigure 3.29 Damage to pinch anode versus beam in-
S jection time. A  is the beam-generating
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stretched over a. supporting assembly beneath the pinch base and

~filled the 5-cm aperture in the base plate. The injected 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 pinch
should shut off beam transport at ~ 1.5 usec, when the collapse

was ending.

Damage patterns on'the face of the 1 mm thick aluminum

‘pihch 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 monitored 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 psec, 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 usec, in agreement with expectations.
However, after 1.5 upsec, the damage area increases. For injec-
tion timesrgreatér than 0.7 usec there was an area within the
damage where the dose was sufficient to cause melting of the

-aluminum. This area also decreases until 1.5 usec, then

increases. The most intense dose levels splattered the melted
aluminum;'this.dose-level is not reached until 1.5 psec and the .
corresponding area increases in the same manner as the other

aredas.

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‘roughiy 50

percent for all shots. Five shots of v/y = 5 beams were chosen
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for their‘reprOducibility and their transport efficiency analyzed
using TLD readings and photodiode trace peak and area. Figure -
3.30 dispiays these efficiencies as well as those of vy = 3.57
and 7 beams. 'Transport_efficiency for‘v/y = 5 beams is constant

S until 1 usec, then drops slightly,énd rises., These variations

are small and are almost washed out by the experimental 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 low 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 early‘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'increase the average current density never exceeds that

at injection.

These'reSUits show the essential chrectness of the
proposed model of beam compression in the tapered pinch until
1.5 usec. chever, beam transport does not cut off or even
decline after that time. This indicates the occurrence of new.

phenomena, not included in the above aﬁalysis.
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It is ciear from the field profiles near the top of the
pinch that beam electrons would be reflected if they followed

_single—particlé orbits, At 1.5 usec, 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'injectioh time is 1.35 cm

" and B. at that radius is ~ 10 kG. Therefore, the eﬁclosea pinch

9

‘current is I =5 Br = 67 kA. The Alfven limiting current for

this beam is I, = 17,000 By = 24 kA. This means that the beam
c¢ould not propagate through the field configuration because the
curvature of the beam electron orbits as a function of r is great

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

port with fair efficiency even after the critical pinch field has

been reached. Guillory‘(Reference 3.10) has Suggested that
ExB drift_near a region of charge buildup at the collapsed
portion'of the pinch allows electrons to penetrate. The charge

buildup is assumed to resultrfrom 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 gqualitative pidture 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 Comparéd with the axial Veldcity of the unimpeded
beam, this would be observed aé a delay of some beam electrons,
i.e., as dispersidn in the pulse shape 'of the X-rays at the down-
sﬁream target. For some injection times, such dispersion is

observed, as discussed below.

Another possible 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

105




0

Figure 3.32 Flow of electron beam around charge clump Arrows
indicate electrlc field. K

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

contaln the high transverse pressure beam. Such a fluid
approach, however, has not been useful in explaining our other

observations of Z-pinch transport.

Figure 3.33 displays the X-ray pulses from the pinch anode
for the V/Y = 5 shots. The leading edge of the X-ray pulse is
relatively unaltered by change in injection time, but the X-ray

intensity 15 nsec into the pulse is reduced and the peak'inten¥

L

sity is increased at 0.75, 1.0 and 1.3 Usec. This distortion

could be interpreted as a'delay in transport of the portion of -

. the beam at ™~ 15 nsec caused by the charge cloud model described.

‘above. The pulse shape at 1.7 and 2.0 psec injection times '

returns to the normal shape, which could be bécause the charge
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a. 0.3 psec

b. ‘0.75fpsec

c. 1.0 usec

d., 1.3 usec

e. 1.7 usec

£. 2.0 usec

Figure 3.33 X-~ray signal from pinch anode for six 1n3ect10n

tlmes. Sweep speed 20 nsec/cm.
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1s greater for these injection times so that the transit time
around the charge is short compared to the beam pulse - This
interpretation is tentatlve, clearly the 1nteractlon is an area

for further study

The experiment described above suggests that "Hot" beams
are lost from tapered.piﬁch systems because of (a) diffuse
current sheet structure at the injection end and (b) reflection
of beam electrons at the target end.' The first loss'caﬁ_ |

probabiy be eliminated by (a) increasing the pinch current ‘above

i

the 200 kA level of this experlment thus 1ncrea51ng the magne~

‘tic field strength and (b) using smaller taper angles, thereby

making the field structure more like that of the straight pinch.
The second loss mechanlsm reflection of "hot" beam electrons,

can only be overcome by injecting "cool" beams. = For example a

large dlameter annular cathode (chosen to give I < 8500 By r/d
" to prevent pinch) or an. array of magnetlcally isolated 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 wvolume, which can occur in Bz_systems.
3.6 CONCLUSIONS

It has been shown that the losses attendant with beam ' .
propaqation in neutral gases and 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/cmz. The beams were transported down pinches from 45 cnm
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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 beams were efficiéntly combined and well mixed.
A tapered pinch was employed for beam compression, but losses

due tQ pinch current sheet structure and reflection of beam

_electrons prevented any increase in current density upon trans-

port.

The physics of beam transport-in the linear piﬁch 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 succeséful combination of two beams provides

-additional support for the model which predicted their mixing.

Beam transport in the tapered pinch also agrees with prédiction

but ohly‘up to a point. The failure of transport to cut off at

late stages in the dischargé 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 current beams requires:

_ a. A plasma medium of sufficiently high conductivity for
plasma current to neutralize the beam current. This is equiva-
lent to reguiring that the magnetib diffusion time of the plasma
be long\cbmpa:ed to the beam pulse length (TD = 4710a® >> Tg

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

beam electrons before they reach the discharge tube wall. For

electron energies less than a million electron volts, this means
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‘Alfven type trajectorles or by YB drift motion (Reg;ons Y or IIX
in Figure 3. lS) '

_When these three condltlons are met, the 1njected beam will

flelds of several kllogauss for tube dlameters a few centlmeters

greater ‘than the cathode dlameter.

c.  Beam injection. into a region of favorable electroh

drift motion. Transport can occur by electron motlon along

propagate to the end of the plnch with little or no loss,

expanding tO‘flll 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
reguired for development of a well-defined current sheet. From

the experiments performed in this study, it appears that at

least a 5 kV/ft potential gradient is required for'production'of'

Tsharplcurrent sheets, Therefore long-distance transport
reguires 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 to 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 eithef 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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combinatioh'experiments This jitter frequently'resulted in
failure to obtain the desired injection time and lowered the
use ful shot rate to about one-half that of B transport experi-
‘ments. Therefore low timing jltter must be con51dered a pre-

requisite for appllcatlon of Be transport stages to any multiple-
module’ system

The replacement of the dlscharge tubé in the Z—plnch
constitutes an operational 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 cleanlngs the surface propertles of the glass are modlfled
‘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-
tlve, it must be considered when comparlng to neutral gas and B
transport systems, which do not requlre such replacement

expenses.

In conclusion, the scaling of z—pinch systems,to'multi4stage
transport combination and compression appears technically
feasible. The time phasing and operational features of the
system would make it a complex one; however, these complications
may be justifiable depending on the status of other'transport

techniques.
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SECTION 4

lNVEST[GATION OF BEAM TRANSPORT
~IN AXIAL (BZ)_MAGNETIC FIELDS

by C. Stallings
4.1 INTRODUCTION

B systems are defined as those experiments with an ex-

ternally applied magnetic field which is parallel to the desired

. beam transport direction.: The external magnetic field is ﬁsually

applied by a solenoid. The primary advantage of this type of
system is that the magnetic field and the plasma parameters can
be controlled independently.

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 compressive force on the beam and, while the beam current is
rising, there is an inductive electric field that'degrades the
energy of the electrons. In practice, the beam ionizes the back-
ground gas iﬁ a few nanoseconds and propagates in a'plésma. '
Expulsion of plasma electrons rapidly chargefneutralizes the beam

so the electrostatic force disappears. However, the inductive

electric field and the self-magnetic field are coupled. When the .

plasma conductivity is sufficient to eliminate the inductive
electric field, there. cannot be a self-magnetic field because the

net current is zerod. For high v/y beams, the transverse velocity

of the electrons will'then cause the beam to blOw up (Refer-
ence 4.1). However, when a. By field is applied, the electrons

are constrained to follow the magnetlc field. This allows the

'90551b111ty of efflclent transport of hlgh v/y beams over a few

meters.
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4.2 . DIODES

~ When a Bzrfield is applied to a diode, the dynamics are
changed both guantitatively and qualitatively (References 4.2
and '4.3). Experiments were carried out to study the effect of
this applied' longltudlnal magnetic field in the diode. Figure 4.1
is a compariscn of X-ray pinhole photographs of a 3~inch-diameter
rod cathode w;th three dlfferent field strengths. Two observa-
tions can be made: first, the cathode structure is discernible -
in even the ioweSt external field; second, the current density
appears higher near the cathode center at all field levels studied.

Because of the first observat;on, the second .cannot be explained

- by the assumption of beam self—pinch,Vsince‘the'latter character-

istically does not preserve cathode surface structure. To explain

the observed effects, we propose an explanation of diode behavior
ymax

when Bz is of the same order as (Bg . The magnetic field in

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 lncreases.

Assumlng 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 electron is an increasing

'function of radius. The space-charge-limited current density

would therefore decrease with increasing radius for a given anode—

‘cathode voltage. " To test thlS hypothesis, a hollow~core, multi-

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

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 ourrent density

would be highest directly over the innermost emitters and would
be zero over the l-inch-diameter hollow core. The latter type of

behavior is evident inIFigure_4,2; an X-ray pinhole photograph
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B, = 7.9 kG

Figure 4.1 X~ray pinhole photographs of the anode u51ng 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_lo kG and the ldngitudihal 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 cathode three inches in diameter with a
l-inch-diameter hcole in the center,

Since the current density i1s highest at the innermost
cathode emitters, the diode impedance should not be sehsitively'
dependent upon cathode area (when the latter is above a certain
critical value). 'Figurer4;3 shows impedance as a function of |
time for a 3—inch—diameter‘cathode and 3-inch by l-inch rec~
£angular cathode. Even though their areas are different by a

factor of 2.3, their impedances are approximately egual. In
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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-pinqh 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_proﬁide 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.dependénce (Ibv of the bremsstrahlung

waveform on the beam energy waveform.

The various electron beams used. were selected by adjusting

the anode-cathode gap'ih the diode. Pinch pressure was stabilized
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-with a calibrated needle valve and monitored with a McKleod vaéuum.

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 experiment had to be obtained under
similar'cbnditions; Therefore the pinch tubes were replaced

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

Another experimental difficulty was collapse of-the-anbde4

cathode gap due to pressure from the collapsing pinch. Measdre—‘

~ments with a simple shorting circuit showed that the anode moved

toward the cathode at ~ 2 x 105 cm/sec.  Small corrections to o

the gap spacing conmpensated for this effect.

3.3ﬂ1Q2 Experimental Results. Beéms 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 B8 kA/cmz, but core current density exceeded
100 kA/émz(see Section 2.4)..

Target damage, measured bremsstrahlung, and injection cur-

" rent are given in Figure 3.11 which compares anode damage and -

bremsstrahlung produced by injecting the 160 kA beam at 2.9 usec
with that prodﬁced at the entrance plane. The preservation of
both the amplitude and shape of the X~ray signal and the guite
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 3.1l 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—centeréd circular damage attests. In view of the great:

sehsitivity of the bremsstrahlung waveform to beam voltage and
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“the limit B, » B

e,‘the field is approximately axial over the
entire cathode and emission is approximately 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 dicde impedance, on the average, -

‘held up lohger beforenshorting. However, as the current density s .

increased, a-larger magnetic field was needed to make the diode
hold up for the duration of the pulse. These data are summarized
in Figure 4.4. The impedances were taken when dI/dt = 0. The : .

-parapoteptial and Langmuir-Childs impedances are given for refer-

ence,
4.3 LINEAR TRANSPORT EXPERIMENTS

The simplest B, transport experiments have'a uniform B_
field throughout the diode and transport,regions‘(Reference 4.5).
A diagram of the apparatus used for these uniform Bz experiménts
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 l.1 meter long and 5 inches in diameter. The coil

‘was driven by a 252-pF, 20~kV capacitor bank. During the first

half—Cycle.the magnetic field was
27t -

8 * 10"4-sec : .

BZ {Gauss) = (148 x 10_2) Vo sin

where VO‘is the charging voltage on the bank. Figure 4.6 is5 a

photograph of this system on the Snark machine.

A small amount bf‘preiohiiation could be added in the

solenoid by placing'small'resonant'capacitors in parallel with

118




O

*Axeuums souepedur §tp =2InbTg

O9SU g6 By gryT | o9su gIT by g% o
: | 29su Q9 by g o89sU 8TT By 68 swty butixoys
oasu gg b G'L oBsu 0L  BY 9°g TeoTdAr
. 5 €T BY 8wl 5 €°T B¥8'p

o : 85 T1T'¢€ 54 6°8 5 €°T by 6°8 . souepadut -

8 67z by gL -8 6°T by 9g TedTdA]
B 8L 1"z 51T aduepadut

- . SpPTTUD-ITnwbuey
88y G Z 58 T ~ souepsdwt

" 1eT3usjodeaed

i 0 W GL°Z w0t g M-V
NEO TT NEU ON . NEU 09 . .mm,..Hd..w ‘wquﬂu.m.U

.. 7N e

" * % 1 -

L i
N

119

T e




.~ PIIR-27-71

L T
ol I 0
T} | P
K o
X o
o -
o 8
X oy
X 5] sotenoia
el I
.Ez Anode Eﬂ‘
X e = [
= | =]
- <]

—a——
Cathode
(“ﬂ Figure-4.5 Diagram of the solenoid transport .system.
120




PO r R

i
,m\\}}\\ A )

Figure 4.6 Solenoid on Snark measuring 1.1 meters.

A347

121




O

O

apparatus were carried out on the Physics International Mylar

the peak current was 180 kA.

‘the solenoid (Reference 4.6). This superimposes a small high-

frequency oscillation on the magnetic field and gives a low level
8

of preionization between 10° and lOg'ions/cc{

4.3.1 PIML, 300 keV. The first experiments with this

Line (PIML) machine. The mean electron energy was 200 keV and . g

Figure 4.7 is a summary of the results for those experiments - .

on the PIML beam. ‘When the pressure in the solenoid was 600 milli-

torr and the magnetic field was not used, the'transport'efficiency

was 42 * 10 percent. Without the magnetic field, the diode region

pinched into a small core; the beam then spread and was diffused

in'the transport région, £illing the entire drift tube. When a

”Bz field was used (fields larger than 4 kG were tested) the beam

retained approximately the same shape and size as the cathode.
This is shbwn most*dramatically'in Figure 4.8, which pictures the
damage pattern producéd by a beam generated with a ~ 3-inch by
l-inch rectangular cathode. The beam transport distance for this
shot was 25 centimeters. The‘cathode~itself had a somewhat waﬁy

edge-sincé the emission surface consisted of 1/l6-inch-diameter

'~ rods that were l/4—iﬁch.apart. Although the sample damage area

is more irregular than the cathode, the obvious reproduction of
cathode shape and area, even after 1 meter of transport, indicated -

that the transport process can be approximated by‘a single-

L]

particle=-orbit theory in which collective effects are ignored 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 0.5 METER
- ' (errors are * 10%) ' '
t. = 150 yséc-
Pressure, millitorr |
: 200 600 _ 1000
w- , A )
@ 4.1 65% 92% 93%
© ' ' .
2 8.25 92% ©98% © 100%
SN 137 69% 728 | 75%
t = 240 Msec
Pressure, millitorr
. 200 600 1000
w .
5 8.4 '100% - 98% 93%
g - .
s 14.0 100%
DU : :
o
t'refers to the time after the start of the applied Bz field.
. Figure -4.7 Beam transport at 0.5 meters for the PIML electron N
N beam. The peak current was 200 kA and the mean  energy

was 250 kvV.
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Damage crater in polyethylene produced by a beam
generated with a 3-inch by 1-inch rectangular cathode.
The beam transport distance was 25 centimeters.

Figure 4.8
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lowered enough for the electron gyro diaﬁétér to equalrthe
cathode inter-rod distance. When this condition was satisfied,
the  sample appeared very uniform. When the beam transport |

distance was increased from 0.5 meter to 1 meteér, the transport

-efficiency changed by less than 10'percent.

4.3.2 Snark, 800 keV. - The majority of experiments were
carried out on the Snark machine. These experiments used exactly’
the same equipment as the PIML experiments. The first experi- '

ments were used to test the length, pressure, and'magnetic field

' scaling. The major improvements over the PIML experiments were

higher current density and Faraday cup diagnostics, 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 600 keV and a peak current of 550 kA. This was

an average current density of 9 kA/cmg. However, as was pointed

_out in Section 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 cmz. The transport efficiency could not

be determined just by measuring the relative currents in the

diode and at the Faraday cup at the end of the fransport 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 evénrthough ail 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 it gave 1nformatlon

on the current as a functlon of time-as well as the transport

eff1c1ency. When;the energy transport eff1C1ency was oompared'
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-

'mentai,error, so it was impossible to say.if the'energy loss was

due7to a degrading of the energy of the electrons, 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. Both conditions show a

smooth decay of efficiency. This shows that the energy loss did
not. occur primarily near the anode, but instead was reasonably

dlstrlbuted throughout the transport region.

Transport efficiency was also scanned as a function of

pressure to determine tne 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 experiments (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 ekperiments is
shown in Figure 4.11, i.e., with no preionization there is an
optimum value of the applied magnetic field. In 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 kKgauss) ; While at the lower current density, the transport

efficiency drops off much more slowly.
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~Figure 4.10 Transport efficiency at 1 meter.
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Figuré 4.12

Charge transport efficiency at 1/2 meter for three

current densities.
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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 preliminary conclusions can be drawn. Work was

done‘on the 100-keV DML using a gquasi-theta-pinch (these experi-
ments will be described later in this section). This work used

magnetic fields up to 50 kgauss and plasma densities of up to

10;5

order of 10

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

preionization (lO9 to 1011 ions/cc) was used in the Snark experi-

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

14 to 1015 ions/cc, transport efficiency was better

ments, transport efficiency 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 within the experimental error. The interesting point
is that almost all of the appareht increase in efficiency occurred

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

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 field but at the optimum_pressuré of 1 torr, the trans-
port efficiency 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

density was not uniform but varied with radius. The peak current

density with a_60—cm2 cathode of 550 kA:was 36 kA/cmz'over the

center .5 cm2; with a 20-cm® cathode of 400 kA, it was 46 kA/cm2

: : 2 - : ot
over the center 5 cm”~. Therefore, the average current densities
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‘current'density of 36 kA/cmz. This beam was transported withoﬁt

are 9.kA/cm2 and 20 kA/cmz, while the peak current densities are

36 kA/cm2 and 46'kA/cm2t respectively. The current density was

'measured on the anode using apertures on the Faraday cup; it was

measured 1 meter downstream by using a multiple block calorimeter.

'The results of these two measurements are shown in Figure 4.13,

To 1ncrease the average current density, an 11~ cm2 cathode was

constructed. The diode parameters were approx1mately 400-kA peak

'current and 650-kV mean energy, corresponding to an average

any measureable loss for one-half meter.

The net current was measured by the voltage drop acrdsé a

'stainless steel resistor 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 anode; a 3-inch-diameter

cathode was used.

The net current traces near the anode were reasohable and

51mllar to those obtalned without B o except thaﬁ 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 hasra sllght minimum at
about 5.6 kgauss and then increases with increasing‘Bz and with
increasing pressure, except for pressures below a few hundred

millitorr.
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‘carried out u51ng a 7-inch by 2~1/4-inch cathode and B

- There was evidence_from several laboratories that the elec-
tron beam rotated with respect to the cathode (Reference 7). ' As

a check on where this rotation takes place, an experiment was
BBmax
A sample with a rectangular. hole in the center was placed on the

anode and another sample was placed 10 lnches downstream from the | .
anode. The sample on. the anode (Flgure-4.l6) showed a rotation R
of about 9 degrees, while -the sample 10 inches downstream-did not
show any measurable rotation with respect to the hole in the |

andde'sample.

“L!'

B high current density, high B, experiment was performed

earliér with IR&D funding on the 100-keV DML (Reference 4.8).

Some of the results are given here because they pertain to the

questions of high current density, preionization, and field

strength'that were addressed by this contract,

The apparatus used.for these experiments was-a‘theta pinch-
iike plasma device (Figure 4.17). This device had a large B,
field (up to 56 kgauss with present equipment) as well as a large
dB/dt, which could be'qsed to preionize gas in the drift region

of the electron beam.

The equipment consisted of four baSic parts: (1} a 56-uF,
low4inductance'capecitor bank, (2) a 5-nH spark gap to switch .
the'curreﬁt, (3) a low-inductande transmission line from the
capacitor bank to the field coil, and (4) a singleeturn field 7 ' .

0011 around the electron- drift region.

The drift region was 1.5 inches in diameter and 8 inches

rlOng. 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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'_magnetlc field). If the cathode was ln a weak field, B

a self-field that was about 15 kgauss. The maximum B that could

be applied by the external 01rcu1t was 56 kgauss.

The same field coil could be‘used_to'ionize the gas in the
drift regioh, Since the plasma was a good conductor, the net
current was small. Therefore, the Be'in the drift region due to

the presence of the electron beam was also. small.

If the plasma was allowed to pinch into a small dense core,

"~ the diagmagnetic_properties of the plasma would tend to exclude

the lefrom this core. This means that the electrons would have
to pass from a region 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 tranSLtlons, the apparatus was operated as a prelonlzed

solenoid rather than as a theta pinch. This means that the
electron beam was fired after the gas was 1onlzed 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. uHowever, the
electron gyroradius was small compared to the characteristic '

distances of the B, field. This means that (W /I Bl ) was approxi-

Jmately an. adlabatlc invariant for each electron (W is the trans-

verse energy of the electron and {B| is the magnltude of the
17 and the
maximum field ln the field coil was Br then only those particles

with initial anqles of

Wy

T

P10
B
Q

<

' could move 1nto the reglon of maximum field (W is the total energy

of an electron).
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The X-ray flux coming from a thin tantalum 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 thé'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 awdy 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 shbwed very little X-ray flﬁx
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
transversercomponent. ThefpreVious 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 changed by using a special

‘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,‘and it extends the magnetic¥field
lines g0 the single-tuxrn solen@id appeafs‘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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Bpoxy (8'pieces)
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Figure 4.18 Return-~current insert.
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1 torr and the peak appliéa'fiéié'was‘ﬁo kgéﬁéé;.aﬁﬁfbgiﬁéfély -

100 percent of the beam was transported (Figure 4.19). Although
this was the only condition which gave 100'perCent-tfan5port,'a'

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

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

50 0% . 95 to 100%

All percentages are t -5 percent
Figure 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 fhe,graphite

sample was one centimeter in diameter and about 2.5 mils deep.
This correlates very well with the 100 percent transport deter-
mined by photodiode measureménts of the bremsstrahlung produced

. in the tantalum targets. This implied that lOOICalories 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/g,

'2;5 mils into the sampie,'and 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 ekperiments were done to measure the plasmaudenSity
inside the solenoid using a coaxial Langmuir probe. Because of _
the prebe'saturation at high density (greater.than 5 x 1014‘ions
per cubic centimeter), a definitive correlation with beam trans—

'port was not obtalned however, when the plasma den51ty was

greater than lO lons/cc, at least 50.percent of the electron
beam was transported the lengthrof the solenoid. . When the ‘mag-
netic fleld was too low (below 50 kgauss at 1000y and below.

25 kgauss at 200u) a dense plasma 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 BZ just-as it did in the PIML and Snark experi-
ments, The optimum pressure agaihrappears to be about 1000p but

the issue was clouded by the close coupling between the magnetic

field and plasma density.

The important‘eonclusions of these 100-keV experiments are
that current densities in excess of 100 kA/cmz'can be efficiently
transported with B, even at 100- -keV mean energy, but the initial
13 14

or 10

plasma density must be of the order of 10 ions/cc. In

addition, BZ can be used efficiently at values greater than

-50 kgauss, but again only when the prelonlzed rlasma den51ty is

greater than lO13 ions/cc.

4,4 BEAM CONVERGENCE (CONE EXPERIMENT)

Two of the problems associated with high beam currents are -
indﬁctance'in the diode and high transVerse.energy in the electron
beam. Both of these problems are directly related to the large
self-magnetic fields prOdueed 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 leéss
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transverse energy. The drawback to this approach is that 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 annulus 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 prbperty of_this field configuratidn
was that field lines converge and the diaheter of the electron
beam was reduced, but the field sﬁrength 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 magnetic

'field was'excluded'from part of the volumelby resistive diffusion.

This meant that the innermost field lines actually went into the
s0lid aluminum cone, and conseguently these field lines 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

“"¥Hé annulus increased 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 appeéred'to be at least
90 percent of the injected energy; however, the injection was
ve:y‘ihefficieht.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.

145




5

Solenoid cqils

’ AAAAAA ol :‘:"A

A TTIITITNS /A\ NN -
/// Cafhode plate : _

Mylar anode

Ring cathode

oy

Figure 4.21 Task 3.5 - annular cathode with conical preionized
L - channel and‘Bz.
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Figure 4.22
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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
inétability was observed as a wavy nonuniform damage'pattern |
(note that the aluminum cone was sﬁpported by six legs thaﬁ‘
intercepted'part of the beam and these are also evident in the'.

samﬁle). The growth of this instability was observed on a single

shot by dividing up the beam into six segments and observing each’

segment at a different distance downstream (Figure 4.24). The

growth appears to be approximately linear.

The important conclusion that can be drawn from these experi-

ments 1is that the transport region behaved as expected except for

.a non-catastrophic instability; however, an uﬁresolved'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 linexs did not have to be cleaned after each shot

as they did with the linear pinch.

A planar cathode did not emit uniformly. The current
density was peaked in the center, but it could be made more
uniform'by increasing the applied B, field. The diode did not
short as early when a Bz was applied, but as the current density
was increased a larger BZ was needed to have the diode hold up

for the duration of the pulse.
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Figure 4.24
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Growth of an instability as a function of dis-

tance from the anode.
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There is an Optimum'BZ for beam transport at about 7.5 kgauss.

This cptimum 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’

'broadehed by better preicnization. Even without preionizatioﬁ,
~current densities of 36 kA/cmz.averaged over an ll—cm2 cathode
were transported efficiently at the optimum Bz' When a-20-—cm2

‘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 construction and

all of the beam was not lnjected but thlS does not appear to be
a fundamental problem

In general, the behavior of intense electron beams in a
longitudinal'field is more complicated than originally anticipated;
however, it has been. ShOWn to be an efficient means of ‘transport-
lng these beams over 1- meter distances.
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SECTION 5

BEAM TRANSPORT IN AXIAL (B,)
MAGNETIC FIELDS--CALCULATIONS

by J. Guillory

5.1 DEPENDENCE OF NET CURRENT ON MAGNETIC FIELD

Two theoretical models predict an increase of net current

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

presented and discussed in some detail here; the second, 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, n_, is
of the order of 10%° to 10%% cm™3, °
roughly with the data if np ~ 1013. We feel that the first of

The second model agrees

these theories gives predictions somewhat more in accord with

: *
the limited net current data of our experiments.

The ﬁet current traces near the downstream target are
erratic both during and after the passage of the beam. The net
current near the anode is more reproducible; it has a linear
rise throughout the beam pulse (unlike the behavior reported in
DASA 2426 for Bz = 0 and lower beam power). Superimposed upon

this linear rise are small oscillations or steps with periods on

R .
The data consists of net current traces near the ancde and
- target ends of the transport region for each of eight shots,

- all at different values of B, (the applied magnetic field orx

P (pressure). See Figure 4.15.
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_éxceeds twice that of the magnetic field. The whistler

the order of 5 to 10 nsec,.near'the 1imits 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 equation with time—depehdent

plasma density.and self-consistent induced electric field.- The
peak value (or, if one preférs, the slope) can be interpretéd in

terms of an effective conductivity.. - ‘ g : K -

_However, the oscillatibns or steps in the net current at
the anode and the 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 instability 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 current with increasihg_Bz and P suggests that the
resistivity, due to the instability (and probably the growth
rate), increases with B and P. The plasma density probably
increases with P; thus we expect an instability which, if its
growth rate does.not explicitly invblvé 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 correctly -but is ruled

out because it occurs only when the plasma energy density .

instability (References 5.5 and 5.6) has a growth rate pPropor-
tional to wcmp and can apply to plasmas of moderate density if
there is a high energy "tail" on the distribution functioﬁ in.

parallel (or perpendicular) velocities (Reference 5.6).
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' 5.1.1 Presentation of the. Instability Model. rThe model

' given here will have two basic features:

a. A simplé description of net current in terms of
effective resistivities averaged over spatial coordinates and.
beam duration . ‘ _ - .

b. Assumption of instability (unspeéified), as just dis~ -
cussed, to explain increasing net current with BZ at high plasma
density

Justification of the first of these model assumptions will

largely be left to a ‘later discussion. Pressure dependence of

the net current is due to changes in both the collision rate and

the plasma density. We now present the model and fit it to the

.data, after which we will evaluate the modelrof-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

sz = Ez/ntQt (ntot ?_total‘effe;tlve-re51stlv1ty)

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

J EriJznet[/JB_

is given by' o - 3 = (Z/nt0£ 17t

where 2 is a dynamic beam impedance, dependent only on beam

radius and risetime:

waz -
C

11

inverse risetime of beam)
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 ¥50 that approximately

Comparison of the actual net and primary .{beam) current traces
at the anode shows that the ratio j is approximately constant

_throughout the beam pulse (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 | o o
2Iet Ta - . ' ' )
B6 = m_g— Jznet’ W}th Jznét evaluated on the axis. i

'Then VxXE = l/c_dBé/dt gives'as a typical value of E;:

: 2
. {ra
: Ez - (02 UJ)-lJzne:tI

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 thé net electron flow is

forward, i.e., Jznet < 0.
The relation j = (Z/ntot + l)fl then follows simply from
- J = Ez/ntot and the defln;tlons.

Zp

In our experiménts the ratio Jznet/J_B EN was.always small;

'y

n -
tot.

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

discussed previously, we now assume that eleétrdns 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’ re51st1v1ty l/c” now has a cla581cal paxrt, l/oo, and a

contribution n from the 1nstablllty. Thus

Here o and possibly 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
n~ 4rIm w/w
/ P

with Imw as the growth rate. However, when the collisionless
plasma theory_indicates.lmw = Ko, we musﬁ expect to find |
Imw = KWy, = V 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

!
J 75 %
O

n
4+ =
Z

with n ~ 4ﬂ/w (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

assume v (séc“l) ~ 7 x 109 P(torr) for electrons in nitrogen gas -
of ionization < 40 percent, and if we take l/oolﬁ 4ﬂv/m§ (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
2 ~o0.6p x 19
o 2 n

o o)
-and -

| 14
N'~ g.g4 x 22
Z . n

(1.7 kB - 0.7 P) '
P

when this is positive. (Here P is in torr, np in cm_3 and B in
kG. ) | ' |

2

(:) '~ From the data we have dj/dB(kG) ~ 0.8 x 10 “ at P = 1 torr.

This would require

<~ Q.ss'np/lol6

and the instability would take hold at
B(kG) ~ 0.7 x lOlG/np

13 gives Imw ~ 0.07 w, (k = 0.07)

The value n? = 1.2 k 10
and the model estimate of j is shown in Figure 5.1. If n is
higher than this at P = 1 torr, the horizontal portion of the

curve becomes'sho:ter and lower (instability sets in at lower

Bz), and the value of Kk required to fit the dita increases as.
' n? In the "lowwfrequency whistler" instability'of Reference
5.6, Imw is between wci_and W.es and Imw ~ 0.07 w, is thus quite
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reasonable. But‘if_np is as high as 10

17 at 1 torr, then the X

- required becomes larger than unity,,implyinq Imw > W, an

unlikely situation. The data point at B, = 0 also becomes

harder to explain, although the mode 1 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 np cannot be

calculated to within a factor of three. Our model thus seems to

15_1 416

apply if_np_N‘lO i 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‘Bz, a geometrical effect of anisotropic conductivity

enters: the axial conductivity has an increasing contribution

from the small cross-field component of the coﬁdﬁctivity tensor.
Diamagnetic effects previously neglected also become important

because of the larger azimuthal plasma éurrentf These combined

- effects are expected to produce somewhat larger axial net. cur-

rent, which could explain the slightly high value of j observed

‘at Bz = 0.

5.1.1.4 Pressure Dependence of Net Current. The pressure

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

value

di/dB (KG) ™~ 0.4 x 1072 at P = 0.6 torr
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indicates that k« varies with n_ to some power larger than unity,
say. kK < n;. There is no known model fqr this in the instability
behavior, and it is not clear that np « P, A further complica-
.tion is that np may depend on‘beém current density JB._ In the
exXperiments, JB 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 np is assumed fixed when fitting the data.

'Thelobsérved net current for zero applied_Bé is not
constant but has a minimum at P ~ 1 torr. But the relation

between this data and what one would expect for B, > B is

, 8
clouded by the fact that when B = 0 the perpendicular conduc-

ﬁivity'

1

- 2, 2. -
g = 04 (1 +‘wc/v )

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

~ pressures is explained by the decrease of 0, as Vv 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 not 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 (Reference 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

EE o N R RS RN C I TR
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"guite low values of plasma density, n_ ~ 10

. because GOZ is not large enough (GOZ.= 1.6 x 10

- of the beam (Reference 5.8) we estimate that ny, is at least 10%

where ¢ = w _(B_)/w_. This is plotted in Fidure 5.2 for two
€z P 13 -3
" om

c . For higher'

A p : ,
np, j is smaller and increases more slowly with Bz’ and thus

cannot explain the data.

'If the density really is as low as 1023 cm™3 then the
instability model probably cannot explain the data, mainly . : ;
: ~14 np/P, with P : )
in torr). : B : o LT

From previous studies of ionization rates in the presence
5

(v

cm 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

beam turnoff.

5.2 DIAMAGNETISM OF ‘A WARM BEAM PENETRATING A UNIFORM PLASMA
WITH AXIAL MAGNETIC FIEID ’

5.2.1 Effect of Incomplete 0-Current- Neutralization:

Equation for B, Neglecting By. We shall now consider a hot
(large thermal spread) beam in a plasma with B = B,1, along the

. direction of propagation. Let us take the case where beam cur-

rent I_Z and beam surface current I (from  diamagnetic and VB

&

drifts) is rising. We shall assume that,IZ is'completely

neutralized bY'infinite conductivity o, of the plasma along

Y

magnetic field lines. . The 6. current is only partially ' T
neutralized pecause of finite plasma conductivity o, normal to

the magnétic field. Thus B, is zero because the net’ Z current

, _ S .
is zero, but B and dBZ/dt are nonzero because of finite o, .
The dBZ/dt prcduces a 8 electric field, driving the plasma Ty

current density. We neglect radial plasma mass flow due to E,x

0

Bz andfthe(radial dependence of gy . ‘ ',3
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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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Q ' E -+ o ~ :
o ' ' The beam surface g current is J 3,450 —?'(nel)le - (5-1)

O

- where &) is the perpendicular energy per electron for the beam

~plus plasma (usually the plasma préssure anp

s ,
| even though np : nb).

| is smaller than

the beam pressure nb b

The.plasma © current is‘Jée = o - E, where E = E_1. + E_1

and ¢ is the plasma'conductivity tensor:

g, —Uﬁ_O (r)
Iy o 0 | (8)
NG 0 O'” (Z)
If the radial electric field is zerd, then g —'E = 0] Ee. .We
assume. that this is the case and we assume 30/3r = 0. Then
putting the total current -
_4mc 4 = N
J = B ar (ns‘l)‘+ o} Eg . (5-2)

into the Maxwell equation for VxB (neglecting the dlsplacement

. current ¢ l3D/at), we get '

3 ‘
“ gt = g gr e 4 Tlopmy (5-3)
But the”Maxwell eﬁuation for VxE,
5 r BBZ
r ) = oge
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can be combined with Equatlon 5-3 after multlplylng Equation
5 3 by r and dlfferentlatlng.

. 4B : 9B L
3 z) 4 fx 4 - Z
Br ( EE_) = 4m dr(B dr nel) (r/c Yoy e 574)
Using ne; =-PL and rearranging, we have the diffusion-like
equation: -
2 : g | | 9P 3%,
2’2, 188 %Lam_ 1 1 @E)__J;.uﬂlf. L (5-5)
a2 T 9r 273 g2 °r/) Br B .2

‘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_aPl/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 inpht'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 ig that B = Bo' upiform 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 prdportional
to ' ' '

c(t/o))?

in a time t; but note that B jumps discontinuously at the source
location (wherever 3P, /dr and QZPL/Br # 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 motioh of the beam envelope
as Bichanges there, it is reasonable to suspect that when
Br.# 0 is includedrln the treatment, the beam will constrlct
probably on a magnetic-diffusion time scale, to the radius

'required by pressure balance,,and.the beam edge will beCome‘less_i

sharp.

5.2.2 Radial Fields Included. . In a medium of uniform'

'constant tensor conductlv1ty o,_the vector potentlal z,

‘satisfies

? am
C

Q2
=
Y
=

39
ot

S

g’

?ﬂ§+‘
B|H

VXVXA + =5 ag-V¢ -
C’ '

°

B

.
—+
s

ot

where JB'is the beam current; (plasma currents are in the o

.terms)._ We assume aZimuthal-symmetry in r, 8} Z coordinates -
"and choose as gauge A_. = 0. Then when o, , is very large we
have '

2 2 47 3 _ 4m

3 |18, 3 139
- | T e (XA F | st S+ 5 O A ="
ar [; a; ) ]- [ aZZ 2 8t2 c2 Qe ot 6 c B
- 13 _ _ 3% . 41
and c Pz "t Yz
where Jy and J, refer to the beam current. If we assume A and ¢
are functions only of r and u = y (vt - z), and let k = 4mByo,,/c
(B = V/c, sz =1 - Bz)rwe have from the Ag equation
oA
- 9 8 _ 4w
TR+ k- g 3 T o e
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where R is the radial operator 3/3r [1/r 3/5r (r--)}. -Note that
Peo _ Cx
au Y.

with B, the radial magnetic field perturbation.

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

the form
A'e = rF (u)
' for ' r < R
Jg = 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 = H(BYCT)_l.) With this model of the solution we have
RA, = 0 and ‘ ' '

B A - %ﬂ on(kz + 32)_;5 r sin(su + ¢)'. (5~6)

r

for r < R and 0 < u < 7w/s, where ¢ = tan_l(s/k). ‘Since

Bz = 1/r 3/3r (rAe) = 2F(u}) and r3F/du = aAe/Bd'= Br/Y, we have
dB 2B
---—z- = __1:..
au YI
and if Bz = B.zo when su = - ¢, then the diamagnetic perturbation
is |
as, = 37 5 s7Hs? ¥ k)% [cos(su + ¢) = 1 - (5-7)
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<V) “for r < R and 0 < u < m/s. Note that s/k'= [(By)2 OeeT]“l, 850

that when By ~ 1 one has s/k ™ (OlT)_;, 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 < 'm/s, we have from Equations 5-6 and 5-7 a

gqualitative picture of the perturbed magnetic field, as in

»t

- Figure 5.3.

Ahead | - | ' ‘ : Behind beam
e ——
| - — - 1
| L i
r ==
{ .
AB 4 e

Figure 5.3 B, B, pfofile for beam diamagnetismw

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

ap

- dqme L
Yo = "B ar
from the preceding section into this model with J_, = rj{u), it

N
becomes clear that the model represents a beam pressure
P, ='PO - 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 in 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
'ie approximately a solution of the diffusion equation: Equation
' 5-5, discussed earlier, provided o, T is 1arge and AB is small.

. The source term in that case is proportional to r for r < R, and

‘the solution AB is constant with r for r < R.

5.2.3 Discussion. The consequence of these equations is

that the beam is slightly diamagnetic; for the Snark beam, with
most of its 500 keV energy assumed to be in transverse motion,
typical current densities of lO4 A/cm2 would cause a 10 to 20
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 Bct, the actual beam radius can be deter-
nmined 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 6
direction, thus- -reducing B . Radial motion due to.E8 X,Bz
causes a radial drift of [O 1 E (kV/cm)] cm in the time

{(~ 10 nsec) reguired to traverse the 1 meter drlft region.
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- 5.3 REDUCTION OF TRANSPORT EFFICIENCY WITH INCREASING NET

CURRENT

In order to reach the end of the transport region, a beam
electron musf have gufficient parallel energy to overcome ﬁhe
retarding E electric field induced by 1mperfect current
neutrallzatlon The magnltude of E becomes larger at hlgher
magnetic field (above about 8 kG) as indicated by the net
current 1ncrease. We m;ght therefore expect poorer transpoft
at higher B, because tHose-electrons which cannot ovércome 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 there is evidencé that most of the beam energy at
these current densities is in transverse motion (References
5.9, 5.10, and 5.11); these moderate E, 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 parallei energy

to be smaller late in the current pulse, where the current is

larger.

Figure 5.4 éhows a typical diode 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

,¢onditions 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 g| for 3-inch-diameter cathode and two
values of By. Parallel energy loss Ag| (dashed) is
estimated from the measured net current by assuming E,
constant with z and t. Charge transport begins to

break down at t # &, (shown for B_ = 8.9 kG), and
: \ 1 z
emlission stops at t7 tO -

may be a region of nonadiabatic motion). As yet 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 Bz magnetic field, although'some steps have
been taken toward such a theory (Reference 5.12). For applied
‘B, fields larger than the self-field, B,, 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 providedBZ i.Bof {This is
perhaps fortunate for transport because of the violent 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 e-motioﬁ in the
dicde becomes perpendicularrmotion in the trénsport region.
Suppose furtherithat the motidn in the diode is along the field
lines‘Beie + Béiz, and neglect the radial (pinching) velocities.
(These assumptions are probably not realistic; they are made
only to provide a working model.) This model_givéé the parallel

energies shown in Figure 5.4:

eV (t) (5455

1+ (Bo(t)/Bz)
with V(t) the beam voltage. Diamagnetic effecté on BZ are
neglected. . ' -
The pérallel deceleration is given by
m d_ {yuy) = - eE +:myu . db/dt-- Y_lMBB'/és (5-9)
at f o TTE = . - |

where Uy is the guidiﬁg center velcocity along‘field lines

(approximately the particle velocity V),

4, = cB x g/Bz, B' = BVl - Ef/B2

B
M = Pf/sz'

.Wi.th-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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Jp increase more or less linearly. net

Theilast two térms in Equation 5-9 represent:maénetic_
mirror forces due to diamagnetism of-the beam. If this is a
slight éffect as,implied in. Section 5. 2, we expect the dominaﬁt
effect in determlnlng charge transport to co$e from E”(— E ).
This E is roughly constant during the pulse but scales w1th
the rise rate of the net current when B > 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 éEz/azrw 0. Neg-
lecting diamagnetic effects, the degradation of parallel energy

Ag, = e E dZ + A g,
A z a -l

during transit is

‘where Aasn is the paraliel energy loss in the anode foil and in

the screening foil of the Faraday cup. When AEH A ﬁ for a

typical electron leav1ng the diode, it is expected that the

"charge will not reach the detector. It will return to the

dicde 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, tl’ at which Aa”-% S (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

of t, this near termination of transport can significantly
affect the Coulomb transport efficiency, &£, even if tl is not
much less than t the time at which energetic emission ceases

in the diode.

Actually, during that portion of the pulse which is being

transported. This is deduced from the fact that both J and -
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If'tl occurs when the beam voltage V is nearly constant,

then the model Equation 5-8 gives

B2 (t) = sﬁ [ev/de, = 11

If the beam current IB is_still linearly rising, and if

2

bey ® LeE, + A g,

with o | - . | | | L | -

. *
A ~ 10
Aaeu_ . kev |

‘and

EZ ~ ndJB/dt:

~as discussed in Section 5.1, this gives

)2 ' eV
.eIBR(Bz) + Aas

t, ~ (caB_/2I -1 (5-10)

1 B

where R(B_). = nL/ﬂa2 is the turbulent resistance.
Thi's approach gives magnitudes of the charge trans?ort
efficiency which agree moderately well with the data at higher
B, where the model Equation 5-8 is expected to apply; (certainly
it dogs not apply for Bz ~ (0). However, aeﬁ/a¢ is small as
shown in Figure 5.4, and this means that tl 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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early, £ should be large.

should not be used for guantitative predictions; onlY'the
underlying idea is to be applied. (For instance Equation 5-8

gives the efficiency £ increasing with“Bz-up to ~ Bo’ while the

~ real optimum Bé is much lower.)

A consequence of this model is that when the pulse shorts

This 1s in agreement with the data,

which show t_ increasing with increasing Bz.'
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SECTION 6

BEAN\ TRANSPORT IN NEUTRAL GAS
NO EXTERNAL MAGNETIC FIELDS

by D. Pellinen

6.1 INTRODUCTION

The leaét,complex gystem of transport and combination'for
a multi#megampere machine involves subdividing the output cur-
rent into separate“magnetically isolated beamlets. If the beam:
self-pinches in the diode, current densities of 100 kA/cm2 are
achievable. Transport in a thin-walled array of separate guide
plpes could be carried out at this current density. It has been
known for some time, however, that there are competlng mechan—
isms which prevent -efficient transport of pinched high v/y
beams, when they are injected into a neutral gas without
externally applied field (Reference 6.1). Since such beams are
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 approprlate 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 |
1-1/4-inch-diameter pipe). On the other hand, if gas breakdown
is délayed by use of,sufficiently low-pressure gas (less than
0.5 torr iﬁ nitrogen)}'then‘the net current can egual the

S
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prlmary current for a larger fraction of the pulse duratlon,
resulting in better containment of the- transverse energy
components by the azimuthal self~magnet1c fleld. In this case,

however, the rapidly rising current creates a back emf Whlch

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) =
"7 x 6x10 /N X 1/20x10 - 30/N MV/m. If the beam is
propagated at pressures below 1 torr, the breakdown time will
be relatlvely insensitive to E/P and will be equal to approxi- .
mately 10 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 C011151onal charge
neutralization, then a reasonable value for pressure would be .
0.1 torr,:giving a breakdown time of 10™° seconds. If we assume
that the characteristic breakdown time controls the velocity of
the beam front, then we can approximate the beam~front velocity

-2

by v z'V/Ez“l:B'. This gives Bf = 10 ©“ N. By comparing'the be am-—

f
front velocity with the velocity of propagation of high v/y
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. In addition, the allowable pipe

diameter for efflc1ent transport of the self»plnched beam is
guestionable. PreVlous experience (Reference 6.3)‘1nd1cates
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 olosely pack the transport beams over

a. small output area By‘creating a beam'whioh has minimal

'_ transverse energy, 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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Assuming uniform current density from a disk cathode of

- radius, r, anode-cathode distance, d, ‘and no diode impedance'
collapse during the pulse, beam pinch (and the resulting genera-

- tion of large transverse-~energy components) can be avoided if

the diode current (assumed here to be the Lahgmuir4Child's Law

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

| 3/2 : | -
1 =Y %62 < 8500 gy (x/d)

L-C 136
The current for each beamlet at 1 MeV must then be less than
85,000 amperes. - The hypothetical'G—MA pulser would require, 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

_ critical’ and to
investigate their transport efficiency ‘in small-diameter guide

pipes.

was to generate small area beams (with I < 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'inducﬁance dome inside the tube. Total currents

.as large as 150 kA could be generated 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 Figure 6.1. Diode current and voltage waveforms were
measured with Rogowéki cells surrounding each cathode and an
annular capacitive voltage divider. Guide pipes were built
ranging from 1.9 to 2.54 cm in diameter and ﬁith lengths rang-
ing from 4 cm to 1 meter. . Two types of cathodes were also
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Neqtral gas drift chamber

Guide pipe (variable ln.
length from 4 cm to 1
meter)

A

Cathodes \ Rogowski coils

(roll-pin {net current)
type ~ 2 cm

o.d.)

Anode
(aluminized
Mylar)

-

Faraday cups
(primary current)

i

"Cathode . - .

dome ‘ Diode current monitor
Prépulse : : Diode wvoltage
switch o - : monitor (capacitive)

Figure‘6.l Experxmental conflguratlon for neutral gas tranSport
experlments
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‘developed; a 2f¢m*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 photograph of the two diodes mounted
on the pulsexr. An instrumentation package consisting of a self- .
integrating Rogowski 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 Earaday cup collector face. Anbde—cathode_spacing and guide

pipe length and diameter were independently variable. Data were

simultaneously taken on both transport systems with parameters

being independently varied.
Two pulsing 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 measure transport
efficiency as a function of pressure, anocde target distance, and

injected current.

Phase one was accomplished with the 2-cm flat cathodes. 'The
initial pulsing was done using -theé tube voltage monitor and the

two. anode current monitors as impedance diagnostics. ' The effect

. of beam self-attraction was gualitatively checked by open shutter

photography and calorimetry. Injection éfficiency was measured
by mounting’a Faraday cup at an anode target distance of 8 cm and
taking the ratio:

IFC (peak)
IDiode (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 1ndependent beams could be generated and the beams'

did not seem to perturb each other.

b. The diode current could be descrlbed by Chlld s Law .
where the constant was on the order of 50.

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

- e Trc/Ipiode
~order of 30 to 40 pércent, at Z = 8 cm. '

d. A cool beam was not generated plnchlng in the dlode-

‘could not be aV01ded

In an attempt to improve injection efficiency by lewering the
degree of diode pinch a new pair of cathodes were built to raise.
the diocde 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. Furtherrminor improvements were'made'in the
herdware.and testing was again begun. Twenty—four pulses 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
efficieney was monitored with a Faradéy cup at 4 cm and was
found to be approx1mately 65 to 70 percent relatively
-lndependent of injected current. Transport eff1c1ency 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 effiéiency versus pressure at z = 0.5
o ) . . meter - 1.25 cm radius guide pipe--peak Faraday
o ' cup current versus peak diode current.

184




T

A~ B

the injectéd current were measured. - Transport efficiency versus
distance is plotted in Figure 6.4 and typical data  (showing

injected and transported 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 diameter

50 to 80 kA beams and .transport in small diameter guide pipes)

is unfeasible because of the‘inability to prevent beam pinch

(high transverse énergy)-in the circular and annular diodes.

'The Langmuir-Child's Law constant, describing the impedance

béhavior'of the diodes appeared to be in the range 40 to 50

which implies currents:

3/2

I =!§-ﬁ— r2/d2< 8500 'B'Y. I'/d

or I < 25 kA at 1 MV would be required to prevent diode pinch.

rBeam injection efficiency was definiteiy improved by use of
a hollow (annular) cathode. Beams from the 2-cm-diameter solid
cathode showed loss of 50 percent over the first 8 cm of
transport, while the loés 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 vet show promise for application to multi-

megampere machines:

a. Generate beams with lower current density to avoid
diode pinch.
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b. Use annular or strip cathodes to achleve hlgher current

-den51t1es w1thout pinch.

c. Couple the separate beams in a final combination/

' compression stage.

The- prospects for neutral gas transport systems operatlng

in the range 20 ‘to 50 kA/cm2 are not, however, promlslng
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SECTION 7 |
DIAGNOSTICS DEVELOPMENT
‘by. D. Pellinen and D. Wood

7.1 INTRODUCTION

Instrumentation for the measuremehtfof electron beam énd

‘X¥ray output parameters was developed on this pfogram as an

- extension of a wide base of existing voltage, curreht, 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

1

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 fa0111t1es precluded the
use of graded resistive monitors of the type developed for use
on the more spacious (hlgher 1nductance) tubes used on PI's oil’
dlelectrlc machines; for this reason an annular capacitive.
voltage monitor, recessed into the anode plate, was developed
and tested for use on the 0.3'2/100 kv-Mylar line and on Snark.

The phy51cal location of the. capacitive monitor was shown :

~in Figure 2.6. A detalled view of. the monitor construction is

glven_ln Figure 7.1; (this particular version was used on the -

0.3 Q/100 kv line in field gradients &~ 300 kV/cm). A 3-mil

" Mylar insulator‘Was used between'thefannular 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 erc occur between the capacitor plate and the anode plate; no
euch_arcing cccurred during use} so the spark gap was not used

on subseqguent monitors. An electrical schematic is given below:

Vcathod-e plate
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125 Q + 5%
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20 mil wire

O
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B ~ Figure 7.1. Capacitive monitor construction.
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~and gave total attenuatlon values V.
800/1. '

cathode plate/V = Z/Cl was kept in the
range of 200-400/1 with C, several tens of picofarads, and C

capac1tor plate, = V

a
2
few nanofarads. Further attenuation was given by the ratio

R +R), where the total re31stance in the monltor

scOpe/(Rscope

circuit (Rscope+R) was chosen to glven an RC time constant-

o~ 1 usec. To avoid unnecessary loss of signal, a 125 § cable

was used and fed directly into a 519 scope; extra resistanceeWas_

added near the monitor itself (typically a few hundred ohms).

This conflguratlon minimized reflectlons in the monitor circuit

SV of 300 to

cathode plate” "out

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

'plete using an.external 50 & 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'Voltagé open-circuit shots.

_ Performance ef'this voltage monitor on the 0.3 /100 kv
line (and on the PI Mylar line, 1.0 /300 kV) has been good. A

‘similaf 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 hlgher voltage levels the

waveform shows nonreproducible behavior occurrlng after 50 or 60
nsec into the pulse. A possible explanation is the formation of

a plasma sheath near the cafhode-plate which could effectively

‘change the capacitance between the active monitor element and-

the cathode plate.
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7.2.2 Current Monitors. Faraday cups have been used '

‘extensively for measurement of primary (energetic) electron

¢urrent. A description of the original monitor (used at the
anode plane) is given in Appendix B. The modification to this
basié cup allowing measurement ofléropagated current is
described in Reference 7.1. A.similar_cup was.constructed on.
this program to be transparent to'pulsedrmagnetic fields for use

in Stalling's Bz transport experiments.

. Rogowski colls were used to monitor diode current. The

monitors are described in Appendix C.
*
7.3 X-RAY DIAGNOSTICS

Much of the X-ray diagnostic eguipment 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 othexr 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 incliude 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 ﬁulse and other quali-

tative information.

*
By Don Wood.
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The time¥integrated diagnoétics‘included conventional. . .

"thermoluminescent dosimeters (TLD) and calorimeters. 1In .
materials suitable for use in calorimetry the absorbed radiation
- is converted entirely to thermal heat energy so that the measure-

‘ment of the temperature rise of the irradiatéd'matérial provides

a fundamental and direct method of'determining'the absorbed dose..

The temperature rise is also independent of phdton energy and

dose-rate. Used on Snark were tantalum-foil depth- -dose calori-
meters and a totally absorblng tungsten fluence calorimeter.
Thermolumlnescent dosxmeters were used on all shots to provide

normalization of the calorimetry between successive shots to

_éCCountAfOr npnreproducibility 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 TLDfs; (b) measurement of

the X-ray deposition in the tantalum~foil depth-dose array that

" 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 diagnostics were used to determine when the radiation

pulse terminated so that accurate calculations of total energy

‘could be made from the diode diagnostics; The results of these

~ calculations were then used to determine the yield and efficiency

of X-ray conversion.

The following sections briefly describe the'depth dose and

fluence calorlmetry and the last sectlon discusses the results

of the measurements on Snark. Also 1ncluded is a comparison

with the low impedance output from the 738 Pulserad using thin

7berylllum 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 profile. Y.\ 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 and the back

foils are shielded from radiation incident at'lafge.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 Xi ? cal |
Ze o= | ] 4+ 0.647 AV, ) in Ta
m., X i \gram
i : o - R
whete, Xi-= distance from the center of the first foil to the
" center of the ith foil (cm)
X = distdnce from the X-ray source to the center of
© the first foil {(cm)
Avi = thermocouple responsesof the'-ith foil (millivolts)

in = 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

197




O

A328

To Vilar B
Thermocouple Readout' . - -

8

- Thermocouple  FHii~< S \ Evac'uate’d
Leads To ~_[} \/Calorimeter |
Foils \ " Housing

N k '

N N

[N N

t \, N Tantalum

WNE >«/ Foil Array
| \ (ten- foils)
- Lithium |

Fluoride —— A S o
TLD's \<O - Beryllium
| — Window

(30 mil)
N Lo °r P4
oO_0___

Source Plane— N\ Back of
o Debris Catcher

Figure 7.2 Schematic cross section of depth dose calorimeter
' and thermoluminescent dosimeter array show1ng
relatlve 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. o

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 deposiﬁion across a 0.0005-inch tantalum
foil. The fluence (in calories per square 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

'prbvidesia 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 portable.. An ion pump and absorption pump
provide the required vacuum. The aluminum heat shield attached
to the end of reservoir forms an isothermal cavityrat'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 sedtion 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,

_m AT . 2
= = Cp (AR)O AR (cal/C@ )

O
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where
.m = mass‘of-tuﬁgsten absorber
CP = gpecific heat of tungsten
A = area of front face

(AT/AR)O = temperature coefficient of thermistor at the
: .. reference temperature (TO).

AR = resisgtance change

The temperature'coefficient of the thermistor (AT/AR) was

measured by.simultaneouély monitoring the thermistor and a

thermocouple also attached to the absorber and varying the

temperature about the reference temperature (TO). ‘However, a
more direct and accurate technique was also employed. The
calorimeter was exposed to a 400 curie‘Csl37 gamma source

(0.66 MeV) at Physics International Company. At this energy

there is 10 percént'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 | a2
% CP (Kﬁ) = 6.21 x 10 t 3 percent (cal/cm_.ohm)

This value agrees to within 10 percent of the value calculated

.using the temperature coefficient of the thermistor.

Two 0.5 mil tantalum foils were also positioned directly in

front of the tungsten to measure the”FSD, and TLD's were placed

outside the calorimeter housing.

7.3.3 Results. Classification of the results of these
measurements is not yet defined and they will be enclosed underx

separate cover.
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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 impedance 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 Léngmuir—

Child's impedanée law with a time-dependent gap spacing to
include the effect of hydrodynamic expansion of the anode.
Impedance 1levels of catthés when current valueé are greatly in
excesé 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
(i.e. current -
" pinched beams
on the energy
découpling of
Cathode,shanks

time have shown the existence of current ”wings“
density at the cathode edge) even for the highly
which ap?ear to set a fundamental percentage limit
one can deliver to the pinched core. Self-magnetic
nearby diodes has been demonstrated using isolated

and ground return cylinders.
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8.2 NEUTRAL GAS TRANSPORT-NO EXTERNAL FIELDS -

our approach.to a-neutial gas transport system (generation
of‘small-diameter; 50 to 80 kA beams and transgort-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_géometry 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 B, FIELDS (LINEAR PINCH)

8
_ Efficient transport.and combination of beams using linear
pinch_discharges to-provide.external Be fields has been shown
feasible as a multi-beam handling approach. Approaches to beam
compression in a tapered pinch have shown unacceptably large
iosses: this appears to be the only weakness of. a Bé transport
system. Fluence control has been demonstrated by variation of
“injection time of the beam into the collapsing pinch, and
-transpbrt has been described by a single partitle*model. Time

phasing and operational features of a B, system make it a

3]
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/gmz have been observed using longitudinal magnetic fields
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'!Vinductive o _
- the tube near the cathode has proved useful at lower operating

in the range of 7 to 8 kG. (An optimum field was found for

._transportuehigher and lower fields produced lower'efficiencies}.

Higher levels of gas preionization have been shown to improve

transport efficiencies at higher magnetic fields. Beam compres-

"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
advantage to Bz systems (for application to conventional Casino)
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 injecﬁing into a conicalftransport
région. IIn this case, the Bz field was held constant thfoughout
the transport region so that the beam cross-—sectional area

remained constant; the shape at injection (a large-diameter thin

annulus) wasg transformed into a smaller-diameter, thicker annulus

‘without loss of transport efficiency.

8.5 DIAGNOSTICS

.Elect;on beam and X-ray diagnostics have been developed
and modified for use on high current accelerators.. Voltage
measurement continues to be an area of miniﬁum accuracy because
of the inductive component present on the monitor output

= d/dt (LI)|. A capacitive monitor located inside

voltages} but it exhibits erratic behavior at voltages of 500 kV,

‘and we'have_had to rely on voltage monitored external té the tube
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for routine voltage diagnostics {including correctlon for - the'
inductive component) Diode current dlagn051s has been

accompllshed by use of a Rogowski coil surroundlng the cathode."“”

One advantage of this technique (as opposed to current shunts

external to the tube) is that it provides an accurate measure of

‘accelerated ogrrent, independent of current flow elong other

paths (e.g:, flashing across the insulator, or background emis-
sion by the high-voltage feed structure). -Faraday cups and
graphite calorimetry have been'adapted for monitoring parameters.

of transporﬁed‘electron beams. Calorimetric X-ray diagnostics’

“have been demonstrated as usable on a routlne basis. They are

able to prOVlde 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 d051metry) 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

QUAS|-PARAPOTENTIAL ELECTRON

FLOW IN A HIGH VIYDIODE

by
J. Creedon




@

‘A.1 INTRODUCTION

In the past several years, the high current relativistic.

diode has been ‘the subject of extensive investigation (References

A.l through A.6). These diodes have pulsed voltages of 105 to
107 volts applied for periods. of i~ 10-7 seconds giving peak

o ‘ 1 -
currents.in the range of 10% to 106 ampereas.

For many cases, the pulse length is suffieiently long so -
that the anode current approaches,a steady state value. For this
reason, only steady state solutions will be considered in the

following analysis.

A typical diode might heve 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 is
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 ev;dence that a cathode plasma forms (References
A.2, BA.4, and A.5), due to the vaporization of metalllc whiskers

on the cathode surface (References A.10, A.1ll, and A.l2). The

existence of this plasma at the cathode is the basis for the
treatment of these diodes as "space~chargeelimited";,that is,

the emitted current density ig. limited to that value for which

‘the associated space charge cloud reduces the electric field to

zero at the cathode.
For the space-charge= limited case, and with a sufficiently

low potential dlfference between the cathode and anode, one could
(neglecting fringing effects) apply a nonrelativistic Chlld s law
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Cathode - ‘Anode

Figuﬁe A.l1 Diode configuration.
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theory for plane-parallel electron flow. (ALl symbols are de-

fined at the end of this appendix and MKS units are used through-
out., ) ' - '
| 2.34 x 207° v_3/? - |
i, < . 5 - (A-1)

- where jO is the current density, VO the anode-cathode potential“

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 considerably

"higher than values calculated from Equation A-l. One explanation

for this discrepancy is the impedance cbllapSe phenomeﬁa (Refer- -
ences A.l and A.4). It has been postulated that the large 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 d

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

denéity with positive ions, and jp the positive ion current den-

sity, then (nonrelativistically):
o7 _ 1 .

C s 0k 3 | au _
6" - & e

Il

(0]
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- light at-the anode and Yo © (li—_Boz) .

where

oy /%
Je\"p

' and ne‘and np are the charge to mass ratio for the electron and

the positive ion.

For the completelyISpace—charge—limitea case (0 = 1.0) the

electric field is reduced to zeroc at the anode (as well as at the

cathode). Numerical evaluation (Reference A.7) of the integral -

in Equation A-2 gives je‘=‘l.86 jO for o = 1.0, and jp is negli-~

ble because n >>n_ .
. e P

As the applied potential and the anode current of the didde‘

increase, two new phenomena become important.

a. Eguations A-l 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 correction 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 self-magnetic field, it
is convenient to define a critical current I, (References A.5,
A.6, and A.14):

R

I, = ss_oo By Yo (A-3)

ala

where BO is the ratio of the electron'velocity to the speed of

-%
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Egquation A-3 iéﬂan approximation dérived.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 approximaté 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 around 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 piasma and positive ions will
be concentrated around_thé 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

" yery high current diode in many ways suggests the Brillouin type

of electron flow that exists in crossed electric and magnetic

fields (Reference A.l3).

DePackh (Reference A.l4) explored just such a possibility
when he calculated the parapotential (i.e., along equipotentials)
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 tliat are in

good agreement with measured values.
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" A.2 PARAPOTENTIAL MODEL

The cbject of any'model for electron flow in-a diode is a

‘consistent solution for the coupled equations that describe the

interaction ofethe-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-

dltlons, must glve the orlglnal flelds.

| The model proposed here is_not completely consistent in the
above sense. The‘principal-assnmption'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 equlpotentlals to reach the anode. The totai
current carried by the electrons is calculated as a function of
the anode potentlal 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

LmOst of the central area of the cathode is suppressed because the

electron: sheath hags depressed the potentlal to zero in this’ reglon
The details of how the electrons leave the cathode edge or shank

and reach higher equipotentials are not consxdered.

- It is at least piausible that the'anode current is deter-
mlned by the amount of current that can flow from the edge of the
cathode to the axis, and that one can calculate the anode current

without considering in detail the process that occurs at the

axis.
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The current flowing in the diode ‘is presumed to have only
radial and axial components and itiis assumed to be cy lindrically
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 a21muthal component.

The magnetlc fleld is glven by

B¢ = (u /2ﬂRh/.

where R is the radial distance from the axis and fj . .do is taken

over an area whose boundary is the circle (centered on the ax15)

of radius R located-in a plane parallel to the anode.

For the steady state, the equation of continuity gives

From the divergence theorem and the assumption of electron

flow along equipotentials one can see that

(taken over an area as specified above) is a constant for any

" point on a given equipotential. Therefore, along an equipotential

el

B¢ o

The parapotential flow.conditidn for a trajectory that is

approximately straight is

E = -uxB
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and since u is a constant

E = ‘IVVI CL'%. _ . . | | _ (A-4) .

along any equipotential.

'~ 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

Wy o, _1 3z
5 %0 T T sing 3% ¢

M+
+
|~

Vv

1l

elar
HE

suégests‘a very simple set of equipotentials. If V is only a

function of the polar angle 0 then
v o= V(8

and

oV

a8

e

E =

" The equipotentials are the cones

¢ = constant

~and the'conditidn in Eguation A-4 is satisfied since

R = r sin ©
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These considerations result in what is perhaps the simplest
possible set of equipotentials. Of course, there is no guarantee

of unigqueness.

The derivation which follows is very s1mllar to that pre- -
sented by Frledlander et al. (Reference A.6) for conical equipo-

tentials.

A.3 RELATIONSHIP BETWEEN, CURRENT AND POTENTIAL FOR CONICAL
' EQUIPOTENTIALS

The system of equations that must be solved (see symbol list

 at the end of thls appendlx) is

; Poisson's équstion:
vy o= - £ | (A-5)
Current inside a given equipotential:

fﬁ‘ -« do - (A—G‘)

Parapotential flow condition:

E = ~-uaxB (A7)
Magnetic field:
g, I : '
By = T | (A-8)
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Relationship_betweén electron velocity and potentialz

o
I
™
0
I
0
. 1
.
S
NI
R
L8]

(A-9)
: eV + m 02
’Y =
' m C2
o)

From the dlvergence theorem and the conical flow llnes for

j one can see that

on an eguipotential, and since the velocity u is a constant on an

equipoteﬁtial, the. charge density must have the form

2 o
0. = gl(0)/r . (A-10)
where g(8) is some function to be determined.

- The current flowing between polar. angles € and €& + A8 is

given by'
AL = — pBCAA = = 91§l 8 C 2m r® sind & 6.
’ r
so that
%% = - 27 g(8) B-C sin 8 . S (A-11)
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Combining Equations A-5 and A~10 and expressing the result
_in spherical polar coordinates gives - -

2 . ' :
av cos 8 dv _. _ g{(9) _ _ .
692‘ * sin 0 de €q ' A : (A-12)

£

Writing E as - VV and combining Equations A-7 and A-8 gives

av _ ______BC Mo ! . (A-13)
a8 27w sinB :

If Equation 13 is differentiated and combined with Equation

a5
S

A-11 to eliminate dI/d6, the resulting expression for g(f) can be
substltuted into Eguation A-12. If the result of this process is

omblned with Equation A-9 one gets, after some manlpulatlon,

_;dz N =y e
a0 51p sin 6 db oyt doj. .

which is the fundamental relation for the parapotential flow.

. For a solution to Equation A-14 make the substitution:

el e
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y = k, In |y« '(Yz—l)%l +ky, .. (a-16)

If we designate-by GIand-e' the polar angles of the equipo-
tentials that comprise the minimum and maximum extent of the

electron flow, then the boundary condltlons are

This gives

(A-17) T
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The current flowing with polar anglé < 6 can be evéluated

from Equations A-13 and A-9:

27 o] c sin @

I = i - (a-18)

d
u. C e B de

: sin 6 - dy
8500 "B . de

_ from Equatiens A-9, A-15, A-16, and A-17

1.
dy _ Qx dy _ (Y2"1)2 1 (A-19)
de ~ dy de k;  sin ® :

Comblnlng Egquation A-18 and A-19 and u51ng the relat:n.on

2%

33( = (y -1) gives

I = 8500 Y/kl

or substituting for kl from Equation A-17

8500 Y.in [ym + (Yﬁz—l)%‘

5 ‘ < (A-20)
1n _[tan --2n—1]- 1in [tan —] '

-
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and the anode current I isfgiVen by this.expression'for'Y = Yﬁ_

at 0 = 0_:
_ m

8500 v, In [y, + (ymz—l);?‘

1o ©

o (3—21)

lﬁ [#an Q%] - 1ln [tan-%]

By settlng ¥ = 1 in Equaﬁion'A-ZO it can be seen that, as an
essential boundary condition for the differential equatlon des~- -

crlblng-current flow, there must be a boundary current Ib flowing

. for 6 < 8
o 8500 in [Y + (Y —1 )] I
- 0
Tp = 1 T Y.
In [_tan -—5] - In {tan 2] | m
(;) | For ‘the- reglon between the equipotential at © =‘8m'and'the

- anode at 0 = w/2 the potential is given by a solution of Laplace S

eguation:

_ in {tan %]
Vo=V, F (Vm_vo) eﬁ
' In  jtan —'§'

where Vg is the anode pdtential and Vmiis the potential for

. : 6 = 6_.
. m -

(a~-22)

e

The electric field calculated from the parapotential solution
and from the Laplace solution (Equation A-22) must give the same
result for © ='em. pifferentiating Equation A-22, expressing the

results in terms of y and equating to dy/dé from Equation A-18
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gives

8500 y_ (y_-v ). | -
. m “'m'o - 7 B (A-23)
—l);’5 in lzcan ___m_] ' '

‘ 2
(Ym 2

Equations A~-21 and A-23 can be combined to eliminate 6 -

8500 v ‘ : L : L -
I = — 3 ln[Y oy 2enily B (A-24)
el B m m _
-1ln kan 5] :

" From Equation A-24 it can be shown that the minimum value

b

| of I (;.e,_IO/ym) cccurs for

For a given diode geometry. and ancde voltage (i.e. YO) we
wish to calculate the anode current I . The basic assumptions of

the model are that the emission occurs principally on- the cathode

edge or shank, and that the eguipotentials are .cones, so that it

seemed only natural to pick the angle § such that (see Figure A.2):

tan.ﬁ = Rc/d _

The quantitiesiﬂmt Yeo? and IO are all unknown; although the

specification of any one of them determines the other two by a

simultaneous solution of Equations A-21 and A-23. The simple
parapotehtial_theory is not sufficient to solve the problem com-

pletely since it excludes the region around the axis where the

flow crosses the equipotentials and. where the boundary current

flows. _
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The total diode current (from Equation A-24) is plotted in
Figure A.4 versus the'potential Vm which occurs.fbr 9 = em at
the edge of the parapotential flow. From Figure A.4 it can be .
seen ‘that when Vo = V_ (the anode potential) the total current Ié

O
reaches a relative maximum value called the saturation. current.

Parapotential flow with Io greater than the saturation.valﬁe
‘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),

For these conditions the anode current is given by (see

Equation A-21)

_ o 2 %}
.I = 8500 75 n [Yo'+-(Yo 1 _
o . - 1In [tan §/2]

The relation can be expressed in a more useful form by

exPanding'the-denomindtor (for tan & >> l):
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visure A.4  Total diode current versus Va.
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S i-- com § o~ 1
tan 3 sime - T T
In x = (x-1) - 5 (x~-1) + 3 (x=1) + ... - (A-25}
- so that
. 8} e L. _ _ 4
1 fean 3] = tan s ~ R
: C
The anode current is then given by'
_RC _ L . :
Lo _< ) . < 2 -
I, 8500 — Yo In Yo F (g 1‘) - {A-26)
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SYMBOL LIST

(MKS Units)
anode current density.'.
Ianode potential
anodé—éathodé épaqing
cathode radius

electron current flowing in the presence of
positive ion

positive ion current
e/m charge to mass ratio for an electron

charge to mass ratio for a positive ion

. . L
Jp/]e (ne/np)
critical current
velocity of light

velocity of the electrons at the anode

uo/c
Lo~k

(L - B57) ‘

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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- g9

permeability and permitivity of free-space

‘diode current flowing with polar angle < 0

u/c

Y

polar angle of electron flow for which y =

maximum polar angle of electron flow

Value of v for 8 = em

 boundary current .
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A High Current, Subnanosecond Response Faraday Cup

o I, PELLINEN
Q\ Plrvsics Initersational ('nm,bzmy, Sen Leandry, Calr,"nrmu 941.'7
{Received t December 1969; and in final form, 4 May 1970)
A subnanosecond riselime, millichm resistance Faraday cup was designed and tested for measuring fractional
megampere clectron beams from pulsed electron aceelerators. The device has heen typically operated at electron
Liearn currents of 60 kA with an average cleciron kinetic. energy of 4 MeV. Undt.r short circuit conditions the f

clevice has measured currents excecding 0.25 MA,

SERIES of pulsed electron accelerators having
power outputs exceeding 10 \V and pulse durations
of approximately 30 nsec has been developed for heam-
plasma interaction studies and material response applica-
tions.™ A subnanosceond riselime, high current charge

nection is made by four straps soldered to the stainless
stecl resistor. The ground connection is made by w evlin-
drical shell connected (o the outer conductor of a coaxil
cable. The shell also forms o vacuum seal for the shunt.
Computed inductance of the coaxial resistor s less than

g collector, and low induclance shunt resistor combinition AX L The resistanee of The cup is typieally 7 m,
was designed and buiit to measure intercepted beam cur- The deviee is calibrated by two independent methods,

- rents and to act as a shunt 1o measure short circuit currents First, o known de current is passed into the ¢up, and the -

- ‘on the accelerators. resistive voltage drop is measured with a millivoltmeter,

 The device is illustrated by a schematic in Fig. I and by
a photograph in Fig. 2. The charge collector is an 8.7 em
diam 8.7 cm long cylinder of graphite which acts as the
center conductor. The resistor is a 0.0025 cm thick coaxial
tube fornied of 302 alloy stainless steel, separated from the

.center conductor by 0.0075 cm of Mylar dielectric. Con-
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Second, a pulse generutor is connected to the device as
shown schematically in Fig. 3, and the output waveform
and input current are monitored 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 input
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pulse; both are at 2 nsec/div. The risetime of the device
is shown to be less than 1 nsec. ‘

Typical current w;wefnrms on two high current pulsers
are shown in Figs. 5 and 6, The first s o short circuit shot
mto the cup with the Physics International model 730
Pulserad. Peak current is Z8X 100 A, The second shows
record for a4 MeV mean energy clulmn beam on the
model 1140 Pulserad aceelerated into the cup. Both wave-
forms are consistent with caleulated peak currents and
magnetic probe wavelorms.

Basically the device is o short circuited, lusn.\, vhaxial
lr.manus\mn line. The current js monllmv P by measuring

meam
i /
4 - . .
- 0.0075- -cm :
Mylar 0.0025-0m

Dielectric stainless Stec]

Fia, b Schematic of Faraday cup,

: t
Centimeters B .

Fie. 2, Faraday cup.

Calt:le

,,faraday cup

Pulse

Sampling
‘Generator

Oscilloscope

f Shunt

16, 3. Faraday cup copnected to oscilloscope and pulse generator.

PELLINEN

16, Faraday cupe enlibration tnae, 603 g shane

) }l:-lé/ulll.li,
rl"nxu div e cup e, 20\ ki MY aave fog e

A e

CFIeSE Short circuil curfent |n|!~v et mundel T30 P yieey

il e
cup. Horzontal,  re24 nisec dive oulput, 00N dy 2 3 HEee
\ (“\ [

e, 6. Accclerated current on model 1140 Pylecrad  beam of

4 MeV electrons, 4 m cup. Horizontal, 20 nsee iy vertical, 190

Vodiv=d47.5 kA div.

the resistive voltage drop along the stainfess steel outer
conductor. A current injected into the collector will
propagite toward Lhe rear, simultincously inducing an
image current in the outer conductor. When the ‘wave
reaches the shorted back end in approximately 0.47 nsec,

-the voliage wave will reverse polarity and reflect backward,

Jurgely canceling the inductive voltage. This wave will he

“damped in several transits by the resistive losses in Lhe

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 Y o the
current at the inner surface is given by

I/ Tymexp[ — X ol (w/2)ua )],
where w is the angular frequency, g the magneiic per-

meablht\ of the conductor, and s the conductivity of the
conductor. For the 1.0 GHz trunsient wave

I/y=es=1.

Thus the outer conductor will tend to filter out high
frequency transients generated in the cup. The riselime

_predicted solely from current penetration time in the foil”
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resistor is about 1.1 nsec. The observed risetime is slightly
less.

14 F. Rugge eb-al., Bull. Amer. Phys. Suc. 12, 5 (1967). .
*W, T, Link, IEFE Trans. Nuel. S¢i, N§-14, Na. 3, 777 (1967),
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Seﬁeralféelf—integrating Rogowéki coils (Referencé C.1) with
a risetime df.approximately 2 nsec and a typical sensitivity of
250 V/MA were developed for measuring megamp currents oh pulsed
electron accelerators. The coils operate in electric fields of

0.5 MV/cm and in the vicinity of large gamma radiation sources

© without objectionable noise pickup or'signal degradation. The

coil is located directiylbeneath the accelerator anbde and en-
circles the field emission cathode to énsuré that only current
emitted by the cathode'isrmeasured. The coil itself is enclosed

in a polyethylene envelope to shield it from charge pickup and

physical damage if the electron beam strikes it.

Two sizes of coils were made to accommodate various anode- -
cathode configurations similar to that shown in Figure C.1l and
all were built to essentially the same design as shown in Fig-
ure C.2.- Integration of the coil ocutput voltage was performed on

a low inductance 0.1 @ resistor similar to that previously 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 mw i.d...commercial polyflow tube (Reférence C.3). The coil
is connected to the integrator terminals and the assembly plotted
ih epoxXy in a form. Coil characteristics for the two sized coils
used to date are tabulated in Table C.1. |

Table C.1

CHAR'ACTERI-S"I‘ICSI.OF' SELF~INTEGRATING ROGOWSKI COILS

Inside Diameter Absolute Sensitivity: Decay Time
(cm) ' (v/MA) (V/W/m*) (usec)
10.2 | 360 | 92.5 1.2
15.3 260 100 1.4
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Figure C.1

omo

A is the accelerator anode

0 : - | 10

B is the 1ntegrator built on UG 491"

BNC connector
C is the fleld emission cathode'

D 1s the Rogowski coil

Fleld emission diode w1th a 1o cit i. d.

- monitor in place.
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Figure C.2 Integrating Rogowski coils, 10 and 15 cm i.d.
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Vertical - 1 nv/div
- Horizontal - 100 nsec/div

'y ‘ .
& a. Output waveform of 15 ecm i.d. -
Rogowski coil driven by a 20
ampere current pulse
( *-.\\p ) -

Vertical - 5 mv/div
Horizontal - 2 nsec/div

Oscilloscope input unterminated'

‘Figure C.3 Calibration traces.
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megamp

- Diode current,

1,14l | S S o — ] | o
0 50 ' 100 . 150 200 250. 300
Time, nsec
Figure'C.4. Current waveform on accidental accelerator short,

0.57 MA/div, 50 nsec/div.

rose to'l.O MA. Peak magneti¢ field at the 10.2 cm fluxmeter was

39 kG. Figure C.5 shows instrument traces from an accelerator

‘pulse with a 1.0 Q 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. (Reference C.6). The current monitor was the 15.3 cm i.d.

Rogowski coil.

The coils have proved to be rugged both mechanically and

electrically. Both coils described went through an accelerator

4

test series without being destroyed or showing any calibration

drift.
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Aceelerating potential megavelts, MY

o 20 40 60 BO 109 120 140

Tima, naec

C. 'Accelerating-potential

Figure—C.S Instrument traces from accelerator pulse, 50 nsec/cm.
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