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switches.

- of 3.6 ohms driving each side of the diode.

ABSTRACT

This report covers the development and application of Mylar

striplines capable of producing currents in excess of 1 MA with

pulse widths on the order of 50 nsec. The low-voltage line has

a maximum operating voltage of 200 kV and a total impedance of
0.1 ohm. The high-voltage line can be operated up to 750 kv and
has a total impedance of 1.8 ohms. Both lines use Mylaf as the
énergy—storage medium and are switched with solid—dielectric_
The low~voltage line drives a low-inductance diode
that is used for the production of electron beams. The high-
voltage line drives a double-sided diode with a line impedance
The double-sided
diode uses two opposing cathodes with a thin anode between them,.
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FOREWORD

This report presents the results of a
program in which Mylar dielectric transmission
lines'were used to produce short pulses of
extremely high current in electron-beam and
X-ray generators. This report was written by
S. Shope, R. Ward, P. Spence. and B. Ecker, who
performed the work; and I. Smith and G. Yonas,
who supervised the program.. The Program was
funded by the Defense Atomic Support Agency .
and conducted by Physics International Company
under the guidance of prOJect officers Lt. J.
M. Wachtel and Major S. V. Gates.
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~ SECTION 1
INTRODUCTION

:
lj

Thls report describes the work completed under Contract No.
DASA 01-69-C-0016 to de51gn, build, test, and operate two pulse
generators using Mylar (polyethylene terephthalate) as a dielectric

medium. These generators are often referred to as "low-impedance"

machines. The two pulse generators are differentiated by their
applications and their operating Voltages. Both the hlgh-voltage

and low- Voltage llnes incorporate strip- transm1551on~llne con-
figurations.

f ?
LA

'The low-voltage line has been'used'to-drive'very low-impedance

[é electfon beam tubes. It is capable of producing currents of more
! than .a million amperes.(MA) in pulses lasting tens of nanoseconds.
. The goal of this development program has been to extract a beam of
lé electrons having a mean energy of 100 kV and a current of more
- _ than 1 MA from the tube. We also wished to attempt some preliminary
Lé work in the kinds of beam control and diagnostics necessary to use

such a beam to investigate the response of matérials to extremely
Ig ' intense energy deposition. The low-voltage generator is an as-
- sembly of generator modules that are simultaneously pulse-charged,
(é then triggered to feed a common load through several mﬁltichannel
o switches in each module. This report first discusses the design,
7 construction, and:testing of this system as a well-understood,
}% reproducible and operational tool. Next follows the testing of the
- successful tube design. This design comprises an insulating enve-
Ef " Iope, low-inductance electrodes, and a low-impedance diode that has

conducted about 1.5 MA at a peak electron energy of less than 100 kV.




The low-voltage line section concludes with a description of a [?:

series of experiments we performed to investigate the possibility
of ektracting the electrons in single or multiple beams. f

The low-voltage line was designed to operate at charging
voltages low enough that relatively familiar technigues would
guarantee that little time would be spent in combating insulation

l

breakdowns. The high-voltage line was, on the contrary, designed {i
to be operated at between 500 kV and 1 MV. The main objective with )
this generator was to establish the design of a convenient module 1

that would coperate at as high a voltage as possible, generate about
1 MA, and be capable of forming the basic unit of a system compris- j?
"ing enough modules to generate currents of around 10 MA. These et
requirements have been met by a test program directed toward solving {A
the problems in charging, insulation, switching, triggering, and L
diagnosticé_encbuntered in the routine operation of such a module. .
The high-voltage line section of this report discusses this test ii

‘program and the results we obtained from it.

Using the results of this study, a generator was constructed
to drive a two-sided X-ray tube. In this tube, the electrons are _ f}
stopped in a high-Z foil target that is thin compared to an electron -
range. This is done by employing bpposed electric fields to contain -
two initially opposed electron streams. The experiments defined the ,lﬁ
preliminary properties of such novel diodes, particularly the obtain-

able current densities and source geometries. J%

The body of this report comprises six sections. The first two . ?f
of these are devoted to introduction, general topics, and experimental
results pertaining to both generators. The other sections discuss -0
in detail the experimental work on each of the two striplines and . Lj

their respective tubes. _ ~




H" | | . SECTION 2
1, . | GENERAL DISCUSSION

2.1 MYLAR STRIP TRANSMISSION LINES

The purpose of the Mylar strlpllne program is to deve10p
- modular pulse generators capable of producmng elther electron-
LE beam or X-ray output levels not currently-available. The major
§ _technlcal difficulty associated with both of these objectives is
Lé the generatlon of extremely large currents in the range of a few
million amperes in short_pulses lasting tens of nanoseconds and

the concentration of these currents in useful areas in an X-ray

—
hevemscearngl

tube or an electron beam accelerator.

A Although other dlelectrlcs, water partlcularly, are also
5 candidates for constructing very high-current generators, or
23 low-impedance machines as they are often called, Mylar was chosen

as the subject for this study for several reasons. Data obtained

?é ‘ in J. C. Martin's group at AWRE, Aldermaston, U.K., indicated
- that Mylar could be stressed under operational conditions to an
{E electrical gradient of approximately 1.5 MV/cm. The energy

density,W,1in an electrostatic field is

W(ergs/cmB) = —Z=— (B in esu)

,g | W(J/cm3)

0.044 e (E in MV/cm)

‘? - For-Mylar with a dielectric constant of 2. 8, this energy density is
) approximately 0.25 J/cm3. For water, the dielectric constant is

19N]




about 80 while the operational electric field is approximately
150 kv/cm. Since the energy density is only proportional to the
dielectric constant and depends on the square of the electric field, "{"

the energy density in water is leéss than one-third of that in Mylar.

: . . : . : {

Another parameter of interest when comparing dielectrics is lj

the linear current density that can be obtained from a trans- o
mission line. A strip transmission line of width w- and separation %

s charged with an internal field E has an impedance,Z ,of

7 = 120 7s 0 : S L,f
1/2
£ W .
The voltage on such a transmission line is given by Es. The short- lj

circuit current is therefore

1/2 i

Z 120 w (w
H
and the linear current density is N
o .
1/2 , i
I _ € E : {3
a (MA/CIT[) = m (E in MV/cm) - o

It is readily seen that the linear current density is pro- jd
portional to the square root of the energy density ,W,and is, of = __
course, independent of the fotal‘voltage or thickness of the line; {i
Since the current is proportional to the width w, for very high- 7
current machines the width becomes the dominant dimension, and ’
the size of the generator may be considered to be determined by
the current rather than the voltage. Another corollary of the “
above results is that the current density from_a.Mylar line may
be about twice that from a water line and this is the chief ad- )
vantage of Mylar over water. o : L
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A charged Mylar strip transmission line of the type'considered
so far could be switched into another identical line of eqgual
impedance. (often called the series- -switched mode) ; it cpuld also be
charged in the form of a Blumlein that would have the appearanée
of two transmission lines in series with the outer conductors
continued to form a load line of matching impedance. These two

possibilities are shown in Figures la and 1b. 'In either case the

HV

Z ——= Output

(a) Series Switched Line -

HV . ]

. S IR ) i
173 % ' === Output
(b) Blumlei_n

! e y——

_m"u“_uf__ﬁf“_;n__;——wm———mw == -7+>jmm@m
X 1/273 7T ' | //' //- //

(c) Two Parallel _Blumleins : 2

Figure 1 Mylar stripline configurations.

output pulse generated has a duration egqual to twice the single
transit time of the storage element. Consequently, once the line
has been switched and the pulse has left the storage element and
is propagatlng along an output line of the same impedance and the
same width, the energy occupies twice the volume. In a propa—
gatlng pulse of this kind, half of the energy is always in the
magnetic field and only half the energy is still electrostatic,
resulting in an electrostatic-energy density reduction to one-
quarter of the initial value. The electrostatic field in the
traveling wave is then half of the field in which the énergy was

gtored. This phenomenon may also be seen from the fact that the




output vdltages in each case are one-~half of the open-circuit
voltage. Thus, for a line in which the energy only propagates

and is never stored, the linear short-circuit current density is

51/2 E

- (in MA/cm)

The output transmission lineICOuld be tapered in width_ahd
insulation thickness by a factor of two before the electrostatic
field exceeded the operational field of the generator.ﬁ It is
thise to excaéd.this field because the breakdown strength of
Mylar is time independent, which means that the output ‘transmission
line will not support more electric field than the generator just
because the pulse is of brief duration. The tapering process

clearly increases the linear current density by a factor of two.

A better scheme in practice is shown in Figufé lc. Adjacent
to the first generator in this case, the Blumlein is a second
identical generator connected in parallel at the output. In the
case of the strip transmission lines, this connection would be
made by folding metal around the edges of the Mylar. As the
current feeds around progressively, the insulation thickness of
the output line of the first generator is progressively decreased
(as suggested in Figure lc), but its width remains unchanged.

The linear current density is doubled as before. Substituting the
same values for ¢ and E used above, a current density of approxi-
mately 1.33 MA/m is obtained.

In practice, one may wish to apply to the generator a load
considerably less than its own characteristic impedance without
actually short circuiting the generator. If the generator is a

Blumlein, the efficiency of energy transfer is given by G(2-G),




yg where G is the gain of the line into the load. If the load im-

' pedance is, for example, one-third of the generator impedance,
then the gain is one—half. The energy—transfer efficiency may
- be seen to remain 75 percent and the load curient is also 75

percentlof the short-circuit current, or in the case conSidered,
1 MA/m.

I

Mylar can be purchased in 6-foot-wide rolls and leaving a
6-inch clearance at the edge for tracklng, glves a 60-inch or a
l1.5-meter active width for the line. This width could be used
efficiently at currents_up to 1.5 Ma.

[
I SR

e

§ L
Ranennug i

So far the load voitagé énd charge voltage remain unspeCLfied.

. In pr1n01ple these can be chosen by correctly determlnlng the

{A;5 thickness of the Mylar dielectric. In practice one is limited in
charging voltage to something considerably less than 1 MV by

lé problems of tracking, which will be considered later. If load

voltages in excess of a few hundred kilovolts are fequired, it

veniently high charging voltages, A series configuration on two
lines is shown in Figure 2. Apart from requiring twice as many
B  switches, this arrangement is no different in principle from a
. single line charged to twice the voltage.

lg may be desirable to stack such modules in series to avoid incon-

X

Figure 2 Two~element series Blumlein generator with
Y?” output line.




2.2 COPPER SULFATE AS AN AMBIENT MEDIUM | o . “

One of the disadvantages of solid dielectrics, such as Mylar. ’ [?
in the present application,is the problem of flashover at the .
édges of the COnduétors forming the striplines. The solution to _ ,
this problem was developed at Aldermaston, U.K., and consisted of _j
establishing a suitable liquid-immersion medium. For this medium,
water is ideal because its high dielectric constant (80) protects

b

it from electric fields high enough to cause breakdown: the field
in a film of nonconducting water between a flat metal sheet and a _E
flat Mylar sheet is only about one-thirtieth of the field in the !
Mylar, and if the latter is 1.5 MV/cm, the field in the water is = ¢~ /

\
only 50 kV/cm. This value is quite insufficient to break the water ,l
down. In this application the water does not store a significant —
amount of energy, but eff1c1ently serves the purpose of applying ' 1j
the voltage to the Mylar itself, Whlch is not poss1ble using a
low-dielectric-constant llquld such as o0il (g = 2.25),in which the (
corresponding electric field (1.8 MV/cm) far exceeds the break- | l
down strength. At much lower levels oil will initiate discharges ‘]“

that rapidly pass through the Mylar as well.

While the dielectric-constant mismatch reduces the fields in Lj
the water adjacent to the body of the Mylar dielectric, it only .
partly alleviates high electric fields that may_Qc¢ur at the edge ]% 77777
of a sharp conductor. 7To prevent breakdown of the water at such
an edge, and the consequent tracking, which can occur over long {E
distances on the Mylar or aventually lead to the puncturing of the L
Mylar, the high fleld at the edges of the copper must be reduced
to below 200 kV/cm, at most. This reduction can be achieved by
decrea51ng the re51st1v1ty of the water--by addlng copper sulfate, Lo
for example. Consider a sandwich of Mylar and copper (Figure 3) “ ]l.

immersed in a copper-sulfate solution. The Mylar is of thickness D
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“derived (following J. C, Martin) .

Metal

Mylar

//7 /jk(///;:;;7/ o (VS Solution
N

—————
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i
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Figure 3 Pulse potential grading by conducting solution

and has a dieléctric‘conStant €. The metal is of thickness T, and
adjacent to the metal there is a film of copper sulfate of equal
thickness. This film of copper sulfate acts as a resistor, and
if a potential is applied to the metal edge with respect to the
metal on the far side of the Mylar; conduction will take place in
the copper sulfate, which will lead to this potential being trans-
ferred progressively farther away from the metal edge. This
process relieves the field in the water (a certain amount of time—
independent capacitive smearing of the potential also occurs but

is generally insufficient to reduce the field below breakdown
level).

The equations governing the spread of the potential may be

If V is the potential at a dis-
tance x from the edge of the copper, the electric field in the

water film is BV/BX. The current density 3 in the water film of

resistivity p is given by




and hence the current per unit length in the dlrectlon of the edge
is given by

. _ T oV

T = p  3x
The difference in current per unit length at two points separated
by a distance Ax is

2 .

E..% Ax
9K

- I
P
This difference in current charges the capacity of an element of
Mylar whose area per unit length of edge is Ax. If the capac1ty
per square centimeter of Mylar 1s.CS, then the capacity of this
element is Cs Ax and its rate of charging 8V/3t is given by the
eguation

2

X

)
=
]
]

I
i

Let p/T = R_, the resmstance per square unit of the film of copper
sulfate., Then the equatlon becomes

5V 1 52

ot Rscs 8X2

<

. which is the familiar diffusion equation with a diffusion constant
equal to l/(RSCS). Hence, the smearing of the potential will pro-
gress in proportion to the square root of the time. If 1 is the
risetime of the voltage, then the peak field will be of the order
of the potential divided by the diffusion distance

P g
RSCS

10
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As an example, if the Mylar thlckness is 0.5 cm, the rlsetlme
is 1.5 usec, and the waterufllm thickness is 0. 025 ¢m, a resig-
tivity of about 7.5 k@/cm will reduce the peak field below 200
kV/cm. This value for resistivity corresponds to a relatively

diluted solution of copper sulfate and water. This treatment may

readily be applled to the case in which two copper edges llne up

on either 51de of ‘the Mylar. This case requires only about 70

percent of the conductivity in the water.

However, in a large

machine there will always be edge regions of the first ‘kind and
the conducthlty of the copper-sulfate solution should be low.
enough to compensate for this worst case.

It is also necessary to consider the effects occurrlng in the

water when the line discharges. Generally, the sequence of events

is that the voltage is applied quite gradually to the Mylar by pulse
charging in a time of the order of microseconds, ‘and then the
potential is sw1tched off in a much shorter time--approximately

10 nsec--when the line is discharged. The charge transferred by

the solution to the Mylar dielectric beyond the edges of the metal
must flow back through the solution and cannot do so in such a short

time. This charge creates much hlgher fields in the ligquid,

sparking can occur.

and
Initially lt was believed the sparks did not
generally damage the Mylar and that the duration of the fields was

so brief that long tracks would not occur. During the latter part

of the program it was discovered that at the highest operating
fields the fast—rising transient eventually caused line damage; the
This mode of line failure
and the necessary corrective measures will be discussed in a later
section. o

effect was remedied by improving grading.

If great care is not taken when assembling the Mylar line,

air bubbles may be entrapped between Mylar sheets or between Mylar

11




- and copper.. If these bubbles are within the body of the line,

that is, totally between the copper'electrodes and well inside
their'edges, the air will break down_when the line is charged and
discharged, but the spark is not sufficiently energetic to break
down the Mylar except possibly by long-term erosion over the course
of many ehots. Bubbles outside the edges of the copper will also
break down from the electric fields along the sheets of Mylar.

The breakdown of such a bubble in this position can initiate tracks
in the water, either because additional field enhancement is as-
sociated'with the shape of the bubble or because the breakdown is

fast and the new potentials created cannot be graded with sufficient

speed.

To eliminate air bubbles in the lines, it is-necessary to
assemble them under degassed water. (A preferable alternative to
this ‘method is'the_vecuum impregnation of the lines after first
assembling them completely in the dry state.) The first technique
used £o assemble the line was to pass each sheet of Mylar or copper
slowly through the surface of the water and then immediately be- |
tween neoprene squeegees to remove residual air adhering to the
Mylar. This method proved unsatisfactory--air bubbles remained.
After several days they would agglomerate and become visible be-
tween each layer of Mylar. It was found that the addition of a
wetting solution, Emcol 4150, in a concentration of one part in
500'sufficiently wetted the Mylar to eliminate the air bubbles.*

*After assembly of the line it was hecessary to recycle the water
and remove the majority of the wetting solution, which not only
made the water cloudy but produced a rash on hands immersed in

the solution. In routine operation it is found that the chilling
effect of having to work with one's hands under even a small

depth of water slows such procedures as replacing solid-dielectric
switches or checking connections. To help overcome this, im-
mersion heaters were provided to raise the temperature somewhat
closer to that of bath water. '

12
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2.3 DIELECTRIC CONSTANT OF MYLAR

When dry Mylar (with a dielectric constant of 2.75) is sub-
merged in water, Which'has a dielectric constant of 80,'it'absorb$
in time a certain quantity.of liquid, and thus its dielectric
cohstant might be expected to change. Workers-at the Cornell
UnlverSLty Plasma Physics Laboratory have reported observing a
p0551ble 1ncrease in dielectric constant by as much as a factor of
two,as evidenced by increasing pulse duration or transit time of
Mylar transmission lines., However, J. C. Martin at AWRE, Alder-
maston, Englahd, reported that he could not detect an lncrease of

capacity in a parallel-plate Mylar capacitor after soaking it in
warm copper—-sulfate solution.

‘Such an increase in dielectric'constaht will obviously make
Mylar -a still more useful dielectric. Tt is lmportant to know the
dielectric constant in order to be able to design a generator of
given required impedance. . The impedance of the transmission line
is well defined if the thickness, width, and dielectric constant
are known. Also,given-the impedance of an operating line, the.
current in the load can be deduced from the voltage gain of the-
line. This technique gives an important cross check for the other
types of current monitoring that may be employed.

Measurements of dielectric constant were first performed using
parallel-plate Mylar capacitors. It was then decided to adopt the
approach of measuring the transit time of a small sample in a strip

transmission line under precise conditions. In the transmission

line, which was approximately a meter long, mercury was used as the

metal electrodes to ensure that contact with the Mylar was virtually

perfect (Figure 4). A repetltlve cable pulser sent a fast- rising

pulse into one end of the line. The voltage monitor at the injection

i3
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point was used to display the pulse on a Model 519 Tektronix
oscilloscope. The reflection from the other end of the Mylar

transmission line was used to measure the double transit time.

The transmission line was vertical and the pulse was in~
jected at the bottom. The sheet of Mylar dielectric ended at
approximately the surface level of the mercury and by slightly
changing the height of the mercury column it was possible to
cause it to flow around the edge of the Mylar and short circuit
the line or remain just below the edge and thus cause the line
to be an open circuit while leaving its length essentially
unchanged. Pulse traces in the conditions of open and short
circuit were overlaved on the same photograph and the time of
arrival of the reflection was defined very clearly (Figure 5).
The double transit time and the distance between the injection
point and the other end of the transmission line were used to
derive the wave velocity in the Mylar and hence its dielectric
constant.

Shorted

Overlay

Open
Circuit

Figure 5 Ten-mil Mylar transit time.
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To achleve saturatlon of the Mylar with water in as short a
timé as possible, it was desirable to use a thin sheet of Mylar.
Three- -mil Mylar was eventually chosen, The water diffused to the

middle in approximately one-tenth the time taken to reach the
middle of a sheet of 10-mil Mylar.,

"When thinner sheets of Mylar were employed, the risetime of
the reflectlon became longer due to resistive losses in the
mercury. The risetime 1 of a pulse which has executed two transits
of the transmission line may be considered to be 1nversely propor-
tional to that frequency f which is attenuated by a factor of e in
this distance. The frequency £ may be shown to be that frequency
for which the resistance R of the transmission- -line electrodes
from end to end is equal to twice the characteristic impedance 2z

of the line. 'In terms of the skin depth,§

while : § o« f“;?

It follows that T « f_l o 62 x R“2 = 2_2 @« dmz, where d is.the
thickness of the Mylar film. '

With thicknesses of less than. about 3 mils, the risetime,
using mercury electrodes (resistivity approximately 10 -4 Q/cm) ,

was so long that the pulse—reflectlon point was no longer well
defined.

Samples of 3-mil Mylar were kept permanently immersed in warm
water. At intervals of a few days the double tran51t time of pieces
of dry Mylar was measured in the transmission line, which could be

rapidly disassembled. A wet sample was then immediately compared.

16
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In no case was a 51gn1f1cant dlfference of tran51t time detected
The dlelectrlc constant of Mylar is not believed to change by - more

» E than a few percent when soaked 1n water. Several wet samples were
& measured on esach of the tests.

{; These experiments provided an eXcellent basis for comparison
of the dielectric constants of samples of wet and dry Mylar, but
did not in general yield credible results for the absolute dji-

. © electric constants of either Mylar or polyethylene, which was used

4

[r

as a standard. U51ng an oscmlloscope that was. apparently calibrated

] for a 2= nsec/cm sweep, the dielectric constant of polyethylene
appeared to be 2.84, as opposed to the well- -established value of
2.2, which appears in the literature. ‘Using the value of 2.2 to
provide, in effect, a calibration of the time base and the trans-

“mission-line length the: dlelectrlc constant of Mylar appeared to
be 3.0, which is within 7 percent of the usually accepted value

i of 2.8. We have used the value 2.8 in our calculatlons of the.

- ' 1mpedance of the. Mylar lines subsequently built, and in terms of

line 1mpedance and short ~circuit current, the error in this as-

sumption would appear to be at most a few percent.

.
| o
bewsrmsasearion

i 2.4 FAULT MODES IN MULTIPLE-LINE ASSEMBLIES

]E When a generator is fabricated with a number of parallel or

- ~ series modules, or a series—parallel combination, there is always a
7 possibility that one or more modules will not switch or will flre
lé late. This ‘possibility becomes more probable when a greater

, number of modules are used. An analysis has been performed to

lé determine when this condition can lead to overvoltage of the errant
. modules and to determine design criteria for future generators.

lé - There are three cases of interest: parallel Blumlein, series
Blumlein, and parallel-series Blumlein. Each case is analyzed

|; for open-circuit, short-circuit, and matched-load firings.

17




. 2.4.1 case 1: Parallel Blumlein. If all the conductors of
each Blumleln are strapped hard in parallel with all those of the

other Blumleins, there is no overvoltaging of an unswitched line

because the lines that do switch can communicate with the un-
switched ﬁodules.' Such design is espec1ally attractive if many
lines can be fired with one set of switches. 1In many cases the
Blumléins are phy51cally too far apart to permlt the connections
to be of sufflclently low inductance, and the only 1nterconnectlon
is between the uncharged output conductors at the common load.
Overvoltage may then result if the switches are poorly synchronized.
Consider the case of n Blumleins (Figure 6a) connected in

' parallél at their output ends. Each Blumlein has unit impedance
and is charged to'unit'voltage. ‘Let the gener&tbr be driving a
load impedance ZL = m/n, where m is an arbitrary number {the

degree of the mismatch). If all lines switch simultaneously, the
assembly acts-as a single Blumlein. The pulses'traveling in com-
ponent lines always tend to decrease the initial charging voltage,
and though overshoot always occurs in the switched line and also

in the unswitched line if m < 1, the voltage and field in any line

never exceed the charging value, no matter what the load.

If x lines do not switch, the unswitched lines may be replaced
by one Blumlein whose impedance is 1/x, and the switched modules may
be replaced by a Blumlein whose impedance is 1/n-x (Figure 6b shows
the equivalent circuit). The unswitched Blumlein equivalent will

parallel the load ZL for the switched Blumletn, resulting in a new
load impedance 2
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n Parallel Lines
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Equivalent

Figure 6
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of n Parallel Lines

Parallel lines.
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The voltage VT developing across the unswitched Blumlein is
given by B

2 7.

= el =
."L' zL + ZO n {m + 1} “
where _ _ | i

Z = 1 ‘ L
0 n-—x - )

Examination of this equation shows that VT is maximum for x = 1;

therefore, this case is the only one that will be considered.
The vdltage-VT will be divided equally between the two com-

ponent lines of the unswitched Blumlein. This voltage will add to N

the original charge voltage in the line containing no switch and
- subtract in the other line. The overvoltage in the first case will -
be : e

ud

n_(n - 1) -
V1 R e o) | B
This propagates toward an open circuit, reflects,and results :
in a voltage ‘ B
_ 2m {n - 1)
V2 T T

For a large n, one finds

lim V2 = l.+ =T

nn >
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_ Con51der the three representatlve modes of operatlon—ushort
o circuit, matched load and open circuit. For these cases .

m =0, 1, and @, respectively. The results are:

(v,) = 1
2 m= 0

‘ (v.,) = 2
2 m=1

- (V) . =3
m_OO

- 2.4.2 Case II: Series Lines. Consider n Blumleins of unit

1mpedance and charge voltage driving a load impedance m' n',where
L m' is an arbitrary impedance (Pigure 7). If X Blumleins do not

switch, the impedance of the driving source is (nf ~ %), which willo

_ ‘be driving an impedance z."

m’' n' and the sum of the impedances X of the unswitched Blumleins.

that is the sum of the load impedance

Thévenin's theorem may be used to find the voltage V1 applied to
the unswitched Blumleins:

L _ 2% (n' - x)
Vi T Ot D

| This voltage is distributed among the x unswitched Blumleins,

resulting in a voltage of

2 (n' - x)
n'(m' + 1)

on each Blumlein.. Each line receives half of this voltage. 1In
the line that contains the unfired switch, this added voltage to
the original charge voltage results in a voltage of

n' - x

1+ n' (m'" + 1)

L _ 21
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1 4
' L.

A

2
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3 4

ZL

s i

n oA
’1
Figure 7 n' series lines. | oo
This.voltage'propagates toward an open circuit and results in a - i

voltage

_ 2 (n' - x)
Vo T It e v D

upon reflection. The voltage is a maximum for x = 1. Taking the
limit, one finds

_____
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For the short-circuit case m' = 0, matched m' = 1, and open m' = o
(v,) = 3
2 m' =0
(v,) = 2
2 m' =1
() o =1
m = o

This is the same as the n parallel Blumlelns except m is replaced
by 1/m'.

2.4.3 Case III: Parallel—Series Modules. For this case, a

generator is fabrlcated from n- parallel modules,.each comprised of
two series Blumleins with unit impedance and charge voltage, driving
a load 2 m/n (Figure 8a). If one module completely fails to switch,
the result is the same as in the parallel-line analysis. The case
of most interest is that of one Blumlein in a module not switching
(Figure 8b). The resultant voltage on the unswitched Blumlein can
be analyzed from results obtained from the parallel and eeries
analyses. A voltage V? will be induced on eaeh line of the un-
switched Blumlein from the parallel mOdules where

v = T (n - 1)
P n (m + 1)

The results of the series analysis may be used to obtain: the effect
of the switched Blumlein if the load impedance m' n' in the serles
analysis is replaced by '

2 m
mn - m+n

23
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Figure 8

n Module Equivalent Circuit

n . parallel modules of two series Blumleins
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. m . . :
Since n' &nd 2, m' = mn - m 3+ @ ¢ Which results in a voltage of

v ' - M n-m+mn
s 2 n (1 + m)

induced on each line of the unfired Blumlein.

The induced voltages from the parallel and series cases are

opposite in polarity so the resultant voltage on the line with no
switch is -

=mn—m—n N
Vp ~ Vg 20 (1 Fm)

' The voltage adds to the original charge voltage, propagatés toward
an open circuit, reflects and results in a voltage Vx of

_ mn-m-n _ m (2n-1)

Vx_ = 1+ n {I + m) - n (I+m)
. . 2 m

Hn Ve = Im

n > «

The voltage in the line with the unfired switch is being reduced

by Vp - VS and results in a voltage Vy-upon reflection, where
V = 1-V +V
Y jo s

) m+n
n {1 + m)

1
1 +m

lim v
Y

n + «
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For a short circuit

v,) - =0
m = 0
(V) = 1
Ym=o0
. For a matched load
{(v.)- =l-—]-"--V > 1 asn » =
X _ 2n 'x :
m=1
(V). =;§+}'—V —F%as'n—»oo
Ym=1 oy
(V) has a maximum value of one when n = o, ahd (V) has
m= 1 ‘ _ . Y'm+1
a maximum value of one when n = 1. : -
For an open circuit
(v.) = 2-% v 5 2 as n +» o
X' = w n b4
1
(V) = = V +0 as n » =
Y = e n y
(Vy) is largest for small n and has a maximum value of % for
ms= w
n = 2

2.4.4 Late-Time Voltages. If the load impedance does not

change with time and the initially unfired switches never-close,
damping effects ensure that after the first pulse the degree of
overvoltage is successively reduced. If the unfired éwitches.
close less than a pulse duration after the others, the overvoltage
is thereby removed. If these switches fire later still, when the

26
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other 11nes are Stlll ringing, further overvoltages that are very
tedious to analyze could conceivably be developed. However, be-
cause of risetime effects and other 1osses, these probably w1ll

— not be worse than the cases that have been treated.

R - 2.4.5 _Conclusions. If Blumleins are combined in serles or
in parallel, the failure of one Blumlein to switch results in one

of its'component lines being exposed during the first output pulse
to a voltage greater than that to which it was initially charged.

For Blumleins in series, the component line bearing the switch
is overvoltaged, and for parallel lines, the line without a switch
- is overvoltaged.

The magnitude of the oﬁervoltage increases with the number of
lines and'depends upon-the locad impedance. It 1ncreases with de=
creasing load 1mpedance for series Blumleins and increasing load
impedance for parallel Blumleins. In both cases the total range
of oﬁervoltage for very large n is from 1:1 to 3:1, with 2:1

applying in the matched cases.

. In practice, the purpose of series configurations has been to
' obtain high voltages, and therefore they have been matched high.
Parallel configurations are designed to produce high currents and
- are matched low; therefore, the worst conditions are not usually
encountered. Risetime effects and the finite value of n help to
-ensure that the overvoltage is considerably less than 2:1; This
value is unlikely to produce breakdown of the dielectric, because

the generator is usually operated at a voltage not exceeding half

the single-shot voltage of a single component line in order to have
a satisfactory operating life, even in the absence of all fault
%W - conditions.

_ 27




Precautions to further réduce the poSsibility of damage from

- such fault conditions in which lines are operated in parallel are
(1) connecting the Blumleins in parallel at the switch end when-
ever possible; (2) avoiding open circuit firings (e.g., to cross-
calibrate monitors) at near maximum charge voltage; (3) incorpoxr-
ating more than one switch in each line to increase the probability
that at least one will fire; and (4) using the series-parallel
configuration, which is inherently safer.
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e 9 . Three schenes considered for assembling and
switching Mylar lines.
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SECTION 3: LOW-VOLTAGE LINE


on which it occurs: (2) no special triggering sequence is required
(unless current symmetry in a pinching diode is so critical that

the lines that feed the tube from the side should require that they
be triggered 2 to 3 nsec early because of the extra transit time

and inductance in their output leads; (3) more space is available
for switches and their electrodes even while these remain reasonably
close together; and (4) paralleling the outputs of the modules at

the tube is very easy.

The generator was assembled in a steel tank (on wheels) 20 feet
long, 7 feet wide, and about 1 foot deep (Figure 10). In Figure 11,
the generator configuration is that used later in the program, when

the number of Blumleins was reduced to two and the tube was situated

at one end.

Figure 10 Generator configuration, 0.1 ohm line.

3.2 SWITCHING

The component strip transmission lines of the low-voltage
generator have a characteristic impedance of about one-fifth of
an ohm. To produce a pulse with a risetime of approximately 10
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'in'euCh a'lihe, a sWitch inductance of about 1 nH is reéquired.
‘At the beginning of the program'this risetime was considéered to
be feasible only'With the use of the solid-dielectric switches
developed at Aldermaston. As a result of work under the Defense
Atomic Support Agency Contract DASA 01-68-C-0136 and the Siege
Phase IT study, Contract F 29601-69~ C09957, with the Air Force
Special Weapons Center, it now appears that pressurlzed three-
electrode SFG switches could be developed to provide an alterna-
~tive.. These sw1tches would not need replacement after each shot
and would therefore speed operations con51derably. Several
channels would be needed in parallel for each line because the
inductance of a 31ngle channel would be excessive, but since the
switches can be synchronized with Jitters of a few tenths of a _
'nanosecond or less, this degree of multichanneling should present
little difficulty. '

‘The line was switched initially using three-electrode, field-
enhanced Mylar switches (Figure 12). These consisted of two sheets
of Mylar whose total thickness was determined by the voltage at
which the switch was required'to operate. The trigger electrode,
con51st1ng of a %-inch-wide aluminum finger either 1 mil or 5 mil
thick, is placed between the two Mylar sheets in a thin film of
unpolymerized epoxy resin. When this switch has been-lnserted in
the line, the trigger electrode is connected to the center of g
50-ohm cable. There are eight such cables, one for each of the
switches in the generator. The ends of the cables are remote from
the switches and are connected in parallel in a low~inductance
configuration at the master trigger switch, for which a stabbed
'polyethylene card was used. The voltage on the cable center con-
ductors, and hence on the trigger electrodes of the switches, was
maintained at half the total charging voltage during pulse charge
by a resistive divider adjacent to the master switch assembly.
Thisg aesembly was kept out of the water to avoid stray conduction.
When the polyethylene master-switch broke down (by simple over-

voltage), it generated a pulse that rose in a few nanoseconds in
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NOTE: No attempt was made to
remove the sharp edges.

Figure 12 Typical switch tested in. the low-voltage
' stripline,
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each of'the cables. The cables are of equal length——approxlmately &”/cu
3 feet--and the trlgger electrodes represent to each cable a small %J
capacitance, which is in effect an open circuit. Thus, 51multaneous .
pulses of amplitude equal to the total charging Voltage are applied _i}
to the eight trigger electrodes. These pulses result in a very ’

high electrlc field in the epoxy at the sharp edge of the trigger {

electrode, and the breakdown of the epoxy is 1mmed1ately followed
by the breakdown of the Mylar itself. This breakdown generally. [
occurs in a number of channels, and since Mylar is the strongest L
dielectric known, each channel is, for the voltagé applied, the |

shortest and least-inductance channel that can be obtained. lj

Because the breakdown of the epoxy initiates the breakdown 6f {}
the Mylar, this switch might really be considered a liquid-dielectric
switch with accurate spacing maintained with thin plastic film. [}
The choice of the medium in which the trigger electrode is
immersed is dictated by the fact that liquids will not withstand ”w
anything approaching the same fields during the charge as Mylar, LJ
and the switch will not achieve its full operating electric field~-- -
and hence its minimum inductance--unless a means is found to reduce ij"
the field in the liquid. In dc-charged switches} a charge transfer
in the liquid has ample time to remove the field almost entirely and - {%
apply the voltage to the Mylar; but in the case of pulse charging, -
a dielectric-constant mismatch must be used. The dielectric con- (]
stant of the unpolymerized-epoxy version is approximately 10 and,
hence, the field in the epoxy is reduced to a few hundred kilovolts _ .
per centimeter. The sandwich of epoxy and Mylar cbnsequently has .
almost the same dielectric strength as the Mylar itself, whéreas, if
transformer cii were used, it would appear to severely degrade the {j
breakdown strength of the Mylar. If a liguid of higher dielectric -
constant than epoxy were employed, such as glycerine (e = 40) or ’[E
water itself, it is certain that the breakdown strength of the Mylar J
would again be unimpaired, but in this case the field produced by the {f

trigger pulse in the liquid would be of lower value and the switch /ﬂ\‘i

Pl

would have poorer triggering characteristics. Epoxy, therefore,
represents the best compromise.
' 36
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Some ex?eriments were also carried oﬁt in which water was used
in the place of the epoxy, and the switches still triggered. In fact,
the trigger pulse was fast enough that they trlggered at the edge of
the trigger electrode. However, they did not form multichannels as

did the epoxy switches. A typical fired epoxy-switch is shown in
Figure 13.

The breakdown channels in the solid dielectric switch inflict
some damage on the nearby metal electrodes, and it is hlghly desir-
able to attach thin electrodes to the sw1tch so that the part which
is most damaged is replaced every time. Some form of adhesive to .
attach this electrode to the switch is highly desirable. Otherw1se,'
insertion of the switch into the line is a very difficult process,
and the electrodes are occasionally lost inside the line. Almost.
avery adhe81ve tried had a breakdown strength lower than that of
the Mylar and reduced the work field and degraded the switch
operation.

“Eventually a 3M brand No. 8044 Spray Disk Adhesive was found to
give satisfactory results. A satisfactory adhesive may be very |
useful wben extremely fast risetimes--and hence the lowest possible
switch inductance--are required, such as in generators in producing
very short pulses of 10 nsec or less. However, in the meantime,
experiments had shown that the alternative form of a solid dielectric
switch (which used stabbed polyethylene to form two-series elements
that are simply overvolted in turn by the same triggering system pre-
viously described) regularly broke down in enough channels to
compensate for the increased thickness of the switches and hence
the larger inductance of a single channel. At 150 kv, for example,
two sheets of 10-mil Mylar would suffice for the switch, but a
total of 60 mils of polyethylene would generally be ysed.
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c. Switch that Multi-Channeled d.

Figure 13

Switch that Multi-Channeled

Mylar switches with epoxy-coated triggers before and
after firing.
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Figure 14 shows the cross section of ‘a polyethylene switch
which again followed that developed at AWRE. Each switch card is
stabbed_to a predetermined depth by an array of 45 needles with
their points all lying in one plane. When the needles are Withn
drawn, an air-filled indentation with a sharp point results. When
a high voltage iseapplied to the switch, the air breaks down so
that the voids may be regarded essentially as conductors héving
at the point a field high enough to break down the polyethylene.
The self-breaking voltage of these switches, which is independent
of time down to a few nanoseconds, has a scatter of .only a few
percent. When trlggered at 30 percent below the self ~breakdown
voltage, the switches were found to fire con31stently with enough
channels to produce a rlsetlme considerably less than 10 nsec.
Typically, the side of the switch that is overvolted initially by
the trigger pﬁlse arriving from the cable would break in three to
seven channels and the second part of the sw1tch which is over-
volted more rapldly by the breakdown of the first part, would
break in 20 to 40 (quure 15) . Enlargements of a line switch fired
at 30 percent below self-fire appear in Figures 16 and 17.

Figure 18 shows the device used to stab the polyethylene. A
pneumatic mechanism ensures reproducible and consistent stabbing
by applying a constant force to the needles. The stab depth is
controlled by means of shim stock, and a dial gauge gives visual

.confirmation of the depth of stab.

Sheets of 30-~, 60- and 80-mil prolyethylene were used in the
low-veltage line. A calibration curve of self-breakdown voltage
as a function of stab depth was obtained by charging a small ca-

pacitor and discharging it into untriggered switches (Figure 19);
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Note: Stabs start from the
positive electrode

V77777773

—+—— Polyethylene
ANAN

+ L\ ‘ .
: Metal Electrodes--Also

Keep Water out of Stabs

a. Master Switch

V7777777,

JANW AN AWAN
V7777777
77777771

DN A NN
VNN, |

+ v/2 Trigger Electrode
b. Line Switch '

Figure 14 Cross section of stabbed polyethylene switches
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Figure 16
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Magnified triggered L
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Figure 18

Automatic stabbing machine for polyethylene switches.
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As ?reviously described, each Blﬁmlein was switched at two
locations on the end electrically remote from the tube. There
are several reasons for this, apart from the desire to guarantee
an adequate-risetime The aspect ratio of the line, 14 feet long
by more than 4 feet wide, indicates that the wave diverging from a
single switch is not planar, especially since some of the switches
are displeced from the center of the lines. Probably more 1mportant
should one switch fail to flre, the other one will ensure that most
of the output of that Blumlein is still obtained while, as dis-
cussed above, the possibility of a portion of that Blumlein being
overvoltaged by pulses from the remainder of the modules is avoided.

In practice the failure of a switch to fire has been Very rare,
and the current flowing in any Blumlein is very evenly divided be-
tween the two switch locations.

3.3 . PULSER DIAGNOSTICS

3.3.1 Voltage Monitors. To monitor the input and output

voltages, resistive dividers were assembled in the form of chains
of 2-watt carbon resistors. At the low voltages at which this
line operates, it was perfectly possible, and indeed was found
very convenient, that both these monitors be positioned just
outside the water with the full veoltage brought'out to them by

a short polyethylene-insulated lead. The risetime of the monitors
in such a configuration is only a few nanoseconds, which is guite
adequate. In the case of the higher-voltage line, similar tech-
nigques were employed, except that capacitive division was employed
to reduce the voltage transmitted to the carbon divider t¢ an
acceptable level. This capacitive division was simply achieved by
sliding a large sheet of copper into the Blumlein ln such a way
that it divides in the appropriate ratio the number of Mylar sheets
between the two copper conductors whose potential difference is to

be monitored.
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3.3.2 ‘Current Monitor. An output cﬁrrent'monitor was
constructed of an annulus of 1/2-mil stainless steel 1 to 5 cm
wide and 2—1/2 feet in diameter. This. annulus was placed in the
top coﬁdudtor'between the line connections and the load. Provision
was made for measuring at a number of places the:voltage developed
across it and mixing the signals to take into account possible

azimuthal asymmetries in the current. The requirements on this

resistor are that it be thin compared with the skin depth, but
thick enough or of sufficient circumference that it is not warmed

substantially in a single pulse. Its resistance should also, of

course, be much less than that of the generator or it will reduce

the efficiency of the system. These conditions were all satisfied,
though in all cases the margin was not very great. The resistance
was initially oné—tenth of a milliohm; to improve the signal-to-

noise ratio, the reéistance was later increased to half a milliohm.
The skin depth for the highest frequencies of interest is approxi-

mately 3 mils. The temperature rise at the maximum available

current of about 3 MA is about 20 degrees.

3.4 PREPULSE ELIMINATION

Before the line was connected to an X-ray tube, it was con-
sidered desirable to minimize the_prepulse.* Even prepulses of
the order-of 10 kV have been shown to impair the operation of low-
impedance diodes in which the anode-cathode spacing is very small.
The production of plasmas in this region before the pulse arrives
can lead to very erratic performance in terms of a'vériable impe-
dance and location for the beam pinch and eventually to total

shorting of the diode during or before the pulse.

* ' _
Prepulse is the voltage appearing on the output of the line during
pulse charge before the line is switched.
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| Carefulrpositioning of the iow—voltage'feed from the capacitor &4/,

bank on the iSolating inductor {(used to charge the two low-voltage
sides of the Blumleins)} would in theory eliminate the prepulse com-
pletely if_theré were not stray capacities in the system (see Figure
20} . Because of the very low impedance of the low-voltage line,

[ ik =
Pulse Charge
System

. e L
LR WHV
T T

NOTE: Stray capacitances have been
eliminated from the circuit.

Figure 20 Stripline circuit.

very little isolating inductance is required and is provided simply
by 3-foot-long metal rods immersed in the water. These are oniy a few

- inches from the grounded tank but are insulated from it by sheets

of plastic. Tuning is done by a sliding contact between the low-
voltage feed from the capacitor bank and these metal rods. Tuning
is performed on both the generator modules. The fact that the
geﬁerator is charged by a single-element capacitor bank in air,
having very low capacity to ground, made it possible to tune the
pfepulse to a very low level indeed, about 0,2 percent of the 7 *
pulse-charge voltage. Tuning was repeated occasionally to ensure
thét no circuits had changed.
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Thé residual prepulse is probably associated with distributed
stray capacities in the water itself. Full operational voltage is
only a few hundred volts; not much more than  the minimum of thé
Paschen curve. Hence, it was regarded as unlikely that, having
achieved such a low prepulse, it would be necessary to use a'prem
pulse isolation switch in the tube. This, in fact, proved to be

the case.

Though the prepulse switch first developed and tested on the

Model 730 Pulserad is a passive device with vacuum flashover, a

long life, and very low inductance, it was nevertheless felt desirable
to be able to eliminate the switch if possibie. The criterion used
was that the asymmetry in its breakdown might give rise to asymmetries
in the diode region, which in turn could cause instabilities in the
diode pinch. Instabilities had been observed in a few cases on the
Model 730 Pulserad in the form of radial motion of the pinch during
the pulse, thoﬁgh this pinch was not hecessarily a result of the

prepulse switch.
3.5 GENERATOR TESTING AND DEVELOPMENT

In this section the testing, operation, and problems encountered
with the generators during the performance of the contract will be
discussed. No attempt will be made to include any experimental data
unless it is directly related to the operation of the pulser itself.
All experimental tube data generated from each of the lines to be

discussed is presented in another section.

Experiments on the first low-voltage line included diagnostic
calibration and balancing V/2 for the switch triggers. A preliminary
check was also made to ensure that the prepulse could be balanced to

a low level, though it was necessary to repeat this check when the
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tube was installed; therefore, the process will be described later. 1
At first it was attempted to maintain the Vv/2 trigger voltage by - L
capacity division, using Mylar sheets and copper sheets to form a ) .
capacitor. This method proved to be unsatisfactory because the cap- Iﬂ
acity divider being submerged in water was unbalanced by stray capacitgmi
and resistance. ‘A relatively low-impedance resistive divider {(made ]i
up of a number of tubes of copper sulfate) outside the generator was E
‘then used. The overall resistance (100 ohms) was low compared with {;
that of the stray resistances in the water in the generator tank
and could not be neglected; and since the resistance in the tank [“
tended to change oécasionally, the ratio was adjusted at intervals

to ensure that no significant departure occurred. Tuning was carried -y
out by ringing the capacitor bank--charged to as much as 10 or f
20 kvV--into the line and observing both the charging voltage and

the V/2 trigger voltage with identical monitors on a twin-beam _J(
oscilloscope. After the initial tuning of the line, the line was
switched with a copper-sulfate load on the line. {?

Once the switching system was established, the voltage was !
successfully raised to almost 150 kV. Thus, the electric field -i
of 1.5 MV/cm, for which the system was designed, was demonstrated _
under appropriate operating conditions. The matched output Ii
current was about 1-1/2 MA.

Because of the success ofrthese tests, the belief that the
line could operate with a considerable lifetime at somewhat higher {w
fields, and the desire to cross-check input and output monitors

at the highest possible voltage, an open-circuit firing at about |
this level (150 kV) was attempted. An open-circuit shot in which L
the voltage on the switched lines reverses a number of times is B
somewhat more of a strain on the generator than firing into a - gﬂ

matched load, but in principle not excessively so. However, in
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fact, the line broke down electrically in the pulse—charge region.
The specific cause of failure cannot be definitely identified, but
was believed to be nonsimultaneous switching (see Section 2.4).

.Because of the extent and location of the damage and because
of the wear suStained by the switching region of the line during
the initial switching tests, it was decided to assemble a new line
of similar deSigh rather than repairing the damaged one.

When the new line was completed, it was successfully fired at
a 200-kV open-circuit voltage. It was decided that 65 to 85 kV into

the low- 1mpedance diode would be a very safe voltage to be tested
on the tube

During this set of experiments, difficulties-occurred with the
switching. The switches failed to fire consistently and often fired
at voltages other than those predlcted by the previous voltage-stab-
depth calibration curve. The problem was traced to the needles in
the Stabber, which were originally secured with Woods metal.
switches had been stabbed that the needles were loose,

Enough

A new stabber’
was fabricated with the needles soldered in place, which produced

very consistent switching. Self-breakdown switch data agree within
5 percent of the previous set of data.

Testing continued after the switching was improved. During

the testing, a loose lead caused a spark that damaged the line.

This failure was clearly not associated with normal electrical
operation. The line was satisfactorily repalred by merely cutting

out the damaged sections and interleaving Mylar and copper.
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After continued testing, the switching again showed Signs of
becoming'erratic.‘ An examination of the switch area showed severe
damage to both the_Mylar and the copper of the iine. Four-mil-thick
electro~deposited, unannealed copper had been used. The hard copper
in thé switch area had been badly broken, even though backup plates
and sheets of weighted'polyethylene had been used to prevent mechan-
ical damage. Mést of this damage resulted from single-channel

prefires caused by the malfunction of the stabber.

A new line was again fabricated in preference to makinq further
repairs. This action was influenced by the fact that new and more
suitablé copper wag available (10 mils thick, annealed, and 4 inches
wider than the copper previously used). Besides making it possible
to add more dielectric in the line and improving the regularity of
the field grading at the edges because of the increased copper

thickness, the annealed copper was more resistant to mechanical

damace.

At this point a new current-viewing resistor was also installed.

It had a value of 0.5 milliohm as opposed to 0.1 milliohm used
previously. The necessity for this change was indicated by an in-
crease in the background noise associated with this signal, which
could not be reduced by careful and systematic rerouting of cables
or the addition of an extra copper shield around the cable joining
the current-viewing resistor to the screened-room housing the
oscilloscopes. After reassembling the generator, short-circuit
shots were fired td check the new current-viewing resistor.

Pigure 21 shows the traces from these shots. The output-voltage .
waveform shows an inductive voltage signal from the tube, which
was not provided with a very low-inductance short. The traces are

synchronized and the output voltage is zero when the current peaks.

52




e S
PPEMEI ADES EEATATIR ROR e W 29 WS 2 YOG 130

Pulse Charge
22 kV/cm j

1 usec/cm |

Output Voltage
22 kV/cm
50 nsec/cm

Output Current
200 kA/cm

50 nsec/cm

b}
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-\ calculated shorted output current from the pulse- charge voltage ij_
and the known line impedance were once again in excellent agreement L
with the current ‘calculated from the resistance of the current-

_____ .
. . . . }
viewling resistor. Experiments were then resumed. : ' [{

Later in the program the line voltage was increased to an 5}
average of about 125 kV. Previous lines had been operated at ~
these voltages and higher, but not for any substantial number of -y
discharges. Continuous operation at the higher voltages revealed L

several effects associated with long~term wear.

The symptom of the first problem was again erratic switching.
Much more energy was being deposited in the switches, and the metal ]
L

A

at the switch site was being progressively damaged. The problem
was corrected by using 1/8-inch stainless-steel backing at the (T
switch sites. The life of these new switch conductors appears to - =

be indefinite. | | 7 W ______

There were also failures of the trigger cables. These failures
were possibly induced by transients reflected down the cables where L{
the switching was erratic. The trigger cables were changed from

RG-217 to the larger RG-17. _ '1?

Several line failures also occurred at the increased voltage. {
These were at the edges of the line. Several times the failure site L

was easily repaired by cutting away damaged Mylar and interleaving I
|

| S

new material. Eventually it was decided to renew the dielectric

completely.
It was not at first understood why the failure rate had in-

creased so rapidly at the higher operating stress, since fields ”'lf

were still much less than the breakdown data indicated as a useful
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- the course of this task,

Prior to ihcreasing the voltage, several hundred shots had
been fired at between 75 to 110 kv,

had degraded the Mylar life.

1imit.

and it was unlikely that these

A new line was fabricated in the form of two parallel Blumleins
rather than four, resulting in an impedance of 0.30 ohm. ThlS
decision was made when the likely requirements for successful tube

operation, based on the results with the tube to that date, were

reviewed.

The new line operated satisfactorily at the higher voltages

for a considerable number of shots. similaxr failures

eventually began to recur at the edge of the line.

However,
Examination
revealed that numerous air bubbles had formed in the line, and it
was decided to remove the air by unstacking and reassembiing. In
tracks were noticed on the Mylar, 1/4 to
1 inch long, just outside the perimeter of the copper that formed
the outpﬁt conductor. The tracks were confined to the pulse-
charged portion of the line, but since no voltage is applied to the
output conductor during pulse charge, the evidénce suggested that
the tracks were caused by the high-speed output transient. The
streamers caused progressive degradation into the Mylar, leading to
eventual failure.

It was concluded that one could not ignore the high-speed
transient voltage when designing the resistive grading. Examination
of Figure 22 shows that the stress caused by the high-speed transient:
is indeed greatest at the edge of the uncharged output conductor
(the center conductor in the stack) where this lies along51de of

the charged or high-voltage conductor.
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Figure 22 Blumlein transit damage.

Except when the Blumlein feeds a nearly short-circuit load,
the discharge transient in the switched lines exceeds those in the
unswitched lines. In the matched case, for example, therswitched'
line experiences a transient V propagated.from switch to load, where
V is the chafging voltage; and then a further transient of the same
size, V/2, propagating back towards the switch. The peak field
generated in the copper sulfate at the line edges varies with
position, being greatest near the output end where the reflection
produces its effect without giving time for the field from the first
transient to diffuse away. In the unswitched 1ine.(in the matched

case), a transient V/2 is injected when the switch transient reaches:

the load, and in this case the second transient, which is the re-
flection from the open circuit at the far end of the unswitched
line, has the same magnitude as the first. Thus, it is hard to
compare guantitatively the transients in the two lines, but at the
weak pointsg, the tbtal "instantaneous" transients are V/2 in the
switched line and V in the unswitched. For higher impedance loads,
the ratio is greater, and this was usually the case, especially

56

,,,,,




(B considering the effect of the load inductance, which was con-
{ ’ ' '
h siderable in reducing the rate of change of voltage in the

unswitched line and, hence, the peak field in the liquid.

Figure 22 shows that the uncharged middle conductor is common

UN—
!
4

to two switched transmission lines and the charged conductors are
common to one switched and one unswitched line. The transiené
L; ' induced field at the edge of one of these conductors is largely
produced by the sum of the transients in the lines on either side.

Thus, the stress in the copper sulfate due to the fast transient

ey
|

is greatest on the uncharged center conductor, which was the
damaged region. Where the center conductor has emerged from the

oty
4 i

charged region of the line, the transient voltage with respect

to the surrounding conductor is likely to be similar, but they

are twice'as‘far'away. Note that this analysis would yield a
different result if the outer pair of lineé were switched, when

no conductor should experience such a high transient stress. This
would entail charging the line positive instead of negative, and
this change was avoided because positive electrodes in water have
been shown to initiate breakdown streamers in lower fields than

575 negative electrodes by about a factor of two. In the case of the
present line it is significant that the center conductor experiences

a negative discharge transient which is greater than the positive

transient experienced by the charged conductors by not more than
about 1.5:1, in effect, but no damage was ever observed near the

| charged conductor. This suggests that the polarity effects found
for pure water do not apply to the Mylar/water interface} which

P is consistent with breakdown tests performed at Aldermaston on

i

high-voltage transformers employing a similar construction.
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~In summary; the generatbr dperated reliably and reproducibly
at gradients in the Mylar in excess of 1 MV/cm. 1In faét, no
intrinsic dielectric failure of the Mylar has.evér been observed
with the possible exception of the open~-circuit test described
earlier. In routine operation, control over the output characteris-
tics is very precise, with only a few percent less on switching
voltage. A small amount of routine preventive'mainténange or
inspection is required (as with most generators). Chiefly, the
copper-sulfate solution must be cleaned by filtering and its
resistivity and accuracy of the trigger voltage divider must be
checked. The fiting rate with five to nine replaceable'switcheé
is controlled'almost entirely by the handling time of the tube,
where componenfs are replacéd on each shot as in all high—curreht
applications. The charging and switching techniques used demon-
strate that an almost arbitrary number of similar Blumlein could be

operated simultaneously in parallel to generate much higher currents.
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; | A SECTION 4

A LOW - VOLTAGE TUBE

4.1 TUBE DESIGN

! \

- If the 1/10-ohm generator is operating into. a .matched tube,

1 the inductance of the tube is in series with a l/5—ohm_resistance,
y and this leads to a very stringent requirement on the inductance

s of the tube if the risetime of the current is not to be excessively
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i “ " Figure 23 Half-sectional view of the low-voltage tube.
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long. The in&uctance of the initial tube design is just over 3'nH,
which corresponds to an e-folding risetime of 15 nsec. It is
believed that careful design could reduce this iﬁductance.td
betweén 1 and 2 nH while keeping the same tube size. However, the
rate of current rise is clearly limited by the tube inductance

and not by the risetime of the switching. The tube used on the

low-voltage line is shown in Figure 23 in cross section.

If the risetime of the generator as defined by the switches is
- very much less than the risetime of the tube circuit, then the in-.
ductance of the tube will iniﬁially appear as an open circuit to
the generator, which will deliver twice its matched voltage. The
initial ihductive-voltage transient appears on the tube and, though
brief, may. cause the insulator to flash over since the breakdown'
strength of the insulator in this mode is not very time dependent.
The tube insulator must then be made longer, which increases the

inducténce of the tube and, in general, increases both the amplitude

and the duration of the inductive-~voltage transient. This solution

is therefore self~-defeating to some extent. The conclusion to be
drawn is that when the output-current risetime is limited by the
inductance of the tube, that inductance is very critical. Much
effort should be devoted to reducing it as far as possible. _
Also, a fast risetime from the generator, which is of very little
benefit because it is no£ transmitted to the cathode, should be
avoided in order not to overstress the tube. In fact, the gener-
ator should have a risetime not véry much less than that of the
tube itself. For example, if the risetimes of the generator and.
of a matching tube are both equal ta T, then the time history of

the cathode voltage is described by

1 - exp (— %) - Tt exp (* %)
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To find the voltage on the tube envelope, one adds the cathode

voltage to the inductive drop 2t exp (- %-, obtaining
: t t
. - - =} + - =
-1 exp ( T) t exp ( T)

which gives a maximum of only 1.14 at t = 2 T, and therefore the
peak tube voltage does not exceed the final cathode voltage by
more than 14 percent.

Comparable contributions to the inductance of the low-voltage
line tube are made by the outer insulator region, the vacuum be-
tween the large anode and cathode plates, and the cathode region,
which is in effect a short stub of coaxial cable. Outside of the
tube insulator a short, hollow, truncated metal cone connects the
anode plate to the positive output side (which is ground) of thé
generator. Pressure loadihg ensures a good dontact, and the
conical shape minimizes the inductance while avoiding flashover of

the residual water-immersed Mylar dielectric.

The inductance. of the region formed by the insulator and the

junction with the generator can be reduced simply by increasing

the diameter of the tube. This increase would, however, slightly

increase the inductance of the vacuum region inside the tube
between the anode and cathode. In the present tube, the spacing
employed here is 1/8 to 1/4 inch. At a voltage of 150 kv, the

_field on the lower surface, which is the cathode, is as high as

500 kV/cm. This wvalue is certainly enough energy density to draw
copious guantities of electrons from a bare metal surface. To
avoid this, the cathode plate is kept covered by.a thin but

continuous film of silicone diffusion-pump o0il. It was shown in

- experiments under the AURORA program that an oiled cathode surface
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emits less than an amperé per sQuare centimeter under a field of a
million volts per centimeter. In fact, the limitation on this field
remains to be established; the inductance of this region and,
therefore, the tube as a whole can probably be again reduced.

There is reason to believe that the silicone oil film will fail
electrically in fields not much higher than a few million volts per
centimeter in the vacuum. However, oﬁher liguids with an adequately
low vapor pressure and a high dielectric constant, which will result
in their being exposed to a field considerably less than. that of the
0il, have been discovered and investigated. The possibility also
ex1sts of using a slightly chilled layer of extremely clean mercury
as the cathode conductor inside the tube. Magnetic isolation
between anode and cathode plate is a final possibility, which was
demonstrated.in coaxial geometry at high voltages (1 to 5 MV) under
the AURORA program, but it has yet to be shown that it is not
subject to instabilities if closely spaced, flat electrodes are

used.

It should be noted that all of these schemes except the last
rely upon having a cathode-conductor surface forming the lower
electrode on the horizontal tube. In our experiments the tube must
be opened, inspected, cleaned, and refurbished with a new anode
after each shot, a_pfocess which necessitates its removai from
the generator tank. After it is reassembled and pumped down on
an adjacent bench (the tube is held together by the vacuum only),
the tube is slowly moved back to its position in the line with
the aid of a hoist and swivel to maintain its horizontal attitude,
preventing silicone o0il from running off the surface or from
forming a bridge between anode and cathode plate, which would

readily flash over when the tube was pulsed.
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The initial tube was designed to accommodate cathodes up to
20 cm in diameter. It was felt that with such a large cathode
very low impedances could be maintained at moderately large
spacings and that this would prov1de a good method for checklng
out the tube at high currents. It was hoped that, in spite of.
the large diameter of the cathode, the beam would pinch to a con-

siderdble extent as in the Model 730 Pulserad.

Provisions were also made for using smaller diameter cathodes
in the s ame anode rlate by having adapter plugs that insert into
the anode plate and reduce the diameter of the hole. This provision

is necessary to maintain the low inductance.
4.2 DIAGNOSTICS

The same generator diagnostics used when the line was dis-
charged into a copper-sulfate resistor were employed during the first
tube tests. These were a pulse-charge monitor, an output-voltage
monitor, and a stainless-steel current—viewing'resistor. Figure 24
shows typical traces from each of these three monitors. Théy are
independently calibrated before insertion in the line. Their cali-
brations are checked against theory and, after installation in the
line, are also checked by firing a series of open- and short-circuit
shots. In addition, a number of diagnostics appropriate to the tube

itself were employed.
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Qutput Current
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Figure 24 Tube in place and 3-mm A-K spacing.
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4.2.1 Faraday Cup. A Faraday cup constructed during a

previous program was used to cross—-check the current-viewing
resistor in terms of total current delivered to the anode. The
Faraday cup is a short 3-1/2-inch-diameter coaxiai with a 0.001-
inch stainless-steel outer conductor separated from a carbon inner
conductor by four turns of 0.0l-inch Mylar.* A new Faraday cup
similar to the old one just described and large énough for use
with the 20-cm-diameter cathode was also fabricated and cross-

checked with the current-viewing resistor.

4,2.2 Pinhole Camera. An X-ray pinhole camera was used to

take radiographs of the various cathodes tested. The camera was _
constructed of 1/8~inch lead sheets with a l-mm pinhole, resulting

in a magnification of 1/3 X.

4.2.3 Photodiode. The photodiode is an ITT with pilot B
scintillation plastic. The low energy of photons produced by

_electron-beam irradiation of high-Z materials requires placing

the scintillator~photodiode detector inside the drift chamber to
avoid attenuation of the photon flux by the drift chamber walls.
But problems are presented because the drift chamber is often
operated at breakdown pressures as predicted by the Paschen curve,
which means that the photodiode'bias usually must be 300 volts,
at which point saturation occurs at comparatively low dose rates.
However ,the photodiode 6utput is used primarily in the beam work
as a measure of the pulse duration. Figure 25 shows typical
photodiode records for'a short pulse (diode flashover midway
during the pulse) and for a normal pulse (diode voltage held for

full pulse duration).

E ' '
Details of this cup are given in "High v/y Experiments," PIFR-106,

DASA 2175 {December 1968) SRD report.
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Figure 25
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4.2.4 Calorimetry. Calorimeter blocks were constructed from

- . a 0.030-inch-thick layer of graphite bonded with thermal-conducting
epoxy to a 0.100-inch-thick copper backing plate to which a thermo-
couplé was attached. Temperature rise of the blocks was monitored

with a Bausch and Lomb chart recorder. The useful range of graphite

calorimeters is limited to low fluence levels, because front surface
dose lévels close to the anode are high enough to remove material

E from the calorimeter block. Qualitétive fluence information at-
high fluence was obtained from damage in aluminum and red cinemoid

foils.
4.3 DIODE EXPERIMENTS

4.3.1 Initial Tests. The insulating properties of the tube

in the absence of current. and magnetic field were verified by
removing the cathode and allowing the tube to present an open

circuit to the Blumlein, which then generated a peak voltage of

up to 200 kV. The current monitor trace, which was synchronized
""" with the tube voltage and photodiode traces by a common oscilloécopé
L trigger, showed that no current flowed in the tube. for the first
two pulses of the Blumlein output traih, but on the third pulse
and subsedquent pulses the tube impedance became.progressively lower.

Inspection of the tube showed that the arcing had occurred between

the parallel anode and cathode conductors at many points over the
large area that they present to each other. The experiment;
however, showed clearly that any current that was observed to
flow with the cathode in place must almost certainly be flowing
between the cathode and the anode at least for the first'pulse or
two. This was important because it was impossible to use the

Paraday cup in all tests.
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' The first tube tests with a diode also incorporated a 20-cm
diameter cathode, comprising a large number of roll pins inserted
individually into holes drilled in a brass block and then machined
to form a planar cathode surface. The advantages of the roll pins
are that they have two electron-emitting edges eéch and, in addi-
tion, can be individially removed and replaced in regions where
cathode wear is greatest. The anode was sufficient to stop the
electron beam almost completely in all cases, i.e., ébout 4-mii-

thick stainless steel or copper.

The cathode was operated with various anode-cathode spacings.
As with previously operated systems, the impedance seemed approxi-
mately to obey the formula of Child's law

: 2
Zz (ohms) = i%EJ%72
r V

where d and r are the cathode radius in centimeters and V is in _
megavolts except that the constant was once more in the region of
80. Diode impedances as low as 0.05 ohm were obtained with anode-
cathode spacings of about 1 mm, and currents up to almost 1.5 MA
were recorded in the diode. This initial series of tests satis-
factorily demonstrated the capability of the machine and of the
low-inductance-tube diode system,

4.3.2 Beam Pinching in the Diode. During the program several

different cathodes were used and these are referred to in the suc-
ceeding sections:

1. An l8-cm~diameter array of roll pins w1th a minimum
spacing of about 2~1/2 mm

2. An 8.3-cm-diameter array of needle tlps spaced about
2 mm apart

3. A 6.2-cm-diameter array of needle tips spaced about
2 mm apart
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4. A'6;2—cm-diameter array of 7000 éloSe—packed needles
- 5. A plasma cathode with a diameter of 6.7 cm

L . Measurements were next made of the current density at the
' anode. Observations of plane-parallel diode behavior in earlier
high~current machines, such as the 730 Pulserad, had shown that

at low values of diode impedance a strong pinch occurred, with a

large fraction of the electrons reaching the anode near the center
of the diode. The pinch is almost certainly a result of the. self-
[ magnetic interaction of the beam. It has been widely sﬁggested

- that such a pinch should be expected to occur whenever the indivi-
dual electron trajectories at the edge of the beam become so

B strongly curved that electrons lose all forward motion to inward

_____ _ radial motion before reaching the anode plane. Attempts at a self-
' consistent calculation of the electron flow that then results have

so far been unsuccessful because of the complicated nature of the
particle trajectories.

An exact criterion for pinching has not been well established.
. One appropriate form can be postulated by assuming that the cathode
is a planar emitting surface; that there is a uniform electric

,; : field (V/d in the nomenclature of the preceding section) between

B the anode and cathode; and that the impedance is given by an ex-
pression of the form

- kd2
é_ o Z1 = ;i_;T7f chms

i where k is an experimentally determined replacement for the usual
| Child's law constant.
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released from rest in a crossed E-H field is'given by L

The distance in the direction of E traveledrby an electron

x = 2mc2 E
2 _ P

e (H2 - E7)

where E and e are in electrostatic units (esu) and H is in electro-
magnetic units (emu). This formula is valid for H = E, which
corresponds to a drift velocity less than c. Substituting for

E and H the values V/d'and 2i/10r = 2v/10 Zr, res?ectively'(which

correspond to the magnetic field near the edge of the cathode),

the criterion for pinching, x < d becomes o _ ' L
_kd_\* 1 1 | |
61lrv kd 2 .
1 - _ _
60rvi/2 -

or assuming k = 60,

1/32 |
d , o -

r? v o . E

a | |
2

rV [ 1 -

In the present case of interest one can simply write | B

d

o~

since if this condition is satisfied with V = 0.1 MV, then
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Electron space charge'may be expected to reduce the field
near the_cathdde and, hence, increase the tendency to pinch over
that predicted in this treatment. In practice, field enhancement
is often found at the edge of the cathode (and also near individual
emitters) and this may have the reverse effect.

Work on the 730 Pulserad had préviously showh that pinching
certainly_occurred_with d/rv =1/2. The algébraic form of fhe
criterion suggests that in the preliminary experiments with the
roll-pin cathode (r =10, Vv 0.1, d = 0.2 to 0.3 ém) strong

pinching should certainly occur, which was not the case, however.

Figures 26 and 27 shbw the target damage of the anode at
different currents. It can be seen that at higher current levels
the beam shows a definite tendency to COnverge towards the  anode
without ever pinching tightly. In particular, Figure 26 shows the
anode damage with a 4-mm anode-cathode spacing with a beam-cufrent
of about 0.5 MA; Figure 27 shows the damage with a spacing of 2 mm
and a current of rather less than 1 MA. Current distributions at
the anode were also observed With'pinhole cameras and faceplate
thermoluminescent dosimeter (TLD) maps. Dose léﬁels of up to 70 R
were detected at 10 cm from a 4-mil copper anode with peak photon
energies of less than 100 kV. Radiation outside the tube and beam
chamber was at a high enough level to require external lead
shielding.

In view of these results it was decided to investigate in the
next set of experiments to determine whether the failure to pinch
was a result of a difference between conditions in the Mylar-line
tube and thosé in other low-impedance machines, such as risetime,
prepulse, or residual gas. A 6.2-cm-diameter, multiple-needle
cathode, identical to those used in the Model 730 Pulserad and the
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Figure 26

Anode damage from a l8-cm-diameter cathode at 4 mm
with a current of 0.5 MA and voltage of 130 kV.
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: Figure 27 Anode damage from a l8-cm-diameter cathode at 2 mm
with a current of 0.8 MA and a voltage of 100 kvV.

73

6550




-iéw—impedance Model 1150 Pulserad (in Which a strong electron-bean
pinching in the diode was observed), was installed with an- adapter
~in the anode plate to reduce the size of the anode aperture from
just over 8 inches to about 3 inches. With this cathode, strong
beam pinching was immediately observed. Figures 28 and 29 show
the center_séction of 4-mil-thick copper anodes ruptured in the
center by“the pinched beam. Damage to each anode can be seen to
increase from the edge of the cathode outline toward the center.
TLDs were again used to map the X-ray dose on the anode for each
shof._ A.tyPical map is shown in Figure 30. The current on this
pulse was about 450 kA. Figure 31 shows an accompanying photo-
diode trace and thé output voltage trace. The photodiode pulse
width confirms that the impedance of the diode is relatlvely

stable during the entlre flrst voltage pulse.

Pinhole radiographs of the anode were also made using the
6.2-cm-diameter, 600—needle cathode. An anode of l1-mil aluminum
was used with the pinhole camera set back 6 inches from the anode.
Thé radiographs confirmed a pinched beam at AK spacings of 1.5 to
3.0 mm {see Figure 32). Radiographs at l-mm AK, however, showed.

a uniform beam with no evidence of a pinch (see Figure 33).

The next cathode tested was the 8.3-cm-diameter needle cathode.
Figures 34 to 36 show the damage to 4-mil copper anodes at
vafiouS'AK gaps. .As with the 6.2-cm~diameter needle cathode, the
8.3-cm-diameter cathode will not produce a pinched beam at an AK
gap of 1 mm, but will at increasing AKX spacings. The AK settings
used for the plasma cathode of 1.75 and 2.0 mm similarly pinched;

a typical radiograph is shown in Figure 37.
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Figure 28 Anode damage from a 6.2-cm-diameter needle cathode
at 2.25 mm with a current of 100 kA and a voltage of
120 kV.
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Figure 29 Anode damage from a 6.2-cm—diameter needle cathode
at 3 mm with a current of 80 kA and a voltage of

130 kv.
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TLDs in this section
were. damaged.

Figure 30 Dose distribution (roentgens) from an anode
TLD map on the low-voltage Mylar line,
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Pinch behavior of the 2-1/2«inch-diameter 7000-needle cathode
followed that of the 6.2-cm needle cathode (Figure 38). It would
not pinch at 1 mm but would at larger AK gaps-~-at least up to 3 mm.
When the pinch did occur it was not well defined or symmetric.
Figure 39 shows a typical pinch. It is somewhat elongated and
there appears to be an additional "hot spot" near the cathode edge.
Hot spots occurred on numerous shots and were not always in the
same location. The close spacing of the needles, made by reducing
the field enhancement at the tips, probably caused emission less

regular and more sensitive to needle position.

The results suggest the possibility that pinching in plane
parallel diodes has a low-impedance limit (perhaps when the
spacing becomes less than 3 to 5 percent of the radius), as well as

a high-impedance limit. The results are not conclusive, however.

Output Voltage
(t0~—2 cm from left)

50 nsec/cm
55 kV/cm

Photodiode
(to—-2 cm from left)

50 nsec/cm

Figure 31 Output voltage and photodiode waveforms from
low-voltage Mylar line.

78

N i

i :
e




[

ety

r

R8607

Figure 32 Radiograph with a 6.2-cm—-diameter needle cathode at
1.5 mm with a current of 300 kA and a voltage of 140 kvV.

Figure 33 Radiograph with a 6.2Z2-cm-diameter needle cathode at
1 mm with a current of 500 kA and a voltage of 110 kV.
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Figure 34 Anode damage from a 8.3-cm—diameter needle cathode
at 1 mm with a current of 900 kA and a voltage of 100 kV.
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Figure 35 Anode damage from a 8,3-cm-diameter needle cathode at
1.5 mm with a current of 340 kA and a voltage of 80 kV.
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'Flgure 36 Anode damage from a 8.3-cm-diameter needle cathode at

2.5 mm with a current of 150 kA and a voltage of 90 kV.

82

[

.L_._m_.._."

| SO

ld |

o

H

i

i

i
ot




Bnntinarnnsd

[P |

R9687

Figure 37 Radiograph from a 6.7-cm—-diameter plasma cathode at
2 mm with a current of 330 kA and a voltage of 150 kV.

Figure 38 Radiograph from the 7600 needle cathode at 2 mm with
a current of 200 kA and a voltage of 140 kV.
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It is possible that they were affected by the geometry of the

0

individual emitters. If these are too widely spaced, for example,

the cathode may not behave as a planar emitter at close spacings,

E-»-..,-.,_

and the electric and magnetic fields near the cathode are enhanced

5 or made nonhomogeneous. Whereas if the emitters are very closely
?g packed, as in the 7000-needle cathode, the lack of field enhance-
] ment may result in irregular or reduced emission.
{57 . . ,
- 4.3.3. Diode Impedanée; Figurés 40 to 42 show the results of
f; an analysis of the diode impedance as a function of cathode geom-
i

etry. The cathodes used were referred to in the preceding sections.

The impedance of a large, circular parallel*plane dicde is
given on the space charge limited model, neglecting positive ion
neutralization, by the formula

2 .
- ] . - 136 4
I | 2 Ji/Z [z ohms
Ef where d is the cathode anode spacing; r the radius, and V is the

i voltage in megavolts. The result applies when V is less than

(3 0.5, since the calculation is nonrelavistic.

In view of the fact that the voltage dependence is weak--at
i@ higher voltages (relativistic) it should tend to disappear--no
attempt was made to verify it. The analysis is designed to show
yg - whether the square dependencies on d and r are valid and what the
o value of the constant appears to be.

. In analyzing a given test, the impedance Z can be calculated
either by the current and voltage measured directly from oscillo-
scope traces or by measuring the gain, G, of the pulser from the

. input and output voltages, and using the calculated generator im-

i pedance Z, and the formula Zl-= (G/2 - G) Ze- The output voltage

G
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Figure 40

Diode impedance versus AK spacing.
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in either case was measured at the end of the output pulse.SO'
that thefinductiﬁe'veltageidrop on the tube was small. The
current calculated by the two methods was compared and averaged.
The data were rejected, howe#er, if an agreement of better than
1.5:1 was not obtained.' In some cases, there was in fact a
disagreement by as much as 2:1, and where this was not attribut—
able to errors in attenuation calculations it is probably a
symptom of phase difference in current and voltage waveforms.

In some cases, the impedance of the diode fell sharply toward the.
end of the pulse.: This effect was especially noticeable at the
higher charging levels, and a preliminary, but inconclusive,
attempt was made to ascertain the factors influencing it.

1/2 plotted on a full logarith-

Figure 40 shows the gquantity ZV
mic scale against the spacing d for the various cathodes. All show
a general slope of about 2, with considerable experimental scatter. -

Each point is the average of several pulses. The experiments were

performed over a long period of time, which together with phase

differences, monitor calibration errors, and the difficulty of
measuring the small anode spacing in a very exact and consistent
manner; probably accounts for the experimental scatter. (As noted
in a previous section, the current monitor was sometimes hard to
read accufately.) Not shown in Figure 40 are some data forrthe
6.2-cm-diameter cethode, giving the impedance to be a factor of as
much as 4 lower than the line drawn. There is no clear reason to
invalidate these data. In other respects the impedance is the same
for both types of 6.2*cm—diameter catheode, and is alsoc the same |

where four parallel magnetically isolated cathodes are used.
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The slope of the lines in Figﬂre 40 appears to average about
1.9, which is probably not significantly less than 2, although a
reduction of slope would be expected from the edge Effects. Beam
spreading and the enhanced field at the edge of the cathode will
inérease the effective diameter to an extent Which-increasés with
spacing. In Figure 41 an attempt has been made to include this
by plotting zvl/2 (r + d). At the same time, the expected de-
pendencé on cathode area has been incorporated, so that all the
points should lie on one line. Though.they do not, no specific
tendency of the line to change position wiﬁh radius--or cathode
type--can be detected. The lines still have a slope of a little
less than 2 and correspond to a range of Child's law constants

from about 60 to 90,

Figure 42 shows the effect of cathode radius. The points

represent averages of the guantity Zl Vl/z/d2
mental sequences in which d itself was allowed to vary. The line

obtained in experi-
drawn has a slope of -2.0.
4,4 MYLAR-STRIPLINE ELECTRON-BEAM PROPAGATION

The development of machines having increasingly high electron-

beam currents and very high v/y, necessitates an investigation into

the applicability of present beam diagnostic and handling techniques.

One reason for this is the presence in such beams of transverse
energy, the kinetic enexrgy of radial electron motion (Referénces 1
and 2). Radial components of velocity result from the gyration

of individual electrons in the large self-magnetic field of the
beam. When a significant fraction of total beam energy lies in
transverse motion} propagation can be seriously degraded'by loss
of electrons in the radial direction. In addition, transﬁefse

energy in the relatively low-energy Mylar line beam increases the
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difficulty of certain existing diagnostic techniques. This dif-

ey
{
ot s

ficulty is a result of the distortion of the deposition profile near
the target front surface that results when a 100-to 200-keV elec-

.
L

tron havihg a large component of transverse velocity strikes that

N

surface at a very oblique angle. For example, this effect would

complicate the interpretation of a depth-dose measurement. This

measurement is usually taken by injecting a représentative par£
’? of the beam into a layered assembly of thin metal foils and then

measuring the temperature rise of each foil. When electron-beam

{@ mean ehergy is low and transverse energy content is high, the
oy beam energy is deposited in the foils in a very short axial dis-
. tancé. Because a small volume of material receives all the
[j energy of the beam, the number of calories per.gram'can ke high
3 enough except at extremely low fluences to destroy the relevant
E% foils before a temperature measurement can be made. Consequéntly,
~ it becomes necessary to test and modify present techniques so as
[E to extend applicability to this new beam region.
-3 Another intrinsic aspect of high-current, low-energy beams
l: is their vulnerability to their self-induced axial electric field,

o E,. The current growth with time, 3I/8t, is large at the beam

}j front, and this induces a strong back-emf Ez (References 1 and 2).

B Depending upon the actual value of dInet/dt in the drift chamber,

{% this "breaking" field E_ could be as high as 100 kV in a few
centimeters. Such a field could make beam generation and propa-

{E ~ gation impossible for a beam whose mean energy is in the 100-keV
range. The beam does not self-stop completely, though it remains

jf to determine what fraction of the energy is lost to the EZ field.

. It is anticipated that the effect of E, will be detrimental to

all ultra-high v/y beams.

=
i
i
f
Lo
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New techniques, reported below, are being tested and devel-
cped to avoid this effect tas well as radial electron loss due to
transverse enerqgy). These techniques are pre-ionization with a

linear-pinch discharge and the use of multiple cathodes.

Results'of beam propagation experiments are presented in the
next subsections. These include multiple cathode beam generation,
Faraday cup measurements, observation of time-integrated beam
cross section, and beam propagation in pre-ionized gas with weak

magnetic field.

4.4.1 Results of Beam Propagation Experiments. Several

techniques for beam propagation were investigated. Each of these

is described in the following paragraphs.

Multiple Cathode Beam Generation. A method to reduce the -

effects of the induced electric field, Ez’ is to use multiple
cathodes. If the number of cathodes.used is n, then the current
flowing from each cathode is roughly* I (t)/n, where I (t) is the
current waveform obtained with just.one cathode. Then for each

of the n electron beams obtained, the current growth rate is

correspondingly reduced by the factor n and so too is the field E_.

In this way less total work on electrens is done by induced axial
electric fields than would be the case if only one cathode were
used. A disadvantage of the multiple cathode technique is the
problem of handling n electron beams. Magnetic'isolation in the
diode must be made possible so that the injection of each beam is
independent of the others and so that the injected beams can be

propagated and possibly recombined as the application requires.

This simple argument does not account for the change in diode in-
ductance which results from changes in anode-cathode geometry, as

when n cathodes are used instead of one. The tube impedance change
results in a new total current, in addition to division among the

cathodes.
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An airay of four magnetically isolated cathodes was used
(Figure 43). The 2.5-inch-diameter, 600-needle cathodes are at-
tached to the cathode plate aﬁd'can be shimmed to vary the anode-
cathode gaps between 0 and 3 mm. Figure 44 shbws the anode insert
piate'with aluminum crossbars to provide magnetic isolation. An
array of four 2-inch-diameter copper guide pipes is shown in
Figure 45. This arrangement allows the option of carrying out
four separate experimental measurements per shot, such as open-
shutter photography, Calorimetry, aﬁd net current measurement and
the use of a witness plate and.scintillator-photodiode detector
for'damage'and bremsstrahlung measurement. The muitiple cathode
expefiments were carried out when the impedance of the line was
0.1 ohm. |

Initial shots with an aluminum witness plate at the anode
showed the magnetic isclation to be insufficient (the four beams
were magnetically attracted in the diodes and hit the witness plate

at the inside edge of the four cathodes). The magnetic isolation

“was increased by installing aluminum sleeves in the anode insert

plate to improve the magnetic shielding. After this modification
the beams were observed to be fairly'well centered with respect to
ecach cathode. (At current levels of 0.8 MA the diagonal distance
between beam centers was observed to be 5 inches, compared to a

5.5-inch diagonal distance between cathode centers -)

Several shots at 75-kV charging voltage were made with no
guide pipes in the drift chamber to determine *he interaction of
the four beams. A red cinemoid witness plate placed 10 cm from
the anode showed an irregular damage spot approkimatély 15 cm in
diameter. One pulse terminated early and resulted in a hbllow,

ring~shaped damage spot 15 cm in outer diameter and 4 cm wide.
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Figure 44 Anode insert plate.
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{, From these shots we concluded that the beams were coalescing early
N in the pulse into a hollow ring, and that this ring gradually‘
P ' collapsed.during the pulse to produce a circular area of damage.
Thé damage'levél over the circular area was not uniform, making
" this beam unsuitable for sample irradiation. The four beams were
L_ ~also injected into the array of 2~inch—diameter guide pipes
(Figure 45). Figure 46 shows results from a typical shot at 700-
micron drift chamber pressure. The photodiode indicates a 90-nsec
duration pulse (FWHM). The peak electron energy was 140 keV at a
peak total current of 0.6 MA. The witness plate (red cinemoid)
shows a hollow damage spot, which also occurred at'pressures of
0.3 and 1.5 torr. This effect was interpreted as'arising from the
large back emf (maximum on the guide pipe axis), which stopped the
beam near the center of the guide pipe. (This back emf is zero

at the guide-pipe walls, which allowed the beam to propagate in

' this hollow mode.) We observed-very little difference in damage

zé to the cinemoid target over the pressure range 0.3 to 1.5 torr.
The maximum net current was observed to decrease with pressure up
to 1.5 torr (200-keVv beams at 200 kA produced.with the Model 730

- Pulserad show -a minimum net current at 0.75 torr) .

- The next series of shots was at 100-kV charging voltage.

1 With the higher durrent generated at this charging Voltage the

]i magnetic isolation described above proved insufficient. The iso-
1at10n was increased by extending the crossbars shown in Flgure 44

]% to within 5/16 inch of the cathode plate, and the problem was

-‘ solved. Preliminary shots showed that the beams produce a more

yé uniform damage crater at the exit of the guide pipe.

[0 The experiments described above demonstrate qualitatively

= that the multiple-cathode technique works and can . be used to

T;% avoid the problems intrinsic to very high current, high v/y beam

TR
I
.
b
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IO 200 kA/cm
50 nsec/cm

6923

Witness Plate

Figure 46

VO 55 kV/cm Photodiode
50 nsec/cm

Open Shutter Photo

Results of a typical pulse
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generation. The potentially disastrous back-emf and the trans-
verse energy arising in the diode with a single cathode to géner-
ate a super-high-current beam can be reduced by forming several
beams instead of one. In this way total beam energy can be in-
jected and propagated in a situation in which the injection of a

single-beam containing this energy would be impossible.

- Faraday Cup Measurements. ' Using a 600-needle, 2%-inch-

diameter convex cathode (24-inch radius of curvature) shots were
made with 1- and 2-inch-diameter guide pipes and two guide cones
into modifications of the Faraday cup reported in Reference 2.
The modifications consisted of successive alterations of the
existing cup, and were necessary to attain proper operation of
the cup with the very-high v/y Mylar stripline beam. All experi-
ments were performed aftex the stripline impedance was changed
from 0.1 to 0.3 ohm. )

It was found that pulsed-dc breakdown of drift-chamber gas
occurred in the gap between the guiéewpipe flange and the graphite
facé, over which it lay, as a result of the considerable potential

of the graphite (= 400 V) during the beam pulse (see Figure 47 .

To Vacuum Pumps ————3P

. R —
Copper Guide Pipe :% 5

M | =)

- 5

________ ' Coax to
T T _E§§§;}Piﬂgi§;_ Oscilloscope
Thin Mylar Membrane \“\\\\ ? rion
Pump-Out Registive
fole Shunt
Retainer Ring

Figure 47 Faraday cup. Dashed lines indicate subsequent modifi-
' cations described in the text. Shaded region is the
graphite collector.
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This breakdown resulted from surface damage caused by the high-
current flashover and from beam repulsion caused by proximity to
the high-current flashover. A breékdown did not occur in applica-
tions involvihg beams from the Pulserad 738 with lower v/y (and
lower transverse energy). It appeared that the high transverse
energy content of the beam from the Mylar stripline made it
possible for electrons to excite or ionize the gas in the gap
menfioned above. The Faraday cup modifications were primafily
almed at eliminating this flashover effect. They began with - an
increase in guide-pipe diameter from 1 to 1% inches and a round-
ing of the edge on the graphite face to eliminate the vulnerable
gap. Although thé physical evidence of flashover éeased to
appear, the waveforms obtained showed no corresponding change and
suggest that the flashover involved plasma currents after beam
termination. The data are presented below. Reproducibility is
demonstrated and interpretations relate directly to the concepts
cf the beam quel-already developed under DASA research. |

Figures 48 and 49 show pairs of Faraday cup waveforms ob-
tained with drift-chamber pressures of 50 and 100 microns in air,
respectively. Details are given in the figures. The waveforms
of each figure were obtained under identical conditions, except
for anode-cathode spacing. Making the anode-cathode spacing
larger increases diode voltage and decreases diode current, or in
other words, decreases v/y. It is épparent from the waveforms in
Figures 48 and 49 that in each case, the beam with higher v/y
shows less beam-front loss, but more beam-body loss (generally
lower—amplitude waveform} than the beam with lower v/y. 'The
greater beam-body loss is a consequence of the greater transverse
energy content of the higher v/y beam. This is direct evidence
of the importance of containing transverse energy for efficient
beam propagation. Note that at 1 cm from the anode only a fourth

of the peak diode current is observed.
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Shot 284:

Shot 286:

Both Shots:

60T

Beam Current
kiloamperes

Peak Diode Current
Peak Diode Voltage
{Anode~Cathode Gap
Peak Diode Current
Peak Diode Voltage
{Ancde-Cathode Gap =
Beam Propagated 1 cm
1 inch Guide Pipe at

[ I U

7286

~

192.5 kv .
1 md)

220 kA
220 kv

2% mm)

in

50u air-

Time

100

nanoseconds

150

Figure 48 Faraday cup records of shots 284 and 28¢6.

Shot 302: Peak Diode Current
Peak Diode Voltage
{Anode~-Cathode Gap
Peak Diode Current

Shot 307:

Peak Diode Voltage

170 kA
195 kv
2 mm)

Hnai

200-ka
189 kv

{Anode—~Cathode Gap

[

Both Shots:

Beam Propagated % cm

13 mm)
in 1%

Guide Pipe at 100 u Air

60 —
/ \a 302
g 307 / \\
53 ~—
Bk /) N
OE / \\\;
g0 / . on iy
i
m /
/
/4
o 1 [ : ;
¢ 50 100 . 150

Time, nanoseconds

Figure 49 Faraday cup records of shots 302 and 307.
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The reason that less beam-front loss is observed for the

higher v/y beams is not yet understood. Beam-front erosion is a

highly complex proéess'involving Ez’ transverse energy containment,

gas¥breakdOWn properties, gas conductivity, and gas photo-ionization

rate, all of which are coupled phenomena in beam.propagation; Data

covering a wider range of beam and drift chamber conditions will

have to be collected to understand the important effects in this

case.

Figure 50 shows reproducibility of ﬁhe waveform obtained at
500-micron drift-chamber preésure. The flat shouidér behind the
beam front is a structure that did_not appear at.any of the other
drift chamber pressures used: 50, 75, 100, 150, and 1000 microns
in air. It suggests that maximum current neutralization occurs
near 500 microns for this beam. If this is the case, azimuthal
magnetic fields would remain relatively low and constant through-
out the pulse. Loss due to transverse energy would degrade the
primary current until it could be contained by the azimuthal
magnetic field,,resulting in a low-amplitude, flat waveform.

Shot 282 in Figure 50 shows that all this happens in less than

1 cm of beam flight. This observation has importance in connection
with present work involving propagation with a linear pinched dis-
charge. It indicates that the entrance into the pinched-~-discharge

apparatus must be positioned guite close to the anode.

Figure 51 shows the Faraday cup waveform of shot 313 with
1000 microneg in air in the drift chamber. The beam front appears
to propagate relatively well in comparison with observations at

other pressures. At 1000 microns, gas breakdown o¢curs rapidly,

but now the gas conductivity is low encugh to allow for significant
net current growth after breakdown {Reference 1, pages 10 through 11) .

Compared with the situation at 500 microns, the azimuthal magnetic

field is high and the primary beam is better contained.
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. ) ‘Shot 316: Beam Propagated 7 cm in Guide Cone
) Having 6.4 cm Diameter Entrance,

' 3.5 cm Diameter Exit

Peak Diode Current = 260 kA

Peak Diode Voltage 208 kV

LYoy . Shot 2B82: Beam Propagated 1 om in 1 inch Guide
Pipe

Peak Diode Current
Peak Diode Voltage

i

200 kA
181 kv

1]

kilocamperes

0 50 100 ’ 150

Time, nancoseconds

Beam Current,

- : Figure 50 Faraday cup record at 500 microns.

Peak Diode Current. = 260 kA
Peak Diode Voltage = 213 kV
Beam Propagated 2% cm in
1%-inch Guide Pipe, 1000p air

30

[

|
kiloamperes

—
S\
i

Beam Current,

=)

1 | i
0 50 100 . B 150

Time, nanoseconds

Figure 51 ' Faraday cup record of shot 313.
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The data discussed up to this point implyv that current

L

neutralization increases up to about 500 microns and then de- .
creases out to 1000 microné_or more. This pattern and the physics -
responsible agree qualitatiVely with the results of investigations Lﬁ
on the model 738 Pulserad beam (Reference 3, pages 65 through 68). -
Ul

Figure 52 shows four waveforms obtained at 1, 2, 6, and 10 cm
from the anode. Time delays have been subtracted in phasing the

[ ]

waveforms. Althbugh the drift chamber pressures and other para-

meters were not the same for all four shoté, the degrading effects

[
L

of pulse dispersion and beam-front erosion with distance are
evident. It is apparent from the waveforms that transport is

__,_h.
1§ :
| i
b

better at 150 microns in air than at 100 or 75-microns. Also,
the effect of the large-diameter entrance of the guide coéne used
on shot 288'13 seen when that shot is compared with shot 287: a Lé
higher peak current is measured with the cone after 10 cm of pro-

pagation than with the pipe after 6 cm. o T?'

Figure 53 is included here to demonstrate reproducibility. f
The beam propagated only 1/2 cm before entering the Faraday cup.
About 200 kA were injected in each case. Tg

"In another Faraday cup experiment a 1 mm-deep vacuum gap in N
the face of the graphite collector was used (Figure 47). The {g
0.00025~-1inch Mylér membrane is stretched over the raised graphite N
shoulder at the periphery of the face. The beam must traverse the j;-
vacuum gap before reaching the graphite collector. This experi-
mant was motivated by the possibility that the Mylar membrane [ﬁ
placed flat against the graphite (very thin vacuum gap) did not $
ispolate the graphite from.plasma during the pulse, since the mem- .
brane itself could become plasma.' If this were the case, separating ij

the membrane from the graphite with a vacuum gap that is wide enough

T
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Figure 52 Faraday cup evidence of beam front erosion
and pulse duration.
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Shot 302: Peak Diode Current = 150 kA
Peak Diode Voltage 195 kv

Shot . 303: Peak Diode Current = 200 kA
Peak Diode Voltage = 217 kV

' Both Shots: Beam Propagated % cm in 1% in.
) Guide Pipe, 100 p Air

60

5] //’ \\
303
%. i/ 302 N\
E / N\
9 /i -\\__
° ~
_ 30+ / N
& /
o
: /4
[&]
g oo , i -
0 50 100 " 150

Time, hancseconds

Figure 53 Example of beam reproduéibility.

to successfully isolate the graphite, but not so wide that the
beam must travel too far in vacuum, would have a considerable
effect. Figure 54, however, shows that the effect of a l-mm
vacuum gap is to reduce the amplitude, but not change the wave-
form of the measured primary beam current. Further work would be
needed ﬁo make.the explanation of this effect more definite; how-
ever the obvious interpretation based on the present data

(Figure 54) is that longitudinal electric fields induced in the

vacuum gap are responsible for the reduced current.
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‘ Peak Diode Current = 240 kA
Peak Diode Voltage 185 kv

Both Shots: Beam Propagated % cm in 100 ¥ Air,
1% in. Guide Pipe

P

I

@ 60 ‘ : —— 302
[ ¢ 7N\
3 3 . \
g . ,
Lﬁ pa
[ )
: ~ 30
43
B
- o
] ht
H =
g o
i a o ) ! ]
W] : 0 _ 50 : 100 150
: ' Time, nanoseconds
Figure 54 Vacuum gap effect on Faraday cup.
Beam Propagation in a Pre-ionized Gas. Four shots were fired
3 into a linear discharge apparatus (Figure 55) to test the effect
L . - - .
of injecting the beam into a pre-ionized gas. This preliminary
i work was carried out during a period of highly irregular and
L& unreprdducible machine performance, prior to the modifications

made in early'November. However, the results appear consistent
with the findings of similar experiments performed later on the

model 738 Pulserad {Reference 4).

A capacitor discharge circuit is used to ap?ly a large posi-
{? ) tive voltage to the anode (see Figure 55). The gas in the appara-
; tus is ionized by the electric field, and a linear current dis-
charge flows from the grounded stainless-steel screen cathode to

ey

the high-voltage-anode witness plate. These are 5% inches apart.
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Copper Base Plate

-
' Rogowski Coil

- Lucite Tube ’ : Lucite Plug
Electron C oo
Beam i : ’
Cathode
and —— 1

E wer

Anode Cathode for
Discharge
(Screen)
i ) Voltage
' ’ Anode for
Discharge
Gas
Return Current
Path =
| Switch ATE
5 A { Circuitry \fHigh Voltage Coax

HH

Figure 55 = Linear discharge apparatus and circuitry.

In this experiment the total inductance of the circuit was high
enough to prevént pinching of the discharge current. Using appro-
priate trigger circuitry, the electron beam is injected into the
ionized gas at the desired time. In this case the discharge was
triggered by a signal from a coil wound around the trlgger cable

of the Mylar stripline (not shown in the flgure)
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The gas in the discharge was air at 125-micron pressure, and
the capacitor bank was charged to 10,000. Diagnostics consisted
of observations of.damage to'the high-voltage anode (a 0.003-inch
aluminum disk was replaced for each shot) and a net current trace
obtained with a Rogowski coil (RC time constant = 700 usec) around
the dischérge at its middle. The Tektronix 454 oscilloscéﬁe,used
with the coil was-triggered by the diode voltage,'éome microseconds
after the discharge was fired. A fast sweep was used so-that the

- trace would show the discharge current level at injection, appear-

ing as a flat trace displaced from the baseline as a result of the
fast sweep. Meaningful results were obtained on the first two. of
the four shots fired into the discharge. Machine failure on the

.second two shots prevented data collection. Peak diode voltage

was 110 kV and péak diode current was 0.9 MA for each of the shots.
The electron beam was injected into the undischarged apparatus on
the first‘shot.‘ bPamage to the witness plate consisted of discolor-
ations distributed irregularly about the center, with no physical
surface damage. The gas was pre—ioniied for the second shot, and
the Rogowski coil indicated 4.2-kA discharge current at the time

of injection. Simultaneous monitoring of the Rogowski coil and |
machine pulse—charge-signals showed that invection occurred 2.8
usec éfter the discharge began. Damage to the witness plate con-
sisted of a discoloration near the center and.distinct, roughly |
elliptical areas of surface damage lying against the edge of the
witness plate at the discharge~tube wall, with majer and minor

dimensions of % and % inch, respectively.

The results are interpreted as follows: beam propagation is
pdo; in neutral gas due to the effect of the induced electric
field EZ and due to electron loss in the radial direction, a con-
sequence of the very high v/y, high transverse energy beam. A

small, almost insignificant fraction of the beam energy is delivered
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to the witness plate, whose discoloration is due to the relatively
mild heatlng resulting from the low incident fluence and from the
discharge current itself. (Wltness plate shots performed during
the Strlpllne testing which led to machine modlflcatlons showed
this same effect.)

‘Pre- 1onlzatlon ‘alone would glve free-field propagatlon with
no magnetlc fields to contain transverse energy and would also
result in very poor propagation. However, an azimuthal magnetic
field was present from the discharge current. Such a field, if
'sufficienfly strong, could prevent the radial escape of electrons
with transverse energy and allow their propagation. A general
féct about the typé of linear discharge-appafatus,used here is
ité téndenéy to discharge first along the wall of the tube, due
to surface effects, and subsequently discharge throughout the

volume. Such is felt to be the case here. The discharge initiated

along a particular segment of the Wall, and although current flowed
throughout the volume when the beam was injected, it was always
highest along the initial narrow path at the wall.: The azimuthal
magnetic field was similarly greatest along this fegion, and beam
electrons moving along paths through this region propagated suc-
cessfully to the witness plate, causing the surface damage des-
cribed above. Along other paths in the discharge, the magnetic
field was not sufficient to contain electron transverse motion.
Similar effects were cbserved in subsequent experiments on the
Pulserad 738 (Reference 4).

These results are consistent with the v/vy beam—propagétion
model developed under contract DASA-01-68-C-0096, which predicts
that injection of a high v/y beam into an appropriate linear
pinched discharge will give efficient propagation over consxder—

able distances.
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4.4.2 Conclusions. Beam research findings on the Mylar

- stripline have been interpreted in terms of the high v/y beam

model developed in previous work. This model has indicated poten-
tial problems in handling ultra-high v/y beams and such problems
have, in fact, occurred in our initial attempts to use beams with
values of v/y not greatly in.excess of that studied using the
Pulserad 730. This work haé_served to demonstrate, however; the
utility of multiple~cathode geometries and to indicate that the
use of pre-ionization techniques with trapped magnetic fields will

enable further evolution of beam handling methods.
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SECTION 5

" HIGH-VOLTAGE LINE |
GENERATOR DEVELOPMENT AND TESTING

The objeéti#es of the'highévoltage line project were to-
charge and switch, at the highest possible voltage; é Blumlein
module designed to operate at electric-field energy-density
leﬁels of 1.5 Mv/cm. The charging system ﬁsed'a separate oil-
‘immersed Mérx generator.' Following this, a double Blumlein |
L module was to be used to test a double~sided X-ray tube in which
..... , two opposing electron beams would be'brought_to'rest in an anodé

much thinner than the électron range.

Before construction of the high—voltagé line, a small-
scale experiment was conducted to check the performance of the
high-voltage leads and the interface through which the charging
voltage was introduced from air to the water in the Mylar-line
tank. A pulse transformer was used to charge two copper plates,
1 foot square, separéted by 200 mils of Mylar to 750 kV. An
inductor was used to slow the risetime of the pulse to 1.5 usec,
which is approximately what was anticipated for the line tests
which were to follow. The copper-sulfate solution resistivity
was adjusted to 7.5 kf/cm, which sufficiently graded the fields
i at the edge to prevent breakdown and tracking. The technique
which proved accepfable.for introducing the high-voltage leads
consisted of using a large piece of Lucite to exclude the water

from the region'of the point of entry. To this was attached an

0il-filled Lucite pipe which provided extra insulation to the

inner polyethylene cable when this approached within the last
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few feet of the generatof. The-same experimental system was also
used to check the breakdown strength of some of the stabbed

polyethylene switches used in later experiments.

At the conclusion of these tests, work began on the full-
scale system. The Marx—-charging system consisted of five stages,
each composed of three 0.4~ﬁF, 125-kV capacitors. A standard PI
spark~gap column was used. The first two spark gaps were trig-
gered by needle electrodes, which were pulsed with the aid of a
mechanically switched cable. The Marx generator occupied a small
portion of an 0il-filled tank 20 feet long, 8 feet wide, and 7
feet high. The low-voltage end of the Marx generator was not
grounded except by the connection to the Mylar line itself.
However, it did not excurse far from ground. The low- and high-
voltage lead terminals of the Marx generator were connected to
lengths of Strippéd cable with an inner diameter of about 3/4
inch. These were broﬁght together well beneath the surface of
the o0il and emerged together from the oil to travél a distance
of about 12 feet to the Mylar-line tank. Each cable is capable
of withstanding a voltage of about 500 kV to its sheath, and |
therefore the insulation between the two halves of the cable pair
is adegquate for a total of 1 MV. The proximity of the cables to
each other, for éxample where they emerged from the 0il surface,
produces a field configuration resembling that of a single cable
except at half the voltage, thus reducing the tendency to spark
to ground. This method is the most convenient way of transferring
such a charging voltage from a single Marx generator to a number
of separated Mylat modules which might, for example, .surround a

large X-ray tube.
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- In the first series ef experiments, a single-sided Blumlein
was assembled in a copper-sulfate solution using. the same.wetting
technique which had been established on the low-voltage line to.
avoid air bubbles. This line was then charged to high woltage
but not switched. Instead, the energy was diverted with the aid
of a point-point dump switch using the copper-sulfate solutien as
a sw1tch1ng medium. These tests went smoothly, except for one
track which was observed at 550 kV. This track wes from the high-

voltage copper sheet to ground and may have been due to an un-

- noticed 1mperfect10n. Because of the energy dlSSlpated it was

not possible to identify this afterwards. Measurements were

taken of the resistivity of the copper—sulfate-solutlon. It was
found to be 12 kQ-cm rather than-the intended 8 kQ-cm, a difference
that should not have been crucial, however. The resistivity was
adjusted, and the tracked portion was removed. The line was then

tested to 750 kV withoﬁt further damage.

The monitoring technlque used in these tests was that of the
capac1t1ve divider--a simple copper sheet placed between appropri-
ate Mylar sheets within the line-~in combination with a resistive
divider whose 1mpedance was high enough that the associated RC
decay time was much greater than the microsecond charging time of
interest. The resistive divider could be encapsulated in epoxy
resin and submerged under the water or could remain just outside

the water, in which case encapsulation was unnecessary.

The line had been charged and dumped a number of times at
750 kV, whichrcorresponds to an electric field of 1.5 MV/cm in the
Mylar. The objective of the next phase of the testing was to
demonstrate switching of the.line. As for the low-voltage line,
the stabbed polyethylene vefsion of the solid dielectric switch
was preferred. It was felt that accurately stabilizing the
potential of the midplane trigger electrode would be more difficult
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at high voltage than at low voltage, and the'thfee-electrode~
field enhancement is probably more prone to self-fire as a result

of incorrect trigger electrode potential.

A three-element Mylar capacitor was provided in the main
generator tank to establish the V/2 trigger potential. We did
not attempt initially to provide a resistive divider outside the
water because it was felt that at véry high voltages it would be
difficult to prevent this divider from flashing over. .Stray
conduction and capacitance in the copper-sulfate solution was
avoided in the case of the high-voltage line by making the three-
element capacity of larger area and taking great care_td exclude
the water from the various V/2 connections at the capacity divider
and the switch trigger electrodes. When this was done, the voltage
division was checked at high voltages and did indeed produée a
waveform very similar to the pulse charge'voltage_and half as
large in amplitude. However, great care was necessary to main-
tain this situation. For example, at one point, the line was '

- observed to switch after the peak of the pulse charge. Reexamina-
tion of the V/2 waveform showed that it had shifted phase and

was peaking later than the voltage on the Blumlein itself. It

was decided to test a voltage divider similar to that used on the
low voltage line consisting of long copper~-sulfate resistors in
air, which proved satisfactory. The alternative solution is to
have an oil-immersed voltage divider. This may either occupy a
emall Lucite oil tank, partly submerged in the copper—sulfate

sclution in the main generator tank or may perhaps be installed
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in the Marx tank. The latter_is preferable to avoid the possi~
bility of oil spillage in the Mylar line tank itself. The inductive
voltage drop on the charging leads between the Marx tank and the
e line tank.probably will not effect an unacceptable distortion in

the V/2 waveform. '

We began sw1tch1ng experiments 1nto a CuSO4 load u81ng 60-mil
polyethylene master switches and line switches consisting of two
such polyethylene sheets in series. The master switch was posi-
tioned on top of the Blumlein only a few feet from the switch end.
The connections between master switch and trigger electrodes were
made with stripped cable inner conductor, which formed a well—

L defined, wire- over-plane transmission line of over 1l00-ochm
impedance. Two of these trigger lines were used;.they fed two
switch locations which were only 1 foot apart at the end of the.

line.

The line was only 2 feet wide and would generally not reguire
{ two switches to attain an adequate risetime. However, it was
intended to show that, if required,'really fast risetimes could be
. generated for very short square pulses. Figure 56 does indeed

L demonstrate such a capability. As it happened, tracking ahd

- switch-site damege ﬁecessitated cutting away portions at both ends
? of the Blumlein until a point was reached at which the line
produced a pulse only 15 nsec long. In spite of the prox1m1ty of
the switches, both fired in a multichannel fashion except on rare

,___...H_.,

occasions, though one switch frequently carried more current than

[ the other.
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0.5 usec/cm
140 kV/cm

a. Pulse Charge

10 nsec/cm
200 kV/cm

b. Output Voltage

Figure 56 Typical high~voltage line output waveforms.

When the voltage limit of the double-layer 60-mil polyethylene-
line switches was reached, the number of sheets in each switch was
doubled, including the master switch. Each sheet was still stabbed,
as shown in Figure 57. The voltage was then raised further. At 350
kv, a track occurred around one of the line switches causing. severe
damage to the line at that point (Figure 58). When the line switches
are in position, the 1/4-inch-thick switch assembly fits between the
middle layers of the Mylar that separates the two lines. A steel
electrode passes through a hole cut in these layers to make contact
with the switch. There is a large discontinuity in dielectric con-
stant and resistivity between the polyethylene switch card and the
solution that fills the gap in the divided layers of Mylar. This
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Figure 58 Double-sided line switch destroyed by arc.
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Figure 59 Double~sided high-voltage Mylar line design.
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‘water near the edges of the card.

discontinuity leads to field distortion and a high stress in the

After a breakdown in this'area,
the edges of the cards were crudely tapered in manufacture and the
problem did not recur. The line was then switched at voltages up

to 450 kV without difficulty.

Next, a_doﬁble4sided line was fabricated (Figure 59). ~This
line was intended to test the double-sided tube. Since one of the
questions.relating to the performance of a double-sided diode is
the pulse duration for which it will operate, the line was made
about 20 feet long and has a pulse duration of approximately 70

nsec. The line is 2 feet wide and has an impedance of about

1-1/2 ohm.
thick copper was not immediately available in greéter widths.

This width was chosen because at that time 10-mil-

This impedance, however, is quite satisfactory for testing the

performance of the double-sided diodes.

-Before testing the double-sided diode, it was decided to test
the two-Blumlein module in a series-switched (Marx) configuration.
This test was planned because our experience in opérating the |
first prototype line led us to believe that for a large assembly
of a number of Mylar modules such as might be used to generate '
many megamps in a routinely operating radiation facility, the
pulse charging voltage should not be much higher than about 500
v, Above this voltage occasional tracking in the water will

probably occur unless extreme care is taken. In some applications
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even if the voltage on the X-ray tube is tb be no more than
500 kV it may be desirable to build the lines with a high open- _ li

circuit voltage (for example, 2 MV) and mismatch them low.
Although the energy transfer is slightly reduced from the case i

in which the line is designed approximately to match the tube,
the linear current density is increased, the generator is made -
narrower at the expense of increased thickness, and the number ' i

of tanks and the size of the overall system are reduced. The ' -
2-MV open-circuit voltage is most easily obtained by "Marxing" [w

two Blumleins charged to 500 kV apiece.

The aim was briefly to demonstrate the abiiity of this
configuration to reduce losses from interaction between the (}
line at the switch. Included in the configuration is the '
feature of electrically isolated, synchronized switches, which "
are most desirable to avoid the complication of introducing {

extra dielectric spacing between the Blumleins.

The equivalent circuit for this experiment is shown in
' Figure 60. The.lines are charged through inductances, and the
V/2 trigger cables were of high impedanée compared with the
generator lines. They are also long enough to ensure a degree {?
of transit-time isolation. In fact, in this experiment the
cables triggering the switches led back to a master switch -
situated near the output end of the line. Thig positioning }%
would be'conveniently central in the case of a large number of

modules assembled around an X-ray tube. . };
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Figure 60 Series switching eguivalent circuit for double-sided
Mylar line.

The difference in configuration reguired to "Marx" the two

‘Blumleins rather than operate them in parallel is simply that a

different pair of striplines is required to be switched. Rather

than restack the assembled generator, a dummy switch site was inter-
leaved in one of the lines which would normally be unswitched. Figure
61 shows typical pﬁlse charge and output voltage waveforms at 75 kV
into a matched load. Synchronism is demonstrated by the output pulse

waveform, which is measured by a capacitive divider viewing the total

output voltage.

At the conclusion of this experiment, the line was converted
back to its parallel configuration and experiments were begun using

the double~-sided diode.
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Figure 61 Effect of injecting a high v/y beam into a vacuum.
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Durlng subsequent experiments the line tracked at a 300 kV -
pulse charge at a point where an external connection was made.
Repairs were made but they were unsatisfactory at 300 kV, but
were satisfactory at lower pulse charges, 200 kV or less. The
damage is probably attributable to excessive water exclusion at
the connection. When connections are made to the line, the line
is weighted with 25-pound lead bricks to ensure good electrical
contaét. It is probable that the line was weighted in such a
way that the Mylar extending beyond the edge of the copper was
squeezed together excluding the water and not providing enough
resistive grading. Experience with the latest low-voltage line
suggests that the high-speed transient may have contributed to

failure of the line at such a location.
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SECTION 6
H1GH - VOLTAGE TUBE
6.1 EVALUATION OF TWO-SIDED DIODE

In a single-sided diode, the efficiency with which X-rays are
produced when an electron beam is stopped in the thick target in-
creases as the‘véltage.is raised. . Because the electron range in-
creases with voltage, the target thickness must also be‘increased,
and the yield of low-energy XFrays emerging from the target, per:
joule of electrons dissipated therein, decreases béyond a certain
"voltage. If,instead of étopping'the high—energy electrons in a
thicker target; one stops them in a very thin target by many
successive transifs, the effect of target self-absorption is greatly

reduced and the efficiency of the X-ray production increased.

This process was believed to have been demonstrated on the
Model 730 Pulserad by allowing a high Vv/Y beam to pass through
a thin target into a high vacuum and create (Figure 61), by virtue
of its unneutralized space charge, a potential well to act as a '
virtual cathode and repeatedly return electrons to the diode region.
The measure of space charge associated with a given diode current
might be expected to raise the tube impedance if this is space-
charge limited. Tube voltage traces did in fact indicate an in-
creased average impedance, but the time history during the pulse

was obscured by inductive effects. The most informative diagnostic
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available in these experiments was a scintillator photodiode com-—

bination responding chiefly to X-rays produced at the anode. It
showed an enhanced dose rate--by as much as a factor of ten--for 'im
the first 10 nsec of the pulse, due probably to the increased :-LJ

electron interaction with the foil as well as to the increased

diode impedande which leads to a higher electron energy. Indications !w
were that the impedance returned to normal after about 10 nsec. As
expected, the amplitude of the X-ray "spike" during this time was '{j
increased by decreasing the target thickness, while the dose rate U

for the remainder of the pulse was decreased. : }q

- Beam trapping was probably unstable on the high-vacuum side - -
because ionized anode material was able to neutralize the potential | |
well and remove the virtual cathode in a time of the order of 10
nsec. Subsfitution of a real cathode identical to the first one jf
spaced at the same distance from the anode should avoid this in- )
stability. Both cathodes must be maintained at the same potential (ﬁ
and supplied with current, and, hence, there must be a tube on both
sides of the anode. The stripline generator provides an ideal means -3
to drive each tube: one generator coupled to both sides is possible, 1

but in these experiments a two-sided generator was built. Tﬂ

As in Pulserad 730 experiment, one of the simplest diagnostics
available to study the multiple electron transit was the impedance of {?
the double-diode system, which was expected. to increase because of ~
the extra space charge that the oscillating electrons represent. As P
an example, in Figure 62 the double-sided diode system is shown, in
which the anode potential is Vo and the anode thickness is one-third
of the penetration depth corresponding to this electron energy. The
assumption is made that the electron loses one-third of its component"_j_f

mi;

of energy perpendicular to the target in each transit, which is

-----
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reasonable, since the total loss of energy (dE/dx) increases as
the electron loses energy, but scattering also decreases the
perpendicular energy at first. Based on the foregoing assump-
tion, the electrons turn around when their distances from the
cathode are given by x = 3] and x = Xo s where the potential

v (xl) = 1/3 VO and Vx, = 2/3 VO. From Poisson's egquation in-

2
one dimension,

ax2 1
2 ' 1/2
3"V _ . {2eV <
- ) 12713 ("Er—) X <X =< X,
X
2 1/2
L‘z"-—,zwj(zﬁl’.) , x, <x <4
ax '
V=0
F L rrrr /I/IIII./IIIIIII'IIII‘/I.
Cathodes S f—\—-———VL'%- Vo v o= v
l ' Valli\ \[/ ’i‘ 2 Anode Foil
| ) i
A S 0 0 0 I I A A 0 0 89 Y 0 T A 0 0 A A S
V=0

Jure 62 Electron trajectories in the double-sided diode.
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where j is the current density at the cathode. The boundary I
conditions on V(0), V(x;), V(x,), and V(d) where d is the N

.cathode-anode spacing together with the assumption of space- !y
: | N

Xlx = 0 7 _ -

can be used with the conditions of continuity and differential |

charge limitation

ability at X4 and X, to determine the six arbitrary constants,

3. Xq and X The results are

L . 1sa _ _ 204 ;o 529 kv X

123 223 1350 ma’ 1

-1/2 . . AT ?

where k = (é eV) : : lﬁ _____

’ R

The value of j is 70 percent of the thick target value ' }j
kv f

2 T a? U

This reduction in current is less than might have been expected

because the extra space charge has the effect of increasing the

electric field at the anode to which the electron is then

returned more promptly. In practice one would hope to use much
thinner anodes than the one assumed here to simplify the ' 1
calculation. The increased field at the anode should increase .
the space-charge neutralization by positiﬁe iong. " It might —
also be expected to increase the rate of fall of impedance Jf

during the pulse. o
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The double—51ded tube is shown in Flgures 63 through 66.
Prepulse switches were 1ncorporated in both sides of the tube.
The cathode was initially a needle design and very similar to-
those in use in seVeral PI Puiserad models. Familiarity with
this cathode design aided the study of the impedance as a |
function of target thickness, after thick target shots initially
verified the independent mode of operation of the diodes. The
needle cathodes were then replaced with a hollow cathode de51gn

so that the X radiation- could be studied.

For future experiments, a cathode design is reqdired that
presents little attenuation to the X-rays produced, so that
samples to be irradiated can be placed behind the emitter
surface (perhaps on either side of the anode). It was antici-
pated that a thln, roughened plate of graphlte, alumlnum, or
beryllium would prOVlde such a cathode, since a similar design

had been demonstrated on the 730.
6.2 DOUBLE-SIDED TUBE EXPERIMENTS

The first experiments were performed using the 600-needle
cathodes. Low=% foils were used for the anode since a wide
range of thicknesses was available in aluminum and there was
little possibility of measuring X-ray outpets through the
massive cathode structure. The thickest foil (0;02 inch of
aluminum) was able to stop electrons of energy as high as 500
keV. With this anode it was certain that the diodes were
operating inde?endently, Eight-mil and one-mil of aluminum
?rovided anodes that would allow electrons to pass from one
diode to another, and for the thinnest of all, 1/4-mil aluminized
Mylar was used. Thus the anode thickness varied from about 1

mg/cm2 to 137 mg/cmz.
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Figure 64 Bottom cathode plate with cathode in position.
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Figure 65 One cathode with anode plate in position.
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wWith the thick anode, and the diodes operating independently,
tube behavior was diagnoséd as typical. Most tests were performed
with an anode-cathode spacing of 5 mm so that the tube approxi-
mately matched the line, which was charged to voltages of 150 to
300 kv, Having verified the expected diode behavior, we sub-
stituted thinner anodes. It was anticipated on the basis of the
calculations described in paragraph 6.1 that a'higher impedance
would result when a space charge was-increased'by the multiple
transits through the thin anodes, and that the increased electrié
field at the anode might speed the space charged neutralization by
positive ions, resulting in an increase in the rate of fall of

impedance during the pulse.

The resulté of the experiments with the needle cathodes are
shown in the upper half of Table 1. The penetration.depth fdr the
electrons in the anode material divided by the thickness of the
anode is the approximate number bf times the electroﬁ should tra-
verse the target. The table also lists the average values of the

pulse charge and output voltages. Voltage and current monitors

were used to determine the tube impedance at the end of pﬁlse. The

impedance was in general quite stable. The impedance is described

in the table by the value of the constant k, calculated from the

formuala

where V is the tube voltage‘in megavolts, d is the anode-cathode

spacing, and r is the cathode radius.

As can be seen from the data, there is, in fact, no obvious
dependence of the impedance on the anode thickness. The data are

somewhat scattered, but in general are consistent with the usual
lowered Child's law constant, whatever the number of electron

transients. This unexpected result made it apparent that the
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TABLE 1

EXPERIMENTAL RESULTS FOR NEEDLE AND SCREEN CATHODES

Penetration depth

Anode thickness, mo/cm2 <pulse charge, kV> '<output, kv> <k>
2 Needle Cathode 2.5 mm A-K I _

55 mg/cm?Al 0.91 200 130 89
55 mg/cm Al 0.62 160 115 97
6.9 mg/cm?Al 5.2 165 130 117
: Needle Cathode 5.0 mm A-K

137 mg/cm Al 0.59 280 300 81
55 mg/cm’al 1.6 300 350 115
55 mg/cm2Al 0.62 160 170 60
6.9 mg/cm°Al 12.5 300 250 53
6.9 mg/cm Al 5.6 160 130 55
1 mg/cm>Al- 91 300 360 118

Screen Cathode 5,0 mm A-K

55 mg/cm?Al 0.91 200 230 108
55 mg/cmZAl 0.4 120 160 134
6.9 mg/cmeal 7.1 200 240 125
6.9 mg/cm?Al 3.2 120 150 110
1 mg/cm?Al~ 91 300 360 160
1 mg/cm?Al- 52.5 210 220 100
1 mg/cm Al- 25 130 170 150
21 mg/cm’Ta 2.1 215 220 110
21 ma/cm’Ta 1.3 140 140 70
12 mg/cm2Au 4.5 210 215
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impedance could not be used as a confirmation of the processes
occurring in the diode. It also is inconsistent with a space
charge limited model for the diode. It was clearly unprofitable
to proceed further without attempting to determine if the

primary electrons were being absorbed by the foil or, by some
mechanism, were being returned to the cathode. At the same time,
it was desirable to proceed to a cathode transparéht'to X-rays in

order to study a diode more useful in practice.

The possibility that the anode could be made extremely thin
without restricting the current density by increasing the space
charge suggested that the problem of containing the exploded
anode material, usually severe in high current tﬁbes, could be made
quite trivial. Therefore, a cathode was devised that was thinner
and even more transparent to.X-ray than the roughened, low-Z plate
originally intended for this application. This new cathode design
consisted of a metal screen, which could be backed with just enough
material to protect the sample from the anode vapor. The adapta-
tion of this principle to the existing cathode holder is shown in
Figure 67. The screen covers the aperture usually occupied by the

needle holder, and there is a volume behind the screen suitable

for installing TLDs.

Sample Volume

/
1

E Cathode Holder
i
!

A I

Screen

Figure 67 Screen cathode.
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'f(w) ' The screen cathode was used with as wide a range of atomic
numbers as possible in the material of the anode foil. The foil
= thickness again varied from nearly a full electron penetration

depth down to a:small fraction of that depth in order to permit

multiple electron transits.

L; The impedance observed for the screen cathode was somewhat
higher than that obtained with the needle points, probably because

i;_ the field énhancement of the wires was lower. HoweVer, the resnlt
of the impedance being essentially independent of anode thickness

{f was again obtained. 1In addition, the X-ray inténéity, while‘

- appearing to be unaffected by the anode thickness, was approxi-

- ' mately proportional to the atomic number, consistent with the

L assumptidn that the X-rays originated only from the anode.

Finally, the X-ray intensity was uniform across the anode, indi-

{ déting.that no pinch was occurring. From the measurements made,

it cannot be completely ruled out that a significant fraction of

Im the éotal current flows near or outside the cathode edge.

1@ The results of the preliminary study of the two-sided diode
A are summarized as follows. The current density is approximately
- the same as that for a conventional diode with the same spacing.
It appears that the electrons can indeed be absorbed by an anode
foil very much thinner than their range and that space charged
limitation does not apply. The electron streams do not pinch.
Cathodes transparent to X¥rays can easily be made. By greatly

reducing the thickness and conseguently the X-ray attenuation of

both the anode and the material required to contain the anode

i debris, it should be possible to obtain enhanced doses of low-

energy X-rays, uniform over large areas. A softer X-ray spectrum
. will result from any given accelerating voltage if this technique
!é is employed. This technique is probably most suited to producing

low and intermediate doses over very large areas, with considerable

R
[

gains in efficiency.
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