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As the technology of pulsed power systems expands, new Hmﬂ_; R

‘possibilities are created for the development of mult1-megawatt ﬂL‘QﬁL_z_v_PLS.

are capable of producing single-pulse electron beam currents of

million amperes is a realistic possibility. The electron beam of end
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electron accelerators. Recently developed pulsed power systems

several hundred thousand amperes in the megavolt range, and a

¥

these terrawatt pulsed power systems has been extracted through

- the anode region and is available for direct electron-beam

interaction studies.

_ Current research with the 40, 000-ampere, 4-MeV external .
electron beam of the Physics International Company pulsed power

system has led to a much wider understanding of the high-current-

“density beam and its behavior in vacuum and gases, as well as the

nature of its interactions with d1electr1cs. conductors, and

magnetic fields,

A description of the pulsed power system and many of the

_basic experiments performed with high-current external electron

" beams is presented as a means of disclosing the remarkable

@,ﬂ

capabilities of the most recently developed pulsed power systems |

-and the'ir potential for industrial research applications.
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II. “THE PULSED POWER GENERATOR

 The basic components of the Physics International Company high-
voltage, high-current generator used in the external electron-beam

experiments are shown in Figure I,

| - Reflex Blumiein
DC _ ein _
Charge - Surge Transmission Load
C Generator Line

Switch ~  Switch
_ FIGURE 1. BLOCK DIAGRAM OF PULSED POWER SYSTEM

The general design philosophy followed minimizes the dc-charge
levels and emphasizes the use of pulse-charge for the higher voltage levels.
The major. reason behind this philosophy is the desire to eliminate special

corona and breakdown problems of high-voltage dc systems. The pulse

- charge system has resulted in a modular unit construction capable of

being expanded as thé_ need and technology advance.

The features of the particular high-voltage pulsed power system
1nd1cated in Figure 1 include a standard constant-current, high-voltage
charging supply, a modular unit reflex surge generator similar to the

convéntional Marx surge voltage generator as the first-stage voltage

_ multipliéation system, and a resonance—cha.rged coaxial Blumlein line
- serving as a high-voltage, low-impedance, pulse-forming, fixed-pulse-
length, practical transmission line. The entire system is protected

. against corona discharge and voltage breakdown by the use of an oil

dielectric cover1ng all components except the load. Since the pulse

~duration -of an electrical line, such as the coaxial Blumlein line, is given
- by two _tlmes the length of the line divided by the velocity of light in the

dieiéclt'ric medium of the line, the oil extends the pulse duration of a
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given physmal length line over 1ts vacuum value by a factor equal to the.

*. square root of the dlelectrm constant of the medium.

‘The operat'ional features and characteristics of the high-voltage unit

can best be described in terms of the folloW1ng brief description of the

_operatwnal cycle The dc-charge unit, normally a standard 150-kV

constant-current system, supplies voltage to the reflex surge generator.

' The design of the reflex surge generator involves parallel dc charge to a

desired voltage V, of N modular capacitor units through resistive or

inductive isolation circuits, Upon application of a suitable trigger, the

capacitor modules of the reflex surge generator switch to a series
configuration providing an output voltage of approximately NV, Figure 2

.shows a typical surge generator and coaxial Blumlein line.

The charge of- the reflex surge generator is transferred to the
coax1a1 Blumleln line through an output switch and a resonance-charging
inductor. The final maximum voltage on the Blumlein line for all_practu:al
cases of small circuit resistance is given by
. 2Cl
€1+ G

The terms C'1 and G, are the surge generator and Blumlein line

Vi NV,

capacitance, respectively. The maximum final Blumlein line voltage is

* thus 2NV, . The high-voltage Blumlein line is command-trigger-switched
into_-the load, delivering 2 NV, to a matched load, and the cycle is completed.

The Blumlein circuit, 'déveloped by the English radar expert Blumlein,
is a practical high-voltage transmission line that permits full line-charging

“voltage to be applied to a matched load following command switching but

cqiﬁpletely isolat_é_s the load during the charging cycle. In essence, itis a
two- s'_-i_:.age voltageé generator that feeds a conventional coaxial line attached
to | 'the' load. The presence of the Blumlein line again permits operation at

&
_tbei—lg@egt pe"S‘s‘rbie/dc charge and surge- generator charge for a given

‘output voltage to a matched load, A 50- stage surge generator starting

: with _an_ln;t_lal charge v_oltage of less than 150 kV can thus produce an
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output voltage of 10 MeV across a matched load. A high-voltage

‘generator of this type produces much higher voltages into appropriately
selected mismatched loads. It is versatile enough so that it can be used

_aé a power source for exploding wires, pulsed light sburces, rapidly

rising 'electromégnetic fields and currents for plasma heating, general

labdra_tory high-voltage test systems, vacuum arc generators, and for

_ producing intense electron beams in vacuum-gap systems by the field-

emission process.

In this latter application, the vacuum-dielectric interface between

' the power sourée_ and the cathode-anode gap has been the subject of

_extensive investigations (Refs. 1,2, 3). As a result of the early investi-

gations, multimegavolt flash X-ray tubes were developed that produced

intense bremsstrahlung radiation at levels of up to 10 R at a meter for

‘pulse durations less than 100 nsec. The typical structures developed and
used by J. C. Martin, Atomic Weapons Research Establishment, are

- shown in Figure 3.

These compact high-stress insulator structures exploit the principle

Jof électrostatic sweeping of the insulator surface and utilize an end window-

type anode structure. 'They can withstand more than five times the field
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FIGURE 3. FLASH X-RAY TUBE
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e o - strength of a right cylindrical insulator for pulsed voitages. The impedancé
- of sﬁch_étructur‘es is generally in the range of 100 ohms. The results of |

" the early investigations have been revie_wed and extended to provide

| reliable, reproducible pulses at levels up to 200; 000 V/cm along the

_ v'acu.um—dielectric interface. The impedé_nce leve.l of the tube structure

haé_been reduced to 25 ochms in these investigations.

‘ Outputs of exis__tirig systemé have reached levels of 100, 000 amperes
| ] . ath MeV, and a 400, 000-ampere, 10-MeV systemn is being fabricated.
o 'Electrqn bombardment of the end window anode produces intense

bremsstrahlung pulses (Ref. 4). The characteristic bremsstrahlung

G|

‘radiation produced by electron bombardment of the end window anode is

] : | . shown in Figure 4. -

. ' : _ _Resea_rch at Physics International has led to extraction of the electron
J . - beam through the anode structure of the ;S'ulsed X-ray tube. Investigations.
____ " have been conducted on an analytical and experifnental basis to determtne
] R " the characteristics of the beam and its phenomenological behavior in

-, vacuumn and gases, and the nature of its interactions with dielectrics,

| |  conductors, and external magnetic fields,

i
- J . : . - : ™

= .7 IlI. ELECTRON BEAM PHENOMENOLOGY

o A,' Space Charge Effects in Vacuum

§ 1IN S 1, Beanﬁ. Spreading Due to Space Charge
bl

('_, : N s After the electron beam has passed through the foil anode into a
- region that is free of external fields (drift space), one is mainly 1nterested
in the spreading and loss of energy that occurs due to the self-field of the

~beam, Studies of the behavior of relativistic electron beams in vacuum

: ._regi_gﬁs have been conducted by many authors (Refs. 5,6,7). " The following
treatment is essentially that of Lawson (Ref. 7). The ass’um?tions are:

.. (.1) steady state, (2) no longitudinal electrical field, {3) forces due to

~ electric and magnetic fields are radial (i. e. the results are valid only
for .small angles of divergences), (4:) beam 1n1t1a11y parallel, (5) uniform

current density throughout the beam,
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For an electron beam in a reglon of hard vacuumﬁ _the radial electnc
N 4;;,« 3
flelci"and the" a,z1rnutha1 rnagnetlc fields are g!a Jen (in-Gawssian U.nlts) by -
 2Ner
2

o

E =
. T

= electron velocity

where E = radial electric field th
: B azimuthal magnetic field -
N = number of electrons /— “Z = axial distance in the drift region
: per unit length e ¢ = velocity of light
‘e = electronic charge , o = bea.{n radlqs‘ '
B = v/c S - . r = radius at which E and B
e ' are obser.ved (r 2 1)

S

electrlc field of the space charge and an 1nwa.rd force due to the-

The electrons in the beam experlenCe an outward: force due to the
rnagnetlc fleld : '
| Free Coved /7\‘?'/4//’{(’57(—% 2 A7 (,L

The-force en—-anwele.ctn:onua«tﬁthewed.ge; —the—bea.mA(,r__-.'-.,ﬁrO;\.is :

(1}

(3 ’E}gé,dlfferentlal equ.a,tmn of the motion for an electron at the edge of

o the beamfg,,z,,gg &Paﬁ%/ e AL T ff} ,L)::;f\_ ‘,\.:'d.i ’leMJ ;A' TERME
' : : 2
R . d'r _ ZNe
S __ dt . r
+. Ywhere mg ='_e1ectr01'1 lr;ezst mass '
RIS M : - _
/;f})—]/ - y.= (1-8%) _
S t = time o
T} 2 2
Making the substitutions -d—2£ _ i_- Bz 4::2 51—52 and Vv = .Ne >
S A - dz " mge
. . o R dzr oy )
] One :gets - ) - . T e > = -—--2— (l - B ) (=

az By

-2 D]/é?wfj{;/bi“é’g
£ Ple quantity K W&mmﬁm}ﬁﬁeﬁstam that is a generalization

'of_the conc.ept of perveance ..appl;ca.ble to realtivistic electron beams.

I
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ential equation is;

plotted in Flgu,re 5 :
B ¥ o;-j

_r/ro

0.4 0.8 1.2 L6
(K/z)”? zZ/z,

'FIGURE 5.. UNNEUTRALIZED ELECTRON BEAM (Inltla,lly Parallel)
b ' r = beam radlus, Z = axial dlstance, T = 1n1t1a1 radms {z =0)

' 2 Long1tudmal Electrlc Flelds Due to Space Cha.rge

QLYY |
The prevrous %Pea-tmeﬂt- neglected the effects of long1tud1nal electric

.flelds due to space charge An exact solu.tlon of this problem would be quite

cornplex, but a useful appr0x1mat10n ca,n be made for the conditions of steady

' -_'state, no rad1a1 spread of the beam, beam in a cylmdncal conducting drift
: chamber--—surface of the chamber an equlpotentlal and 1ength of the cha.mber

_much greater than the diameter.

Flgure 6 111ustra,tes the arrangement of the beam and the equ1potent1a1

surfa.ces 1nslde the dI‘Ift cha.mber ]Ln the center of the drift chamber the



electrlc field is approxnrnately radial (Z, > rz), and one may use Gauss's

law to obtam the electric field (mks units).

V_-‘:O.- 1
=

2269

FIGURE 6. BEAM AND EQUIPOTENTIALS IN DRIFT CHAMBER

2
,E = Zre, Ty < r.= T,
= £X '
E = 5 e 0= 71 = T
o}
where p = charge density r, = ‘chamber radius
T z radial position ¢, = 8.85 x 10-12

g beam radius

If the potential of the drift chamber is taken to be zero, the potential
C. . &R LY -
inside the chamber (af—@*r"’ = 22 ) i85 glven BY (44 2 & [ ACLUL e A

(THE Pape R

- 601 T ’ . . . CoiUioE f—f‘*" o
‘ . O
V = — l:ln —?'-] r, £ r < r . Frsaa
~. - B x 1 2
| (3)
...... 601 r, 1 1 2
VvV = ——lln—t - - - — oS r s v
' ¢ T 2 2 % 1
: STy ry
- . _ N : 2 o
L where 1 = pBc [TT rl] = beam current
Ao

‘I and V are, of course, negative for an electron beam.

| . 1o



As an _exampleA consuﬁler a 40 000- amp, 4- MeV beam in a drift

: ‘tube. The potential on axis (r = 0) at the center of the tube 1s
L ' Vo= -2.86 x 10% volts. From Figure 5, this beam wou.ld travel 20 cm

before expandmg one bcam radlus

[R—

_ The approximations involved in Expressions 2 and 3 are 0bv1ously
l ' ©. not valld for a 40 000-amp, 4- MeV beam (1 e., the reduction in kinetic
' ' energy due to longitudinal electric field would certalnly result in large
t . o radial spreadmgiﬂ gftagggi)can usge these expressions to calculate the

approximate current levels that can be transported in a hard vacuum.

: i T L In order Lo transport the hlgh current-level electron beams available
| -from Physics Internatlonal pulsed power systems, it is necessary to {ill the
: 1 © drift chamber with gas so that the ions created during beam transmlssmn :

- will partially neutralize the effects of the electron space charge.

B. Gas Interactions

! } { - o If the electron beam experlmental chamber is filled with a 1ow—
L pressure gas,; the self- forces-in the beam may be strongly modified. The

high-energy electrons ionize the gas, ‘and the released electrons are then

repélled_by the large radial electric .field_s. The remaining positive ions

‘tend to electrically neutralize the electron beam.

The rapid rise of magnetic field when the ¢lectron beam passes
through the experlmental chamber may induce large back currents that reduce
the magnetic field of the prlmary‘ electron beam.

I the electric field is reduced by the factor fo and the magnetic

' field by the factor f,, (Beuation (I bocomes 4 e ov cane b m.,?l, ld svie

E = ' ' o e ymeds RTUTE S

o G ﬁ"i , F _ ZNB’Z"" 1 . f '/__,nzq.----‘, . A “f l%ﬁ:aﬁaﬂg

e = e = L= 871 - £ o (4) el
'// ro_ #— /’ (= o //x;

. For a wide range of gas pressures Lo is nearly unity, and the force

expérién_ced by h’igh-”energy electrons is due primarily to the magnetic effect




and becomes negative, or directed toward the beam axis. This is the

condition for a self-pinch of the beam.

At air pressures from _0-.0'1 Torr to 1 Torr, the beam is ob_servéd -
to be pinched, as is indicated in Figure 7h. Figures 7b, Tc, and 7d are
examples of 'self-photographs of the recombination light irom ions left in

the wake of the electron beam.

As the air pressure rises above 1 Torr, the induced conductivi’t;}
of the air increases, beam-induced back currents become large, and the
factor f approaches unity. In this case the beam is both electrically and
magnetically neutralized, aﬁd beam self-forces a-ré-gre'a;tly reduced. The
beam drifts through the experlmental chamber expandmg with its own mltlal
angle of divergence, as 111ustrated in Figure 7c. If the air pressure is
raised further, the back currents decrease, and the beam aga.in .i)inches,

Figure 7d.

C. Image Forces

The existence of large bea;ﬁn self-;forces suggests the poséi’bility of :
large forces resulting from image charges and image currents in metallic
surfaces. The electric charge in the beam inddices opposite image charges
in a metallic surface, ‘while the timé—véryin‘g‘magnetic fields of the beam
induce eddy currents in a metallic surface that are equivalent to a single,
oppositely directed imége current. This is ‘i_llug,_trated in Figure 8.

Beam Charges —/ : T e———

7 7 7 7 /‘ VAT 7 / 77 77 . _Mgta.llic Surface

ittt ++++++++++Im‘=1ge Gurrent
- Image Charges . _ 4_—

 FIGURE 8. 'IMAGE CHARGES AND CURRENTS
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FIGURE 7.

Beam Direction

(a)

Pressure = 0

F is large and positive

(b)

Pressure = 0.1 Torr

f =1
e

f small
m

F is large and negative

(c)

Pressure = 5 Torr

F is small

(d)
Pressure = 20 Torr
£ oal
e

f <1
m

F is negative

SELF-PHOTOGRAPHS OF THE ELECTRON BEAM

AT VARIOUS AIR PRESSURES
13
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The force between charge and imagé i;harge is attractive, and the
force between current and ifnage current is repulsive. If electric
neutralization is nearly complete (fg ~ 1 in Eq. 4), the repulsive force
predominates. Figure 9 is a self-photograph of an actual 40,000-amp,
4-MeV electron beam that has been fired into a metallic channel. The beam
reflects from surface to surface in the channel much as light would reflect
in a light guide. In this case the channel was too sharply curved to allow

the electron beam to completely follow it.

FIGURE 9. SELF-PHOTOGRAPH OF THE ELECTRON BEAM
IN AMETALLIC CHANNEL

D. Magnetic Field Interactions

The electron beam can and has been bent by a magnetic field

{~2000 gauss) even when fully pinched. The internal self-forces of the

beam make impossible the measurement of momentum distribution ina
moderate magnetic field for the total beam. A portion of the beam
sufficiently small to nearly eliminate the self-forces can, however, be

magnetically analyzed in the usual way.

E. Beam Divergence and Angular Deviation

In twenty consecutive test shots ata pressure of 2.0 Torr the rms
angular deviation of the eléctron beam from the experimental chamber

axis was 3deg with a half angle of 0.1 radian.

14
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In 4 recent series of 40 test shots, the intensity per unit area was '
varied from 10cal/cm? to 120 cal/cm?2 by changing the target-to-anode
dlstance for each test. The predicted and measured values of intensity

were in agreement to w1th1n 8 per cent.

AONVERSION TO OTHER RADIATIONS

The electron beam can be converted to X rays by the bremsstrahlung
' process. It is also possible to ?roduce a very-short-duration, high-intensity
neutron pulse by the photo—”neutron process. Beryllium, with a i‘.67—MeV
threshold. 1s the best target material for beam energies below 10MeV.
Uranlum;l‘l;\ the best target material for energies greater than 10 MeV, since

it has a very large photo-neutron production cross section at hlgher energies.
%f"""k 2 1,4—(& WG i) iy v 5 _

. -~ .
R At electron-beam energies above 15MeV, ion beams produced by

g‘ cou_riterstreammg positive ions become possible. At 20 MeV, for example,
‘it is possible to have a proton beam current equal to 15 per cent of the
electron beam current. For these very high pulsed power systems, the

~‘'ion beam current could exceed a hundred thousand amperes.
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