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I. De door Rahman et al. bepaalde bindingsafstand
van een zuurstofatoom op een nikkel oppervlak
in de c(2x2) configuratie, geeft een grote af-
wijking van de bindingsafstand zoals berekend
door Pauling, en behoeft dientengevolge onmid-
delijke experimentele verificatie.

T.S. Rahman, J.E. Black, D.L. Mills, Phys.
Rev. Lett. 46 (1981) 1469.

M.A. van Rove~?'Surface crystallography and
bond-ing", in "The nature of the surface
chemical bond" T.N. Rhodin, G. Ertl, eds.
North-Holland Publ. Comp., Amsterdam (1979),

II. De toepassing van Rutherford verstrooiing onder
kleine hoek van een neutrale deeltjes bundel
aan plasma deeltjes voor het bepalen van ver-
ontreinigingen in een Tokamak plasma, zoals
voorgesteld door Burrel et al., is vooralsnog
onmogelijk.

K.H. Burrel, A.F. Lietzke, M.J. Scha f f er,
IEEE Trans. Plasma Sci. PS£ (1978) 107.

III. De beschrijving van vibratie aanslag in atoom
molecuul botsingen, zoals gegeven door Bauer
et al.,verwaarloost ten onrechte de invloed
van de beweging van het molecuul gedurende de
botsing.

E. Bauer, E.R. Fisher, F.R. Gilmore,
J. Chem. Phys. 51^ (1969) 4173.

A.W. Kleyn, M.M. Hubers, J. Los,
Chem. Phys. Z4_ (1978) 55.



De voorwaarde voor adiabatische invariantie
van het magnetische moment van een deeltje in
een magneetveld, zoals bijv. gegeven door
Schmidt en door Chen, namelijk dat de karakte-
ristieke afstand waarover het magneetveld ver-
andert groter moet zijn dan de Larmor golflengte
van het deeltje in het magneetveld, is in veel
gevallen onnodig scherp.

G. Schmidt, "Physios of high temperature
plasmas". Academie Press, New York (1966).

F.F. Chen, "Introduction to plasma physics",
Plenum Press, Hew York (1974).

V. Het enige voordeel van het RF versnellen van
waterstof ionen tot 300 keV met behulp van
een MEQALAC voor Tokamak plasma verhitting,
boven het direkt instralen van het RF vermo-
gen in het plasma, lijkt de vrije keuze van
de frequentie.

G. Gammel, J. Brodowski, J. Keane, A.
Maschke, E. Meier, R. Móbley, R. Sanders,
IEEE Trans. Nucl. Sci. NS28 (1981) Z482.

VI. Optimalisatie van het extractie systeem van
het experiment DENISE (DEnse Negative Ion
beam Surface Experiment) met behulp van de
baanberekening van de waterstof ionen in het
lens systeem is, zonder bijkomende experimen-
tele gegevens, onmogelijk.

H.J. Hopman, P.J. van Bommel, P. Massmann,
E.H.A. Granneman, proc. 2nd Int. Symp. on
Prod» and Neutr. of Neg. Hydrogen Ions
and Beams, Th. Sluyters, ed., Brookhaven
(1980).



VII. Ook in massieve relativistische elektronen bun-
dels met stroom boven de vacuum limiet stroom kan
in vacuum de diocotron instabiliteit optreden.

Dit proefschrift, Hoofdstuk V.
R.C. Davidson, "Theory of nonneutral plasmas",
W.A. Benjamin Inc., Reading (1974) Ch. 2.

VIII. Een duidelijk voorbeeld van de "wet van behoud
van ellende" is te vinden in de diagnostiek aan
plasma's.

F.F. Chen, "Electric Probes", in "Plasma dia-
gnostic techniques", R.H. Huddlestone, S.L.
Leonard, eds., Ace. Press, New York (1965)

J.E. Osher, "Particle measurements", in id.

IX. Indien de wetenschappers, die zich bezighouden
met thermonucleair onderzoek, niet beter publiek-
elijk voorlichting geven, zal de invoering van
elektriciteits opwekking op basis van kernver-
smelting dezelfde maatschappelijke tegenstand
ondervinden, als nu de kernsplijting .ondervindt.

J.Reece, "An assessment of magnetic fusion
research", AIAA Int. Meet, and Techn. Dis-
play, Baltimore (1980).

X. Het beleid en de financiering van muziekscholen
behoort te worden ondergebracht bij het ministe-
rie van Onderwijs en Wetenschappen,in plaats van
bij het ministerie van Cultuur, Recreatie en Maat-
schappelijk Werk, zoals nu het geval is.

XI. Hoewel wij tegenwoordig terecht de gevaren voor
de lichamelijke gezondheid, te weten milieu-
vervuiling door chemisch en radioaktief afval,
erkennen, sluiten wij de oren voor de gevaren
van de acoustische milieuvervuiling veroorzaakt
door acoustisch behang of muzak.
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Hiitet nun ihr der Wissenschaft Licht
Nutzt es und miszbraucht es nicht.
Dasz es nicht, ein Feuerfall
Einst verzehre noch uns all.

Bertolt Br echt, "Leben des Galilei"

aan mijn ouders

aan Marianne
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VOORWOORD

In 1974 kwam ik als student op het FOM Instituut voor

Atoom en Molecuul fysica, geheel onbekend met experimentele

natuurkunde. Bij een eerder bezoek aan het instituut had de

plasma fysica een onuitwisbare indruk op mij gemaakt. Daarom

wilde ik mijn experimenteel werk uitvoeren in de TNIII groep.

Door Prof.Dr. J. Kistemaker, directeur van het instituut, en

Dr. H.J. Hopman, groepsleider van TNIII, werd ik ingedeeld bij

het ionenbundel experiment. Daar werd ik opgevangen door Peter

Massmann, de promovendus aan het experiment. Van hem heb ik ge-

leerd wat experimentele natuurkunde is, en, buiten dat, nog

veel meer.

Na het voltooien van het doctoraal werk ben ik overgegaan

naar het relativistische elektronen bundel experiment, waarop

Bart Jurgens zou promoveren. Van Bart heb ik de nodige aanvul-

lingen gekregen op mijn opleiding tot experimenteel natuurkun-

dige. Van alles komt er kijken bij dat experiment, hoogspanning,

korte pulsen, vacuum, vele vormen van diagnostiek, verwerking

van meetgegevens, en computer programma's.

Een proefschrift komt niet tot stand zonder de medewerking

van vele mensen. Professor Kistemaker ben ik erkentelijk voor

de gelegenheid, die hij mij heeft geboden om op "het" FOM

Instituut te werken, en voor de belangstelling waarmee hij, als

promotor, het proefschrift en het werk heeft gevolgd. In Henk

Hopman, groepsleider en co-promotor, bewonder ik de gave om met

een minimum aan experimentele meetgegevens maximale resultaten

te behalen. Tevens dank ik hem voor de impulsen die hij zo nu en

dan heeft gegeven. Prof. Dr. A.G.C. Tenner ben ik dankbaar voor

de bereidheid om als co-referent op te treden, en voor de getoon-

de interesse in het werk.

Alle leden van de werkgroep TNIII hebben min of meer meege-

werkt aan de totstandkoming van het proefschrift, waarvoor ik

hen wil bedanken. De discussies met hen allen zijn van veel

waarde geweest. Met name Ernst Granneman zit altijd vol goede en

positieve adviezen. Guido Janssen heeft de laatste drie jaar

hard meegewerkt aan het zeer moeilijke experiment. Pieter Jan

van Bommel heeft mij geholpen met het baanberekenings programma

van Hoofdstuk V.

Bij TNIII is er altijd wel één buitenlandse gastmedewerker
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VIE

aanwezig. Van de vele gasten wil ik er een paar afzonderlijk

bedanken. Dr. K. Yamagiwa heeft mij gedurende 1 jaar geholpen,

en ik zal mij die tijd blijven herinneren. Zonder Dr. P.S. Strel-

kov zouden de laatste drie hoofdstukken er niet zo hebben uitge-

zien. Hij heeft namelijk de daarin beschreven en gebruikte, analy-

sator bij ons geïntroduceerd. De theoretische achtergrond bij

Hoofdstuk IV is verklaard door Prof. Dr. R.N. Singh.

De hulp van de technici van TNIII is voor mij altijd onont-

beerlijk geweest. Leon Muijtjens en Henk Timmer hebben, altijd

even goed geluimd, zeer veel technisch werk opgeknapt, van het

maken van kastjes tot het olie bijvullen van rotatiepompen. De

automatisering van het experiment en de dataverwerking waren in

zeer goede handen bij Eric Gerlofsma en later Jan Fokkema. Bij

alle problemen, van welke aard ook, hoogfrequent of hoogspanning,

is Ton Vijftigschild steeds bereid en in staat te helpen.

Ook de servicegroepen van het instituut hebben hun steentje bij-

gedragen aan het experiment en daarmee aan dit proefschrift. Van de

elektronische afdeling, onder leiding van Paul van Deenen, wil ik

speciaal Hans ter Horst noemen. De vierkanaals multiplexers, die

het mogelijk maken om twaalf signalen in één schot te registreren,

zijn door hem gemaakt. De constructieve kant van de zaak was in

zeer goede handen bij Herman Ficke. Alles wat er op en aan het

experiment zit, ligt of uitsteekt, is door hem getekend. Van de

instrumentmakerij, met als kopmannen Ton Neuteboom en Piet Kea,

heeft, geloof ik, iedereen wel iets gemaakt. Niets was te moeilijk

voor hen.

Frans Vitalis stond altijd klaar met adviezen op het gebied van

programmeren, en met alle mogelijke en onmogelijke opmerkingen.

De mensen van de data afdeling, de installerings groep, de vacuum

afdeling, en het magazijn ben ik niet minder erkentelijk voor de

vele bijdragen. Iedereen opnoemen zou hiervan een ledenlijst van

FOM Instituut maken.

Het secretariaat, onder aanvoering van Louise Roos, en de admi-

nistratie in de persoon van Ellen Koestal, hebben alle administra-

tieve rompslomp opgeknapt. Het typewerk, voor proefschrift, arti-

kelen en rapporten, is uitgevoerd door Tine van der Veer, Kitty

Wünsche en Anneke Smit. Tekeningen zijn gemaakt door Hanna Smid, en

afgedrukt door Frans Monterie. Het drukwerk is afgeleverd door

Henk Sodenkamp jr.

Iedereen, die heeft bijgedragen aan het proefschrift, bedankt!
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C H A P T E R I

INTRODUCTION

1. APPLICATIONS OF RELATIVISTIC ELECTRON BEAMS

Because of the many potential applications of Relativistic

Electron Beams (REB's)/ particularly in the field of thermo-

nuclear research, we here present a general discussion of

their properties. Characteristic parameters for present day

REB's are: acceleration voltage ranging from 0.2 MV to 20 MV,

beam current from 1 kA up to 1 MA and pulse duration around

100 ns. The largest available machine is the Aurora device of

Physics International Company with beam energy of 3 MJ

(V~15 MV, 1-1.5 MA, T ~ 120 ns) (Bernstein et al., 1973).

A REB is produced by applying a high voltage pulse from a

Marx type capacitor bank to a cold cathode. The electrons are

extracted from the cathode by field emission and accelerated

toward the anode foil, which the electrons pass with negligi-

ble energy loss. At electric field strength above 2 * 10 V/m

in the diode, a plasma layer is formed at the cathode surface

by explosive heating of whiskers. This plasma moves to the

anode with a velocity of 2 - 3 cm/ys (Parker et al., 1971).

Because the distance between cathode and anode is typically

1 cm the pulse duration is limited to ~ 500 ns, because of

short circuit of the diode by the cathode plasma. The pulse

length of the beam can be enhanced by using a foilless diode

with magnetic insulation (Burtsev et al., 1979).
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One of the applications of an electron beam is the heating

of a long cylindrical plasma column to thermonuclear tempera-

tures kT=5 keV. Using a multiple mirror magnetic field to

confine the plasma column a linear reactor with a length of

300 m seems possible (Jurgens et al., 1980). The REB energy

necessary to ignite the plasma is 100 MJ, which is one order

of magnitude above the present state of art. Because of the

large advances in Tokamak research, however, the work on hea-

ting of a linear plasma column with a REB was never studied

at a larger scale than the study presented in this thesis. Be-

sides, REB's are also considered for usage in Tokamaks both

theoretically (Hammer et al., 1975; Knoepfel et al., 1979)

and experimentally (Mohri et al., 1975; Narihara et al., 1979).

Recently, Thode (1980) has launched the idea of the Anoma-

lous Intense Driver concept, in which a REB (V ~ 5 to 100 MV,

P~ 1 to 30 TW) is used to heat a plasma volume of 5 * 10 m
23 27 —3

with electron density between 10 and 10 m to thermonu-

clear temperature.

The maximum output energy of lasers available for compres-

sion of D - T pellets is around 10 kJ, two orders of magnitude

below the energy available from REB's, while 100 kJ lasers are

under development. Therefore, pellet compression by electron

beams is also considered (Yonas et al., 1973; Rudakov et al.,

1973; Smirnov, 1979; Halbleib et al., 1980). However, because

the stopping power of high energy electrons in low Z material

is low, high Z ablator shells are needed around the D - T

pellet (Clauser, 1975). The ablation of the high Z material

compresses and heats the D-T core.

Also high power short pulse ion beams are considered for

pellet compression (Yonas, 1979; Kuswa et al., 1979; Clauser

1976). The advantage of using an ion beam is the higher ener-

gy deposition rate with respect to an electron beam, whereas

the efficiency of generating ion beams is nearly as high.

High power light ion beams can be made, by employing high

voltage pulses to a diode. The technique is similar to REB's

(Olson, 1975a, 1979; Sternlieb, 1979),

Acceleration of ions can be obtained either by the space

charge fields of the electron beam or by trapping of the ions



in moving waves created by the electron beam. A review of the

different approaches to ion acceleration using REB's is given

by Olson (1979).

High power microwave pulses can be generated by injection

of an electron beam into a linear system with either a rippled

magnetic field or a corrugated vessel wall (Granatstein et al.,

1979; Talmadge et al., 1977; McDermott et al., 1978; Drossart

et al., 1979). Microwave output powers upto 1 GW and energy

conversion efficiency of around 30% are reported (Ivanov et

al., 1979). Also REB injection into a plasma column has been

considered for microwave generation (Grishin, 1979; Krement-

sov et al., 1978). Classical magnetron devices with accelera-

tion voltage around 1 MV are also used (Palevsky and Bekefi,

1979). Didenko et al. (1979) report an output power of 2 GW

with efficiency around 18%.

Another application of electron beams is the formation of

high current electron rings for plasma confinement and stabi-

lization (Sudan, 1973). The azimuthally rotating electron

beam produces magnetic field reversal on axis either directly

(Andrews et al., 1972) or by inducing a plasma current which

remains after passage of the REB (Sethian et al., 1978).

An electron beam can also be applied for excitation in ex-

cimer lasers (Bhaumik et al., 1976; Hoffman et al., 1976;

Oomen et al., 1978). Although the overall efficiency of this

system is still very low, £ 1%, the importance of the method

lies in the availability of high power tunable lasers in the

UV region•

Experimental work on the interaction of an electron beam

with plasma is also of interest for astrophysics. The so-

called type III solar radio bursts, observed in the frequency

range from 20 kHz upto several hundred MHz, are associated

with solar flares. The bursts are excited by electron streams

with energy from 1 to 100 keV, interacting with the coronal

plasma. The electrons are accelerated in the solar flares or

in the active storm regions, and propagate along the magnetic

field lines that penetrate the solar corona (Gurnett and

Frank, 1975; Papadopoulos et al., 1974; Smith et al., 1979).



2. PROPAGATION OF A RELATIVISTIC ELECTRON BEAM

The electron current, that can be extracted from the diode

is the space charge limited current. The potential <J>(z) in a

flat diode gap with spacing d is given by the Poisson equation,

which can be written as

?|«- _j_ (1_ d + U
dz^ e o c me"

with the boundary conditions: 4>(z = d) =VQ, ^ (z = 0) = <J> (z = 0) = 0.

Here, j is the current density, V Q the acceleration voltage,

-e,m the charge and mass of electrons, respectively, c the

vacuum light velocity and e the permittivity of vacuum. The

Poisson equation can only be analytically solved in two limits

In the non-relativistic case, eVQ/mc =y - 1 << 1, where y is

the relativistic factor of the electrons, the solution of

Eq. (1) is then

4ire me , «/= ,..,

j - — | S ^ (Y-l)3/2 (2a)
e 2tr dT y

The factor 4 ir £'omc /e amounts to 17 kA- This is the non-rela-

tivistic Langmuir-Child law. Secondly, in the highly relati-

o
3

2
vistic case, eV /me - 7-1 >> 1 the solution is

4 ir e mc-

j- £ l—y (2b)
e ^

However, in the intermediate region for V Eq. (1) can not be

analytically solved. An approximate interpolation for the space

charge limited current can be found (Bogdankovich and Rukhadze,

1971).

. 4 * e o m c l 2/3 3/2
3 = 5 -i-2 ( Y 2 / 3 - D 3 / 2 (3)

2nd

In the non-relativistic case this expression overestimates

the Langmuir-Child current by a factor /3.

A limit is set on the amount of current of an electron

beam by its own space charge and by its self-magnetic field.

When the beam is injected into an evacuated drift chamber,



the space charge of the beam front decelerates the following

beam electrons. Because of the continuity equation a reduc-

tion in velocity enhances the density, which results in a cloud

of electrons in front of the anode, the so-called virtual

cathode (Olson, 1975a). If the current is large enough the

potential of the virtual cathode can be of the same order of

the acceleration voltage V , thus reflecting a part of the

beam. Because of this space charge effect the electron current

that can be transported is limited. This so-called vacuum li-

miting current can be calculated from the Poisson equation.

It might look surprising that the diode current may exceed

the vacuum limiting current, which are both described by the

Poisson equation, with the same current density. The great

difference is the boundary conditions and the geometry: plane

in the diode, cylindrical in the drift tube.

In case of a solid electron beam the vacuum limiting cur-

rent is given by (Bogdankovich and Rukhadze, 1971)

4TT e me3 , 2/3_ 3/2
T — " ± 1 ± 1
BR ±1 ±1
BR e 1+2 ln(R/rQ)

where R is the wall radius and r the beam radius.

For the case of a thin annular beam a/r << 1, where a is the

thickness of the beam, the limiting current is

4TT e me3
 ( 2/3 _ .3/2

e (a/rQ) + 2 In (R/rQ)
 {*D)

From these expressions it is seen that a large current in

vacuum can be transported with a thin annular beam close to

the conducting wall, a/rQ -* 0, R/rQ •* 1. Large solid beams can

only be transported when the space charge of the beam is com-

pensated by injecting the beam into a plasma. The transporta-

ble current is then enhanced by a factor (1-f )~1, where f

is the partial charge neutralization of the beam, 0 < f < 1

with fe= 1 for a fully compensated beam.

If a beam is injected into plasma, which takes care of

neutralization of the beam charge, then another current limit

arises. Like a current carying wire a beam has an azimuthal



self-magnetic field. The beam electrons are bent to the axis

by this field. In first order approximation all electrons

focus on axis at the same distance from the diode; the beam

pinches. If the current exceeds a limiting current, derived

by Alfvèn (1939)

4 n t' n>c

IA-BY—/--
 (5>

where 3c is the velocity of the beam electrons, then the elec-

trons at the circumference are bent back into the diode by

the self-magnetic field. At the Alfvèn current the energy in

the magnetic field is equal to the kinetic energy of the beam.

One can transport currents greater than the Alfvèn current,

either by applying a stationary magnetic field, exceeding the

beam self-field, or by injecting the beam in a plasma.

The front of the beam represents a large dl/dt, inducing

an electric field, directed against the beam. By this electric

field the plasma electrons are accelerated, and a plasma re-

turn current starts to flow. In this way the net current,

I e+-
= Ib + ID' a n d therefore the self-magnetic field is redu-

ced. It is even possible, when the beam is injected into a

plasma with suitably chosen conditions, that the net current

is zero. With current diagnostics it can not be observed that

two MA currents are flowing counterwise through the system.

The intensity of the beam is often expressed by a dimen-

sionless parameter, v/Y=Ib/IA* where v is the so-called Bud-

ker parameter. The beam, described in this thesis is charac-

terized by V / Y = 0 . 1 6 . One speaks of an intense beam when

V/Y> 1.0. In the majority of applications, the results are of

interest only for V/Y > 1. In case the physics is studied

the magnitude of v/y is not relevant.

3. STABILITY OF BEAM PROPAGATION

In the absence of a stationary magnetic field, the propa-

gation of a beam, confined in a highly conducting plasma chan-

nel, is subject to the hose- or kink instability. This macros-

copic instability has been investigated experimentally and



theoretically by many authors (Benford, 1973; Lee, 1978;

Lauer et al., 1978; Moses et al-, 1973; Uhm and Lampe, 1980).

The instability is in principle not restricted to a beam,

injected into a plasma, but in vacuum the growth rate of the

instability is small.. The instability is only observed in

self-pinched beams injected into a dense plasma or a gas of

high pressure.

Stable propagation of the beam, both in vacuum and in

plasma, can also be inhibited by the filamentary- or Weibel

instability, driven by the anisotropic velocity distribution

of the beam (Weibel, 1959). The result of the instability is

a splitting of the beam in several current filaments. The

instability is observed in solid beams (Segalov et al., 1980)

and in annular beams (Kapetanakos, 1974) and is supported by

much theoretical work (Lee and Lampe, 1973; Davidson et al.,

1975; Molvig, 1975). The instability can be stabilized either

by the perpendicular temperature of the beam or by a suffi-

ciently large magnetic field. Cary et al. (1981) have obtained

simple criteria for the stabilization of the filamentary in-
2 2 2stability. For £1 > u,g , where Q, = eB/ym is the cyclotron fre-

2 2quency and o)j= n,e /eoYm is the beam plasma frequency, the

instability is always stabilized, regardless of the beam tem-

perature. For our experimental conditions the above mentioned

criterion is fulfilled.

When the electron beam is injected into plasma with a

density less than the beam density the plasma electrons are

expelled from the beam channel by the space charge of the beam.

The plasma ions then partially neutralize the space charge.

In the system of beam electrons and plasma ions a number of

instabilities can occur. A review of these instabilities in

the case of non-relativistic electron beams has been given by

Nezlin (1971). When the beam current is sufficiently above

the vacuum limiting current the relative displacement of beam

electrons and ions can cause local deneutralization of the

space charge, which can lead to disruption of the beam current.

Theoretical investigations of an instability with partially

neutralized relativistic electron beams are reported by Uhm

and Davidson (1980) and Rukhadze and Kistemaker (1981).
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Fig. I - Illustration of the net current for injection of a

Relativistic Electron Beam in gas with three pressure

regimes, a) p^ 1O~ Pa, b) p~ l Pa, c) p^20 Pa.

The dashed line is the injected current, 1̂ » the dot-

ted line is the beam induced plasma current, I ,

and the solid line is the resulting net current,

I 4.= Iu+l„. Tho beam current Iu •- I__.



A disruptive instability has been observed in the present ex-

periment and is described elsewhere (de Haan ut al., 1981;

Yamagiwa et al , 1981).

4. BEAM INTERACTION WITH GAS AND PLASMA

When the electron beam is injected into neutral gas the

beam electrons ionize the gas. Because of the high energy of

the beam electrons the ionization rate is low. However, the

electrons and ions, created by the beam, are accelerated in

the space charge field of the beam to keV's over short dis-

tances. At those keV energies ionization of the gas is very

efficient- This avalanche ionization continues until the space

charge of the beam is neutralized. For the neutralization time

T N in hydrogen gas Olson (1975a) has derived the simple re-

lation

1-33 x iQ"7

T -
T N " p

where p is the H~ pressure in Pa.

For a beam with a pulse length of 100 ns and e-folding

rise time of 10 ns, injected into hydrogen gas, three pressure

regimes can be distinguished, with respect to the beam induced

plasma current- The resulting net current in the three regimes

is illustrated in Fig. 1.

a) p£ 10 Pa. No plasma is created during the beam pulse.

Beam propagation is limited to the vacuum limiting current,

see Fig. la.

b) p ~ 1 Pa. The plasma density during the beam pulse is on

the order of the beam density, partially neutralizing the

space charge. Until there is full space charge compensa-

tion the current is limited to the vacuum limiting current.

Stable propagation of the beam can be hindered by instabi-

lities. In the absence of plasma electrons no return cur-

rent can be induced by the head of the beam. The tail of

the be&Ai induces a plasma current in the direction of the

beam (Fig. lb).
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c) p> 20 Pa. The neutralization time is less than the rise

time of tho beam. The ionization of the neutral gas conti-

nues by collisions between plasma electrons and neutrals.

The beam front induces a return current in the plasma. The

return current decays because of the resistivity of the

plasma. Therefore, only for short beam pulses, shorter than

the decay time of the return current, stable propagation

with I. > I, is possible. An illustration of the net current

is given in Fig. lc. Full current compensation, |X } = |IKI»
P **

is reached when the plasma density is large enough,

ui r-/c > 1, where r. is the beam radius (Hammer and Rostoker,

1970) .

Energy is transferred from the beam to the plasma by two

processes: return current heating and beam-plasma interaction.

The return current dissipates ohmically its energy due to the

resistivity of the plasma. Return current heating has been in-

vestigated theoretically by Lovelace et al. (1971) and Thode

et al. (1975). Energy dissipation of the plasma current is

efficient, if the resistivity of the plasma is enhanced anoma-

lously. To generate a particular return current, the plasma

electrons drift with velocity V D = Jp/ n
D
e = (n^/n )$c If

vn> ce (c«= ((kT+ kT.)/M) , the ion-acoustic velocity, with

M the ion mass) ion-acoustic turbulence can develop, enhancing

the resistivity (Sagdeev, 1979; Kalfsbeek, 1978). The maximum

dissipated energy via the return current is ^L l£ (Thode et

al., 1975), where L is the self inductance of the coaxial

system of plasma and conducting wall. Anomalous dissipation

of the plasma current has been observed by Jurgens et al.

(1977a). Return current heating is important when vD is large

compared to cg, so nb/n must be sufficiently large, and the

heating increases with the square of the beam current.

Energy is also transferred by a direct interaction between

the electron beam and the plasma, the two-stream instability

(see e.g. Briggs, 1964). The frequency of the waves is near

to the electron plasma frequency, <»i , and the phase velocity

is just below the velocity of the beam electrons. Therefore,

there is a strong coupling between the beam electrons and the
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waves. Because in experiments the beam is injected into an

interaction chamber through an anode foil, the beam electrons

suffer scattering in the foil, resulting in a beam angular

distribution. The mean scattering angle determines the charac-

ter of the two-stream instability (Thode, 1976). When the mean

angle 0 is small, such that

the two-stream interaction will be hydrodynamic. The growth

rate of the instability is then given by

r -M /3 (1- 3 2 Y 2 Q2)h "b.1/3 An , '
rHD" up T Y ^ % (7)

where An/n, is a function of y and 8, defining the fraction

of the beam which contributes to the interaction (Thode, 1976)

The amplitude of the waves is saturated by trapping of the

beam electrons in the wave troughs (van Wakeren et al., 1972;

Thode et al., 1975). The saturation level of the wave energy

is given by (Thode, 1976)

WHD = ÏT ^T/2 nb Y m c 2 <8>
H nb (S+ l)b/2 °

1/3 2where S= (nb/2n ) ' y& is the strength parameter and W H D

is the energy density of the waves. Because of the equiparti-

tion of wave energy and particle energy the plasma electrons

will gain energy due to the interaction with the waves (Stix,

1962). By collisions the coherent motion of the plasma elec-

trons is subsequently converted to thermal energy.

However, in the case of a broad angular distribution, if

both of the followinq conditions are fulfilled

the two-stream instability is kinetic in character. Then the

growth rate is given by (Hammer et al., 1975)
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r = ü) "b l ö2 + y"2

where Ae,/e, is the spread in beam energy, typically on the

order of 0.1. The amplitude of the waves is saturated by non-

linear wave coupling effects. When the wave energy has become
2 h

large, W/n kT > (kT /me ) , a secondary instability sets in,

the oscillating two-stream - or modulational instability

(Zakharov, 1972; Papadopoulos, 1975). This process transfers

energy from the high frequency plasma waves to plasma waves

with shorter wavelength (lower phase velocity) and to low fre-

quency ion waves. The plasma waves with a low phase velocity can

be Landau damped, transferring energy to the plasma electrons.

The stationary saturation level for the high frequency wave

amplitude, at which there is equilibrium between the growth

and decay of the high frequency wave is given by (Hammer et

al.f 1975)

wk-8(^)npkTe U 0 )

— 1 —3 —2

In our experimental situation with y~6 , nfa/n ~ 10 * 10

^ =0.3, then Wk < WHD. Both stages of the two-stream in-

stability have been experimentally observed; evidence for the

hydrodynamic stage has been obtained by Sethian et al. (1979)

and Greenspan et al. (i960; and, including beam trapping, by

Jurgens et al. (1977b), while the kinetic stage has been ob-

served in an experiment of Hammer et al. (1978).

5. SOME OTHER REB EXPERIMENTS

Most of the experiments involving injection of a REB into

an interaction chamber are devoted to plasma heating. A survey

of the results of the experiments upto 1976 is given by Thode

(1976). The average of the efficiency of energy transfer is

n*/Lp= (1*2) x xo"
2 m"1 (11)

where n*/Lp = (Wp/Wb) (nb/An) (T^C)"1 , with W the plasma energy
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density, npkT , and Wb the beam kinetic energy density,

n,(Y- l)mc2, and L the plasma length. This number is typical

in the case of electron beams with v/y < 2. The highest effi-

ciency and plasma energy density, obtained by REB heating, have

been reported with a v/y= 10 beam (Prono et al., 1975);

n*/L ~ 1 m"1 and n kT ~ 2 * 10 J m . The energy was trans-

ferred from beam to plasma by return current heating.

Experiment and calculation on the plasma production by a

REB in gas have been done by McArthur et al. (1971). The cal-

culation has been extended and improved by Cary (1980). Full

ionization of the gas can only be reached with a sufficiently
9 -2intense beam (Jb~ 10 A m ) in gas with pressure around 10

torr. Continuation of gas ionization, when charge neutraliza-

tion of the beam is reached, is considered by Hammer et al.

(1979). They conclude that a hot plasma can be produced by

injection of a REB into neutral gas, only when the beam is

strong enough to ionize the gas completely. For a REB with

pulse length 100 ns injected into 0.15 torr H9-gas the current
7 - 2density must greatly exceed 6x10 A m

Experimental results on the transport of a REB through air

have been obtained by Briggs et al. (1977). They observed a

pressure window around 5 torr with stable propagation of the

beam. At lower pressures the beam energy loss is significant

due to the development of the two-stream instability. At high

pressures propagation of the beam was unstable due to the re-

sistive hose instability.

6- SCOPE OF THE WORK

The work described in this thesis is predominantly concer-

ned with the transport properties of a Relativistic Electron

Beam through vacuum and hydrogen gas- The beam is moderately

strong (v/y~0.l6) but the pulse length is quite long,

T b~ 160 ns. Therefore the experiment is suitable for funda-

mental time resolved measurements on the beam properties.

The technical aspects of the apparatus are described in

Chapter II. it includes the measurements of the characteris-

tics of the Marx generator for the high voltage pulse. The
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drift chamber and the diagnostics for beam and plasma are

briefly outlined. Some more attention is given to the data

acquisition system. Especially the electronics for the simul-

taneous time resolved registration of 12 fast signals is

described.

Measurements on the production and heating of plasma,

when the beam is injected into hydrogen gas around 1 torr,

are described in Chapter III. Also the average energy loss

of the beam electrons is measured. The results of the measure-

ments are compared to the calculation of the plasma properties

and beam energy loss, based on a model combining gas ionization

and plasma heating.

The mean angle of the beam electrons is an important para-

meter. Chapter IV describes a simple analyser for measuring

the beam angular distribution. The analyser measures the con-

tribution of the beam current in four angular intervals upto

60° behind a pinhole. The analyser also gives the position

resolved beam current density.

The measurements of the beam current density profile and

the angular distribution, when the beam is injected through

vacuum are given in Chapter V. The existence of a virtual

cathode results in a hollow profile. The current beyond the

virtual cathode, as function of anode foil thickness is mea-

sured and compared to theoretical results.

Chapter VI describes the measurement of the angular distri-

bution of the beam electrons for injection into hydrogen gas.

The interaction of the beam with the plasma results in a

broadening of the angular distribution. Both random scatter-

ing of the beam electrons and scattering into a preferential

angular interval are observed.
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C H A P T E R

EXPERIMENTAL SET-UP

1. INTRODUCTION

In this chapter the technical aspects of the relativistic

electron beam experiment are reviewed- The complete experi-

ment contains in principle three parts: a) a beam generator,

b) a drift chamber, in which the interaction is studied be-

tween the beam and a gaseous target. In this chamber are situ-

ated several diagnostic tools with which the beam properties

are measured, c) a data recording and acquisition system.

The beam generator consists of a Marx generator for gene- .

rating a high voltage pulse (V ~ 1 MV, T ~ 0 . 4 ys) which is

applied to a cold cathode diode. The electrons are produced

by field emission from a cold cathode. The anode of the diode

is a thin foil, through which the electrons pass with little

energy loss. The characteristics of the Marx generator are

mainly described in Section 2. The interacties chamber and

the diagnostics for the beam and plasma are outlined in

Section 3. The data acquisition system contains a fast analog

to digital convertor, a mini-computer and a local memory.

This equipment is set out in Section 4.

2. ELECTRON BEAM GENERATING SYSTEM

The apparatus discussed in this section, is capable of ge-

nerating a relativistic electron beam (REB) with energy up to

V b= 1 MeV, current Ib= 5 kA and a time durating Tfa< 0.5 ys.

•3-i
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®©(5)

Fig. I - Construction of the electron

beam generating system. The

Marx generator (1), damping

resistor (2) , (R= 15 ii) ,diode

and divertor switch (3) are

placed inside the oil filled

tank. Furthermore, (5) is the

cathode stem, (6) the cathode

tip, (7) the anode foil, and

(4) is the mounting flange.

(8) is the ring for six return

current loops.

CHAIN TRIGGER
A INPUT

Fiy. 2 - The lower trays of the Marx generator. The bottom tray

provides the proper voltages for the three electrode

spark gups, and the connections for the high voltage

supply and the trigger pulse. Cj and Cj are two capa-

citors on each tray. Rj and R^ are charging resistors,

while R2
 a n d R5 provide the reference to ground. R3

and R, are rosistors for the trigger chain. S^ and Sj

are the spark gaps. The thick lino gives the current

path, when the Marx is erected.
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A REB is made by applying a high voltage pulse to a field

emission diode (Parker and Anderson, 1971; Uglum et al. 1969)

The high voltage is provided by a Marx generator, which is

connected to the diode through a series damping resistor. A

divertor switch is used to shorten the length of the beam

pulse. It switches the output connection of the Marx genera-

tor to earth at a preset time. The system is mounted inside

an oil-filled tank with dimensions 2x1.5x2 m (Fig. 1).

2.1. Construction

The Marx generator consists of 36 capacitors packed two by

two on 18 trays. Fig. 2 shows the schematic diagram of the

three bottom trays. The two Marx stages, mounted on each tray

are drawn beside each other to illustrate the spatial con-

struction of a Marx tray (Maxwell Labs,, 1974). Each Marx

stage consists of a capacitor (C. or C2) with a dry air-filled

three electrode spark gap switch (Sj or S 2K The charging

resistors R, and R. are connected to the high-voltage supply,

and the resistors R2 and Re provide the reference to ground

during charging.

The trigger electrode of the spark gap switch is placed

at two-third of the distance between ground and high-voltage

electrode, to reduce the jitter of the switch. A high ohmic

voltage divider (an SO Mfi and a 160 Mft resistor) provides the

proper dc bias voltage for the trigger electrodes of the

spark gaps. The trigger electrodes are connected to the volt-

age divider by the resistors R3 and Rg. Each Marx tray is

surrounded by a corona ring, directly connected to a capaci-

tor in the tray, in this way a constant potential gradient is

created along and inside the Marx.

The components of subsequent trays are connected to each

other by plugs and sockets. The final Marx tray consists of

one corona ring connected to the high voltage side of the

last capacitor. Fourteen trays with 0.15 uF capacitors, though

originally constructed at Maxwell Laboratories Inc., were

supplied by the Max Planck Institute at Garching (FRG). The

other trays with capacitors of 0.22 uF were obtained directly

35
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r
Fig. 3 - Construction of the field emission diode. The Al-ring'

(2) and lucite rings (1) provide a proper distribution

of electric field lines between the high voltage con-

necting plate (6) and earth. (3) is a plastic pull rod,

(5) is the corona ring on the high voltage plate. (4)

is the cathode stem and (8) the anode foil. This foil

can be replaced by a solid piece of material. (10) is

the pipe to the 2" oil diffusion pump. (11) is the ring

for six return current loops.

MARX GENERATOR

W///M

DIODE

Fig. 4 - Substitution circuit for calculating the characteris-

tics of the erected Marx. C, (4.5 nF) is the series ca-

pacitance of the Marx. 1^ and R^ are the self-inductance

and resistance of the connections and spark gaps. R2

(1.8 kft) is the resistance of the charging and trigger

chains. C2 (a 100 pF) is the capacitance of the Marx

with respect to the tank wall, R, (15fl ) is the series

damping, resistance and R, (2 kfi) the voltage divider.

I.JJ and RQ .JIO respectively the self-inductance and

the impedance of the diode.
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from Maxwell Labs. The resistors in the charging and trigger

chains are all 300 u.

The capacitors are charged in parallel to at most 50 kV.

A trigger pulse of 50 kV is applied to the two spark gaps in

the first tray, causing breakdown of these first spark gaps.

T/ie trigger pulse moves up the trigger chains, to trigger the

other spark gaps. When the spark gaps break down the capaci-

tors become connected in series (the thick line in Fig. 2).

So the voltages of the capacitors add up. Apart from the in-

ternal resistance the maximum output voltage obtained would

be 36 x 50 kV = 1.8 MV.

Fig. 3 shows the construction of the diode housing. The

part between the back plate of the diode, which is connected

to the output of the Marx, and the tank wall consists of di-

electric and Al-rings, mounted alternately, to ensure a proper

distribution of the electric field lines. The distance between

the back plate and the tank wall is 45 cm. The part of the

diode housing outside the tank is meant to provide space for

magnetic field coils. A magnetic field is required at high

electron beam currents to prevent the beam from spreading in

radial direction.

From the tip of the cathode stem the electrons are accele-

rated towards the anode. In case the beam is extracted from

the diode, the anode is a metal foil. For other tests a piece

of solid material, in which the electrons are stopped, can be

used as anode. Cathode tips, made of various materials and

forms, can be connected to the cathode stem in a simple way.

In this system, usually a carbon sphere of 2.54 cm diameter is

used as cathode.

In most cases a 30 ym titanium foil is used as anode foil,

when injecting an electron beam into the interaction chamber.

The distance between cathode and anode foil is around 2.0 cm.

The enorgy loss of the about 1 MeV electrons in the anode foil

is negligible (~30 keV). The most important effect of the

anode foil is a scattering of the electrons, giving the velo-

city vectors of the beam electrons an angular distribution

with respect to the axis of symmetry of the beam (de Haan et

al., 1981; Bethe, 1953).

37
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It appeared that the application of a magnetic field had

initially a deleterious effect on the functioning of the diode.

There are also electrons produced at the rearside of the car-

bon cathode sphere, which are accelerated backward along the

diverging magnetic field lines to the diode part between back-

plate of the diode and tank wall. The electrons hit the di-

electric rings with full energy and caused serious damage of

the rings. Therefore, the Al-rings have been extended inward

to protect the perspex rings. In Fig. 3 only a few of these

extra rings are drawn.

When, in normal operation, the Marx generator is short

circuited, e.g. by a discharge between cathode and anode or by

breakdown of the divertor switch, it becomes an undamped LC-

circuit. The system begins to oscillate. Because reverse volt-

ages above 20% of the maximum allowed voltage of 50 kV can

ruin the capacitors, the oscillation must be damped. A series

damping resistor of ~ 15 Ü is therefore inserted between the

Marx and the diode.

In a series of measurements, intended to check the Marx

performance, the cathode is either directly connected to the

anode by means of a carbon block (short circuit of the Marx)

or the cathode stem is completely removed (open circuit). The

diode is evacuated by a 2" oil diffusion pump to a pressure of
2

around 10" Pa.

For diagnostics we have:

a) A voltage divider, providing a 140 : 1 voltage reduction.

The resistor, made of a Cu2SO4 solution in water has a re-

sistance of 2 kfl. The voltage divider can be connected to

the back plate of the diode, or to one of the corona rings

of the Marx generator. A second attenuator outside the

tank, connected in series with the voltage divider gives

an overall attenuation of 2500 : 1 with a spread of 10%.

This so-called V-probe is routinely used for voltage moni-

toring.

b) A diode current monitor. An L-shaped ring (11 in Fig. 3)

is mounted on the inside of the mounting flange of the

diode. At six positions, symmetrically distributed over the

ring, the induced voltages are measured. The signals are
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added and integrated externally. The sensitivity of the

current loops is 40 mV/kA + 10%.

c) A Faraday cup, to measure the current in the emitted elec-

tron beam. The Faraday cup consists of a carbon block, dia-

meter 7 cm, connected to earth via a low ohmic metal foil

resistor. It is constructed in such a way, that the induc-

tance of the cup is low (Pellinen, 1970; de Haan et al.,

1978). The Faraday cup is calibrated against a calibrated

Rogowski coil. The measured resistance of the cup is

5.7 mQ +5%, independent of the applied current.

j 2.2. Measurements and results

,j A simple substitution circuit (Fig. 4) of the erected Marx

I with an external load (diode) consists of a capacitor (C. =
j -9 • -

; 4.5x 10 F) charged up to.36 x v . in series with the self-

j inductance L. and resistance R. of the connections and the

spark gap switches, the damping resistance R, and the diode

i (LD, R D)• Furthermore- we have to consider the resistance of

the trigger chains (R2), the capacitance of the top corona

i ring towards the tank wall (C~) arid the resistance of the V-

probe (R^), all parallel to the diode (Morrison and Smith,

1972).

Short circuit of the Marx,.

From the measurement of the current, in the short circui-
•1 . ,

ted diode we can find the total inductance and the total

series resistance of the system. In this case we have taken
R3' R D = o f i a n c i charging voltage v c n = l 2 kV. Fig. 5 gives the

result of the current of a short-circuited Marx, and of the

voltage on the cathode stem. This voltage is across the induc-

tance (LD) of the diode.

From the oscillation frequency and the logarithmic decre-

ment, we find ah inductance L t o t = .4-5 yH, and an internal re-

sistance of the Marx Rj-12.5,, ft (Rj « R2, R 4). From the cur-

rent through the cathode stem and the voltage on the stem

we find the inductance of the diode LD=0.5 V!H. The
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Fig. 5 - Voltage and current wave form

of a short-circuit Marx gene-

rator. The current. 1» measured

by the return current loops.

The voltage is the inductive

voltage across the diode.

Solid line gives the voltage and

the dashed line the current

wave form.
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Fig. 6 - Voltage of open Marx, when the cathode stem is removed.

On 1 us ami 5 i.s time scales the voltage wave forms on

fourth (.i,d), ninth (b,e) and top corona ring (c.f) are

compared. From the two wave forms of a) is clearly seen

the successive breakdown of the spark gaps. From the

fifth troy on the spark gaps break down rapidly (b,c).

(a,cl> give two different shots to show the spread in

•ho breakdown cf spark gaps.
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current of the first maximum of the curve, calculated from

the substitution circuit is given by

I -V /9 e-Rir/4/c7L
"Vax o ' L e

where VQ = 432 kV, C= 4.5 nF, C2 << Cj, L = 4.5 yH, R= 12.5 0.

This gives I = 10 kA, in good agreement with the measured

value.

Open circuit Marx generator.

When the diode is disconnected from the Marx generator the

only load of the Marx is the V-probe which has a resistance

one order of magnitude larger than the resistance of the diode.

So, compared with the normal use of the system, almost no

current is flowing. In this case we expect little voltage loss

across the internal resistance and inductance of the Marx ge-

nerator .

The build-up of the voltage inside the Marx is investiga-

ted by measuring the voltage on the corona ring of the fourth,

ninth, and top tray. In this case, the time duration of the

voltage pulse is long, about 5 ys. To avoid the risk of a

breakdown in the oil, we only used a low charging voltage,

v c h - 1 5 k V'

Fig. 6 gives representative results of the voltage wave

forms on two different time scales. A stepwise build-up of

the voltage due to successive breakdown of the spark gaps

can be seen from the voltage on the fourth tray (Fig. 6a).

The jitter in the breakdown of the first tray is very small,

but the next trays follow with an appreciable jitter. However,

once the spark gaps of the lowest four trays are conducting

the other switches break down rapidly (Fig. 6b,c). So the

erection time of the Marx is mostly determined by the break-

down of the spark gaps of the second to fifth tray. The first

two spark gaps are triggered by an external pulse of 50 kV,

while the spark gaps in the next trays are in fact triggered

by the voltage surge, arriving from the foregoing trays. Es-

pecially when V c h= 15 kV, the voltage amplitude is not suffi-

cient.
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V(MV)
0.8 H

t

0.0

I(kA)

t

0.A 0.6 0.8 1.0 12

Fig. 7 - Results of the Marx generator loaded with a 95 fi resis-

tor at V , =25 kV. The voltage on the fourth (a),

ninth (b) and top corona ring (c) are compared. Wave

form (d) gives the current through the resistor.

V(MV)

KkA)

Fiq. 8 - The measured voltage maximum as function of charging

voltage (solid line) for a resistive loaded Marx gene-

rator. Also the current through the 95 f; resistor is

shown (dashed line).
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On the average it takes about 40 ns for each spark gap

switch in the lowest four trays to break down, and from the

fifth tray on about 10 ns for each switch to break down. To

compensate for the erection time voltage loss the Marx erec-

tion voltage is found by extrapolating backwards the flat part

of the voltage wave form to the point when the first spark gap

is triggered (t=0.4 ps) . The extrapolation is illustrated in

Fig. 6d and 6f by the dashed lines. The measured voltage is

about 84% of the total charging voltage on the fourth and

ninth corona ring, but 87% on the top corona ring. The decay

of the pulse is exponential with a time constant of about

3.5 ys. The secondary oscillations on the pulse, caused by

parasitic impedances of the system are rapidly damped.

Measurements with a constant resistive load.

Because a field emission diode is like all diodes, a time

dependent non-linear, though principally resistive component,

it is hard to study the Marx generator, in combination with

the diode. So, we investigate the Marx with a resistive load,

with a value comparable to that of the diode. A copper sulphate

resistor of 95 Q was used to replace the diode plus the damp-

ing resistor. The resistor is connected to the tank wall via

the Faraday cup. This way the current through the resistor is

measured. With the voltage probe connected to the fourth, ninth

and top corona ring, one can investigate the build-up of the

voltage inside the Marx generator, when a large current is

flowing. Also, the use of a 95 J! resistor allowed us to go up

to the maximum Vch, which was not possible in the previous

situations.

Fig. 7 gives the result of the voltage and current measured

with charging voltage v c h
= 2 5 kV. From the voltage wave form,

measured on the top corona ring, we find that the output pulse

rises in about 70 ns from 10% to 90%. Between 0.45 us and

0.55 JJS, there is a small plateau, probably because of voltage

coupling from lower trays by (parasitic) capacitances in the

Marx. The voltage on the final corona ring is first seen after

the breaking of the last spark gap.
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On the voltage wave form of the fourth, and to a smaller

extent, on the ninth tray the dip at t=0-6 us shows the in-

fluence of the rising current. The induction voltage, Lj (dl/dt),

is over the complete Marx generator and amounts on the fourth

tray to about 100 kV. In fact the current starts to flow at

the moment the last spark gap breaks. Effects inside the Marx

that occur before that moment are not seen in the voltage wave

form on the top corona ring or in the current wave form, as is

shown in Fig. 7.

A consequence of the successive breaking of the spark gaps

is the fact, that the voltage on the fourth tray has its maxi-

mum before the maximum in the voltage on the last corona ring.

Let us now look at the output pulse of the Marx generator.

Because of the resistive load voltage and current should be

linearly dependent, so we can regard one of them. The decay

of the pulse is exponential as can be expected of an over-

damped LCR-circuit. The decay time of the pulse is T D = 3 8 0 ns.

When we calculate the decay time of an LCR series circuit with

C=4.5 nF, L=4.0 pH and R=l00fi we find T = 400 ns, so in

good agreement with the measured value. The small oscillations

on the pulse are from parasitic impedances.

The pulse width at half maximum is slightly dependent on

the charging voltage, probably because of shorter breakdown

times of the spark gaps at higher voltages. The pulse duration

(FWHM) amounts to 400 ns at V c h= 15 kV down to 370 ns at

V c n=50 kV. The measured voltage maximum, measured at several

places along the erected Marx, is about proportional to the

number of the corona ring. The maximum voltage is about 60%

of the total charging voltage (36xVch). So, the voltage losses

are considerable. The voltage drop over the internal resistance

of the Marx can account for only 1/3 of the voltage loss. There

is, however, also voltage loss because of the leaking of the

capacitors over the resistance R2 (see Fig. 4) before the Marx

is completely erected.

The voltage is linear with charging voltage which is in

accordance to the linear system we have. In Fig. 8 is plotted

the voltage and the current as function of the charging voltage.

According to Ohm's law we should have V= IR, where R= 95 fl.
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The discrepancy of about 15% between the measured voltage and

current can be attributed to uncertainties in the calibration

of the V-probe and the 95 S2 resistor -

The energy, dissipated in the 95fl resistor can be calcula-

ted from the current and/or voltage wave forms. For V c n = 50 kV

we find E =3.6 kJ, whereas the total energy, stored in the

Marx is EM=7.45 kJ. So, the efficiency for transferring the

energy from the Marx to the load is n=49%. For V c n = 25 kV

these numbers are respectively ER=1.0 kJ, EM=1.86 kJ and

n=55%. So approximately half the energy stored in the Marx

generator remains there, and is lost for the energy of the

electron beam. This large energy loss is not quite understood.

If the impedance of the diode is less than 80 & , the loss is

even larger. Taking into account the damping resistance we

find that at most 35% of the energy stored in the Marx is

transferred to the electron beam.

3. BEAM DRIFT CHAMBER AND DIAGNOSTICS

The electron beam is injected into a cylindrical drift

chamber. At the end of the chamber the beam is stopped on a

carbon collector. Because of the fast rising of the current,

about 10 1 As" (see Fig. 7) , a return current will be induced.

When the drift chamber is evacuated the return current flows

back to the diode through the chamber wall, which has to be a

good conductor. To avoid high potential differences along the

system, the self-inductance must be low. Therefore, the return

current conductor is close around the beam.

A schematic diagram of the drift- or interaction chamber

is given in Fig. 9. The length of the chamber is 2.5 m and the

diameter 12 cm. The conducting wall is for the greater part

made of stainless steel, coated with silver to provide a low

resistance. The wall of the chamber is slotted along its length

to provide vacuum pumping without disturbing the flow of axial

currents (beam return current). The drift chamber is placed

inside a larger vacuum vessel of 20 cm diameter and total

length of 4 m. The vacuum vessel is evacuated by oil diffusion

pumps. The background pressure in the chamber is around 10 Pa.
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Fig. 9 - A schematic diagram of the experimental set up. The

diode consists of a graphite (2.54 cm diameter) sphere

at a distance of 2 cm from the anode foil. For measu-

ring the beam i.e. net current there are two Rogowski

coils. The other diagnostic tools are indicated in the

figure.
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The drift chamber is connected to the diode flange (7 in

Fig. 3), by means of finger contact strips- The electron beam

is injected through the anode foil into the interaction chamber.

The anode foil provides the vacuum separation between the diode

and the drift chamber- The pressure inside the diode must be

below lO"1 Pa to avoid voltage breakdown, whereas the hydrogen
-4

pressure in the interaction chamber is varied between 10 Pa

and 10 Pa.

There is an axial magnetic mirror field to confine the elec-

tron beam. The field in the homogeneous part amounts to 0.21 T,

and the mirror ratio is 1.5. The magnetic mirrors are positioned

at the anode foil and at the beam collector.

To measure the axial flowing current in the experiment there

are two Rogowski coils, designed to measure changes in azimuthal

magnetic fields. A self-integrating coil is positioned at about

20 cm from the anode. The other coil is positioned just in

front of the collector and the signal from the coil is integra-

ted externally by an RC-integrator. To measure the energy dis-

tribution of the electron beam a 180° magnetic energy analyser

(Jurgens, 1977) is positioned at about 1.5 m behind the collec-

tor. A 1 mm diameter hole in the collector allows a part of

the beam electrons to reach the analyser. For determining the

angular distribution of the beam electron velocities there is

a four channel analyser, described in detail in Chapter IV.

Its position can be varied radially and axially, whereas the

analyser can also be removed completely. The analyser is at the

same time a collector for the beam, thus shortening the inter-

action region.

For diagnozing the plasma, formed by the interaction of the

beam with the gas, there is a ten-channel spectrograph. The

light, coming from the part of the plasma at ~ 30 cm from the

anode foil is analyzed. From the width of the H -Balmer line

the temperature of the hydrogen atoms can be obtained. From the

g width the density of the plasma electrons can be found

(Wiese, 1965).

The recording equipment is placed inside a screened room to

reduce the level of disturbance. The connection between the

experiment and the measuring room is by rigid coax cables,

supported in a sheet-iron cable conduit. Whenever possible,
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Ch.4 Ch.3 Ch.2 Ch.1

Ficj. 10 - Principle of multiplexing four signals to one recor-

ding apparatus by using dolay c-aoles and a four channel

analog gated multiplexer, explained in Fig. 11.

AMR CURR. SOURCE

TRIG. GATED
AMP. OSC.

TRIG.

VAR. DELAY

Fig. 11 - Block diagram of the multi-

plexer. Besides the actual

switching device, there is a

trigger circuit for starting •

the clock and providing a trig-

ger pulse for the Digitizers.

The essential part for each

channel is the gate, driven

by the mode selector.
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the diagnostics, as well as the cables, have been isolated from

the return current conductor and the vacuum chamber. The scree-

ned room, drift chamber, vacuum vessel and diode housing are

all grounded at only one earth reference point. The cables from

the experiment are grounded by connecting the outer conductor

to the wall of the screened room before entering. As a result

the noise level inside the room is negligibly small and experi-

mental signals down to 20 mV can be recorded.

Some of the diagnostics are based on multichannel analysis,

to give a distribution of a quantity. The spectrograph gives

the intensity against the wavelength, F (A). The magnetic energy

analyser gives the distribution of the parallel beam velocity,

F(v,|, v1 = 0). The angular analyser gives the angular distribution of

the beam velocities, F(8=arctg (v^/v..)). Some of these

diagnostics have ten channels. Therefore we need a recording

device with at least ten channels. The rise time of all diag-

nostics and recording equipment is less than 5 ns.

4. SIGNAL PROCESSING

The signals are recorded by means of three Tektronix R7912

Transient Digitizers. These instruments digitize the signals

in 512 samples, with full scale time range T between 5 ns and

1 ms at choice. Because both the reproducibility of the expe-

riment and the repetition rate of the electron beam generating

system (~ 10 shots a day) are low, it is urgently needed to

record as many signals as possible during one shot. Therefore,

a multiplexing system has been developed and constructed at

the Electronic Department of the FOM-Institute in Amsterdam.

In the propagation studies reported in this thesis a beam

pulse width of around 100* 200 ns sufficed. Consequently recor-

ding channels with a full time scale of 250 ns satisfy the needs

of beam diagnostics. At least 12 channels are necessary for

some of the diagnostics. Because, the investment of around Mf.l

for an additional nine Transient Digitizers is unacceptable, it

was decided to record on one Digitizer four signals, which

appear successively behind each other on one sweep of the Digi-

tizer. This is possible by introducing a suitable delay in each

signal line.
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A full time scale of 1 us is adequate. For each channel of

250 ns there are 128 samples, giving a time resolution of about

1% of the full scale. Time resolution is sacrificed in favour

of data acquisition speed. Hence, four signals can be recorded

on one Digitizer in combination with a 4-channel analog gated

multiplexer.

A schematic diagram of the system is given in Fig. 10. Three

of the four signals for one multiplexer are delayed by means

of coax cables, with electric lengths of 250, 500 and 750 ns,

respectively. The multiplexer is in fact a high speed analog

switching device. Simpler systems have been considered, but the

advantage of the present system is, that there is no mutual

influence between the different channels. Besides, the number

and hence the time duration of the different channels can be

varied in steps of 250 ns. There are four options for the

channels: a) 4 * 250 ns, b) 1 * 250 ns + 1 * 750 ns, c) 2 * 500 ns

and d) 2 x 250 + l x 500 ns.

For delaying these high frequency bandwidth signals with low

distortion one has to use low loss coaxial cable. We selected

a 25.4 mm diameter, semi-rigid coaxial cable with foam dielec-

tric. For the three multiplexers, this means 1.3 km coaxial

cable; because of its enormous volume it has been buried under

ground, outside the building. The low costs of the delay cables and

multiplexing system (~ kf 50), extenuate the reduction of

time resolution, too.

The requirements for the multiplexers are: an upper frequen-

cy 3 dB point higher than 100 MHz, corresponding to a rise-

and fall time of - 3 ns, a voltage gain between input and out-

put signal around one and a dynamic range from ~ 10 mV up to

a few Volts for positive and negative pulses. A block diagram

of the device is given in Fig. 11. A trigger pulse is derived

either from one of the experimental signals (mostly the V-probe)

or froxii an external source. The pulse both starts the clock

for successively switching the gates and a variable delay gene-

rator for a fast logic 5 ns pulse to trigger the Digitizers.

In this way the uncertainty in the trigger moment of the three

Digitizers is less than 5 ns.
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The construction of the multiplexer posed two major problems,

which had to be solved:

1) Switching time and -noise give rise to a considerable,

effectively dead time, when switching over from one signal

channel to the next.

2) Cross talk between signal channels by parasitical feed

through of a signal across the gate of a switched-off chan-

nel into th<̂  switched-on channel.

The principle of the circuit is given in Fig. 12. The quin-

tessence is formed by the hot-carrier diode quad, Dl-4, a set

of four matched diodes in bridge configuration. These hot-

carrier or so-called Schottky-barrier diodes surpass ordinary

p-n junction diodes by far in switching speed (Meiling and Stary,

1968; Hewlett and Packard, 1973).

The parallel strings, Dl-2 and D3-4 respectively, will be

switched into conduction by a pulse of suitable polarity at

the switch control input. A small toroidal transformer Tr

transforms the earth-referenced control pulse into a floating

secondary one.

In the ideal case in the switched-on condition there can be

no voltage difference between point A and B, because of the

matching of the diodes and the symmetry of the circuit. There-

fore, an analog signal at point A will appear at B, providing

the switching current is large compared to the signal current.

When the switch control pulse, with sufficiently large voltage

amplitude compared to the signal voltage, changes polarity all

four diodes become blocked abruptly, leaving as parasitic

parallel path the impedance of just one reverse biased diode

( < 1O"12 F ) .

T, and T2 form a buffer amplifier, preserving a constant

50 ft impedance match for the coaxial cable to the experiment.

The output side of the bridge, point B, is connected to the

emitter of T~, which together with T. forms a so-called cas-

cade amplifier. The interconnection of the collector of T 3 and

the emitter of T 4 is the summing point for the signals arri-

ving from the different channels successively. From there the

signals are directed into the single output channel to the

Transient Digitizer, by intermediate of the output line driver.
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Pig. 12 - Principle circuit of one analog multiplexer gate. The

summing of the signals from the differsnt channels is

at point C.



39

In practice the gain of all four channels is not perfectly

equal to one, but between 0.75 and 0.85. Inherent to the cha-

racteristic of the switch control pulse transformer the gain

is not constant in time but decreases about 10% over 750 ns.

The propagation delay of the signals in the multiplexer is

about 30 ns. Therefore, a variable delay in the trigger pulse

to the Digitizers is introduced. The time resolution for the

recorded signals is around 3 ns.

As mentioned above the gain of the multiplexer is not equal

for all channels and not constant in time. Also the delay

cables introduce an attenuation/ be it small. Moreover, the

sawtooth voltage for the horizontal deflection of the Digiti-

zers is not linear. When using the full 512 samples for a

signal this non-linearity is negligible. However, when recor-

ding four signals of 128 samples each, it may introduce errors

in the time axis of the recorded signals.

Therefore, both the horizontal and vertical sensitivity of

the measuring system are calibrated. For calibration of the

time axis of the Digitizers and of the starting moments of the

subsequent channels of the multiplexers use has been made of

a pulse generator, delivering a train of 20 MHz pulses during

about 2 ys. The height of the first pulse of the train is

twice the following pulses for identification of the starting

moments. The recorded signals are corrected according to the

calibration pulses defining the real time axis of the Digiti-

zers.

The vertical sensitivity of the multiplexer plus Digitizer

is calibrated by a 0.4 V constant voltage pulse of around 2 ps,

and the measured signals are corrected accordingly. The cali-

bration of the system should be performed once a day.

The signals recorded by the Transient Digitizers, are trans-

ferred to a 32 K mini computer, reduced, and stored locally

on disc. For processing the signals, the data are transferred

to a large PDPll-70 mini computer system.
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C H A P T E R in

INJECTION OF A RELATIVISTIC ELECTRON BEAM

INTO NEUTRAL HYDROGEN GAS

ABSTRACT

The injection of a relativistie electron beam (0. 8 MeV3 6 kAt

ISO ns) into hydrogen gas of 190 Pa -pressure results in a
20 — 3plasma with density ne z 10 m and temperature kT < kT. ~

3.5 eV. The results of the measurements show good agreement

with computations based on a model combining gas ionization •

and turbulent plasma heating. It is found that a quasi-statio-

nary state exists in which the energy lost by the beam (about

6% of the total kinetic energy of the beam) is partly used to

further ionize and dissociate the gas and is for the other

part lost as line radiation.

1. INTRODUCTION

Injection of a Relativistic Electron Beam (REB) into gas

has been a subject of interest in a few different fields of

research. First of all, much experimental work has been done

on plasma heating by injecting a REB into neutral gas (Prono

et al., 1975; Dymoke-Bradshaw et al., 1977) or pre-ionized

gas (Klok et al., 1974; Jurgens et al., 1976; Hammer et al.,

1978; Arzhannikov et al., 1979; Greenspan et al., 1980).

Theorists considered both injection in linear systems (Rudakov,
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1971; Brejzman et al., 1974; Papadopoulos, 1975; Thode et al.,

1975, 1976) and in tokamaks (Hammer et al., 1975; Narihara

et al.# 1979; Knoepfel et al., 1979).

Second, when used for the compression of pellets, the

electron beam must be transported over several meters. In this

case, those circumstances must be found at which the beam

losses are minimized and pjr>pagation is stable (Halbleib et

al., 1980; Goldstein et al.% 1977).

REB's are also used for collective acceleration of ions

(Olson, 1975 b, 1979; Sternlieb, 1979). The ions are accelerat-

ed in the space charge fields of the intense electron beam.

Fourth, REB's are used for the generation of high power

microwave pulses, for instance by injection of an electron

beam along a rippled magnetic field (Krementsov et al., 1978;

Ivanov et al., 1979; Talmadge et al.,1977; McDermot et al.,

1978r Drossart et al., 1979).

In this paper we describe the results obtained by inject-

ing a REB into an interaction chamber filled with hydrogen gas,

or evacuated. We measured the transported beam current in the

case of vacuum and the net current, being the sum of beam cur-

rent and beam induced plasma current, at other gas pressures.

At one pressure we measured the profiles of the Balmer a and

6 lines, from which the plasma density and ion temperature could

be inferred.

We present numerical results of plasma production and heat-

ing and of the induced plasma current for injection of a REB

into hydrogen gas. The plasma current decays resistively (Jur-

gens et al., 1977 b; Shkvarunets et al., 1977; McArthur et al.,

1971; Lee et al-/l971). Besides the classical resistivity due

to electron-neutral collisions, we also consider the turbulent

resistivities.

In section II the experimental device with the diagnostics

will be outlined, as well as the results of the measurements.

Section III describes the computational model (Hammer et

al., 1979; Gerber, 1979) used for the calculation of the

electron and ion temperatures, the plasma densities and the

plasma current. To a certain extent the atomic physics necces-
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sary for the calculation of the plasma density will be re-

viewed. In section IV the results of the computational model

are discussed and compared to the experimental results. Con-

cluding remarks are made in section V. All quantities used in

this paper are in units of the International System.

2. EXPERIMENT

2.1. Device

A Relativistic Electron Beam is injected >nto a linear

system containing hydrogen gas. The vacuum chamber 2.5 m long

and 12 cm diameter is embedded in a magnetic mirror field of

0.21 T and mirror ratio 1.5 (Fig. 1). The homogeneous part of

the field has a length of 2 m. The background pressure in the
—4interaction chamber is around 3 xio Pa. The beam has been

injected into hydrogen gas with the pressures 95, 190, 665,

1330 Pa.

The beam parameters are: acceleration voltage V, ~0.8 MV,

current I. ~ 6 kA, pulse length T, ~ 150 ns (FWHM), current rise

time about 30 ns, beam diameter ~3.5 cm. The voltage pulse,

produced by a Marx generator, is put directly on the diode.

The cathode is a carbon sphere with diameter 2.54 cm. The beam

is injected through a 30 ym Ti-anode foil, also maintaining

the vacuum separation between the evacuated diode and the in-

teraction chamber.

Rogowski coils at the entrance and the exit of the inter-

action chamber measure the sum of beam current and beam induced

plasma current.

A magnetic energy analyser measures the time resolved ener-

gy distribution of those electrons, which propagate on axis

parallel to the magnetic field (A6 ~2 xio"2 rad) (Jurgens et

al.,1977 a,c). Comparing the mean energy of the beam electrons

injected into gas respectively vacuum gives the mean energy

loss of the beam electrons. We must emphasize, however, that

only a small part of the beam is analyzed.

A ten channel spectrograph gives the time resolved H - and

Hg-line profiles. From the width of these lines the atomic
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[sgectrograph

width)

cathode
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Fig. 1. The experimental set-up. The diode consists of a gra-

phite (2.54 cm diam.) sphere at a distance of 2 cm

from the 30 pm Ti foil. For measuring the beam i.e.

net current there are two Rogowski coils. For mea-

suring the plasma density and ion temperature there

is a spectrograph.

0.8-
Vb[MV] .

0.4-I

Ib(kA]

I
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4-

2-

0

Fig. 2. Acceleration voltage, V , on

the high voltage exit of the

Marx generator measured with

a voltage divider. Also the

beam current at the entrance

100 200
— * tins]

I ) and exit side (1°) of

the interaction chamber for

propagaLion of the beam through

vacuum (p>10 Pa) arc shown.
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hydrogen temperature and the electron density can be obtained.

Both hydrogen lines are subject to Doppler broadening due to

the temperature of the emitting atoms. The pressure broadening of

the emitted line is caused by interaction with the surroun-

ding neutrals (resonance and v.d. Waals broadening) or with

the surrounding charged particles (Stark broadening). If the

degree of ionization of the plasma is sufficiently high, around

1% or more, Stark broadening of the line is the dominant pro-

cess, and the pressure broadening is a measure for the elec-

tron density.

For hydrogen lines the line widths due to Stark broadening

are tabulated as function of density. From Griem (1964) and

Wiese (1965) we find that the pressure broadening of the H
on O "I —'S

line at density 10 -10 m is negligible. So,the width of

the H line is determined by Doppler broadening and gives the

temperature of atomic hydrogen.

The electron density is then found from the width of the

Ho line, after substraction of the contribution due to Doppler
P

broadening.

2.2. Results

We first consider propagation of the beam. With witness

foils it was checked that the beam propagates stably, at all

pressures used in this paper. The true vacuum limiting current in

a low magnetic guide field, " c eA> D b < 5 (u>ce is the electron

cyclotron frequency and w , the beam plasma frequency), exceeds

the current calculated by Bogdankovic and Rukhadze (1971).

According to Thode at al. (1979) the vacuum limiting current

for our experimental parameters is around 5 kA. Fig. 2 gives

the acceleration voltage and the beam current in vacuum measur-

ed at the entrance and exit. The current measured at both

sides is equal, so thp hsam is transported over at least 2

meters. The use of r> aiaphragm gave a maximum current density

of about 6 MA n *.~r. -he radius at half maximum r, ~ L.75 cm.

Integrating the current density over the radius gives a total

current of about 5.5 kA, in agroement with the current: measured
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p*1330Pa

p«665 Pa

pxi90Pa

p-95Pa

Fig. 3. The net current measured at the entrance of the inter-

action chamber at four different pressures.

IlkAl

100 200 300 400 500
—*> tins]

I'ig. 4. The beam current in vacuum (Ijj) and the net current

(Inct) lor injection of the bean into 130 Pa hydrogen.

The plasm." curron! (Ip) is the difference between net

c m rent and In-ur» furrent .
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with the Rogowski coils. The transported current is slightly

above the limiting current.

Filamentation of the beam can occur when the magnetic

guide field is not sufficient (Molvig, 1975). The stability
2 2 2

criterion is given by Cm=ur^/(u . B y) >1, where B is the

beam velocity divided by the light velocity and y = (1 - 82)

is the relativistic factor of the beam electrons. In our case

(jb ~ 6 MA m"
2, Y = 2.6) C is approximately 1.4, which predicts

stable propagation.

When we inject the beam into gas, ionization occurs. The

ionization rate <ov>h for 0.8 MeV electrons in hydrogen is

<ov>, ~5 x1O~15 m3 s"1 [Olson, 1975 a; Inokuti, 19713. The
b

initial plasma electrons and ions gain energy in the electric

fields produced by the space charge of the beam and take over

the ionization. They cause avalanche ionization.

For hydrogen pressures above 100 Pa the time to reach space

charge neutralization is less than 1 ns (Olson, 1975 a). With-

in a few ns a plasma of sufficiently high density, n D
> > n K '

is produced, and the rising beam current induces a plasma cur-

rent.

The net current at the entrance side for injection of the

beam into p = 95, 190, 665, and 1330 Pa is given in Fig. 3. For

p = 190 Pa we give the beam current, I. , net current, I ., and
the plasma current ^ = I

net " ̂  *~n F^' *• W e conclude from

Fig. 3 that with increasing pressure the plasma current de-

cays faster.

A typical measurement of the ratio of mean energy per beam

electron for injection into gas at p = 190 Pa (e ) and vacuum

(ev) is given in Fig. 5. The energy loss is at its maximum

(~ 12%) during the first half of the beam pulse, and decreases

towards the end of the pulse. The energy loss of the beam

electrons on axis averaged over the beam pulse is about 6%

(de Haan et al., 1979 b).

Measurements of the broadening of the H and Ho lines have
a p

been performed at p=190 Pa only. The atomic hydrogen tempe-

rature, obtained from the H line, is given in Fig. 6. Each

data point is the result of averaging over 16 ns and 3 shots.
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120

5. Measured relative energy loss of the beam electrons

in hydroyen gas at p =190 Pa, l-(e /&v), where e v

respectively • is the mean energy per electron in

vacuum or gas (circles). We also give the beam power

loss, normalized to the beam power input, I.V.. for

three computer runs, respectively a) standard run(see

text), b) run 28A, with the hydrodynamic two-stream

instability, and c) run 28A-1, with 10 times enhanced

radiation loss in addition.N.B.: The beam pulse length

in the measurement is 100 ns and in the calculations 150 ns.

W0 150 200 250

Fig. 6. The measured temperature of

of the atomic hydrogen at

p-190 Pa, obtained from the

broadening of the H^ line.

Each data point is averaged

over 16 ns and 3 shots.

At t S I O Q ns (see arrow) thé

broadening of the H~ line

yields an electron density of

2 * 10 2 0 m"3. Note that t = 0

for this plot is during the

beam pulse (i. -W00 3 150 ns) .
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The bar indicates the uncertainty, about 30%. The width of

the H . line at t ~100 ns (indicated by the arrow) yielded an

electron density of 2" 10 m ° (de Haan et al., 1979 a,b) .

The electron density decreases to nfi ~ 10 m at t=200 ns.

3. COMPUTATIONAL MODEL

3.1. Introduction

The model (Hammer et al., 1979; Gerber, 1979) calculates

the densities and the temperatures of the plasma components

e, H3 , H2 / H and of atomic hydrogen. The induced plasma

current is calculated self consistently (Jurgens, 1977 c).

Energy transfer from the beam to the plasma is first by

the ohmic dissipation of the plasma current. Both classical

and anomalous resistivity are taken into account. Second,

energy is transferred from the beam to the plasma by dis-

sipation of the high frequency, large amplitude waves of the

two-stream instability, according to the model of Papadopoulos

(1975) .

The calculations are completely one-dimensional, so, in factr

the magnetic field is taken to be infinite.

Neglecting the initial avalanche ionization, the calcula-
19 -3tions are started at n = 10 m andkT =kT. =1 eV (Hammer

et al., 1979). However, the results of the computations have

given evidence that the model is not sensitive for the initial

values of temperature and density. Changes in these initial

values of a factor 10 give only a 10% difference in the long

time result.

3.2. Atomic processes

The maximum cross sections for the relevant atomic process-

es with corresponding energy are given in Table I. For a^ and

a6 the collision rates <ov>, averaged with a Maxwell velocity
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Table I .

croaa
action process

•ax thr
EeV] Cevj xef.

H + • + H + 2e

"2
_+

. • 2H + e

• H +H+

• 2H

• H +H+

H +H++H„

+

• H2+H

• 2H4-H++e

% x l H + H * H

a e x 2 H + + H 2 * H

7.7

9.7

8.8

xiO "

x10-21

x10-21

60

80

16

5.8X10

-ID'»

4.3 xio

-IQ"»

-IQ"»

-5.0 x i

" 2 2

- 20

80

0

25

0

0

50

E < 20

-

15

eV

-2 .0 x i o " 2 1 E < 2 0 eV

13.5 Goedheer, 1978

15.4 Ba» «t al.. 196S

B.8 Martin et al., 1976

28.0 Martin, 1976

Martin, 1976

12.4 Martin at al., 1976

3 Bamett at al., 1977

Martin, 1976

Leu et: al., 1973

Martin, 1976

Barnett et al., 1976

Barnett «t al., 1976

Maxima in the cross sections for ionization and dissociation

of hydrogen by electron impact. The electron energy at which

the maxiaum occurs and the threshold energy are also given.

Furthermore,two relevant reactions involving H 2
+ on H2 are

given. Also,the charge exchange cross sections for H+ on H

and H,, which are almost constant for E<20 eV, are presented.

ï f~r f~...
i IL'' •

Pig. 7. The ionization and dissociation rates averaged with
a maxwellian velocity distribution <ov> as function
of the temperature for ths processes mentioned in
Table I.



51

distribution art available fror.i Martin ct al . (1976). For the

other prucusuca approximate functions foi" the cross section

have been averaged wi tii a Maxwell distribution to give <ov>.

In Fig. 7 the collision rates as function of temperature

are given. Because most data are only available at low energy

(E ' 100 eV) the given rates are accurate up to electron tempe

rature of -20 cV. The charge exchange cross sections, o

and (J 2 '
 a r e almost constant at low energy.

3.3. Production and heating of plasma

For the production of the hydrogen components H, H , H_ ,

H3 there are four rate equations

H: ^—^-= n(H2)ne(2 • ov >3+ < av >4> + n ( H ^ J n ^ < cv >5 + < ov>g)

+ n(H2>n(H2) ( < ov >?+< ov >g) +

n{H2)ne( < ov >9 + 2 < av >lQ) - n(H)ne < av >2 (la)

H+: d n j " } » n(H)ne < av >j + n(H2)ne < av >4 + n(H2>ne< av >g

+ n(H2)n(H2) < av >? + n(Hj)ne< av >lQ (lb)

+ ^
H2: —g£—= n(H2)ne < av >2 - n(H2)ne( < av >5+ <ov>g)

- n(H2)n(H2) ( -' av>7+ < av >g) (lc)

+ dn{E3] + +
H3: —5^—= n(H2)n(H2)<av>g - n(H3)ne( <av>9+<av> lQ) (Id)

The reaction processes are l i s t e d in Table I . Pa r t i c l e and
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charge conservation give

(2a)

and

(2b)

where n is the initial neutral density, corresponding to the

hydrogen gas pressure.
The four energy equations are

(f r ^ p + P

12
E E.R.

1 x

Qi23> " V { H 2 } 2 ExSx

(3a)

(fn (H+)kT (H+))=a ni

+ I

(3b)

n(H) < av>exl<kT(H
+)-kT(H)

(3C)

~ (|n (H)kT(H)) =n(H+)n(H) -kT(H))

(3d)

where kT(H ) is the H temperature, kT(H23) the averaged tempera-

ture of H2 and H3 and kT(H) the H temperature. The first term in

Bqs. 3a-c is the dissipation of the plasma current. The elec-

tron and ion resistivities n and r\. are discussed in an Appen-

dix. The factor a = n(H+)/ne is the relative density
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of H + ions.
P is the contribution from the dissipation of the high fre-
wv
quency waves (Hammer et al-, 1979).

= 6.41 x io5 - f j b
2 exp(-(jmin/jb)

3) (4a)
ne

This contribution is cut off for j b < Jmin» where j m i n is the

onset beam current density for the high frequency e-e instabi-

lity.

10"
25 n V 2 l n \/2 (4b)

e j k T j 3/2

Furthermore PD is the Bremsstrahlung loss, Q. .Respectively Q.„-

are the classical electron-ion heat transfer to the H + ions

and to the H^ and H3 ions (Spitzer, 1962). «*v> x is the

charge exchange rate between H and H, where o . is given in
exx

Table I. The charge exchange cross section of H on molecular

hydrogen (Table I) is around a ,=2xio~ 2 1m 2. The molecular

hydrogen density at p = 190 Pa is n(H2)=5x 1 0 " m . The chargeexchange time for this process is x 2=^n^H^°ex2v ) - 1~ 6°0 ns'
where we have used anH+ temperature of 3.5 eV. This time is
longer than the observation time and so this process plays a
minor role.
The term n n(H0) Ï B S is the line radiation loss
(Goedheer, 1978). Z E±R± is t n e energy loss of the electrons
due to the inelastic ionization and dissociation collisions,
where E^ is the threshold energy for the different processes
(Table I) .
? E^ R. and £ E £ R, are the energy transfer rates to the H + ions
and H atoms in the dissociation processes.
The equation for the plasma current is (Jurgens, 1977 c)
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K).O

80

6.0

40

2.0

0

kT(H)

S

2.5
kT(H*.H)feVl

20 I
1.5

1.0

0.5

0

jCMAnrn

Fig. 8. Results of the model calculations

for the standard situation. He give

JcTe, kT(H
+), kT(H), ne, n W * ) ,

n(H*), n(H+), n(H), and the plasma

current density j , together with

the injected beam current density

j b , and the resulting net current

density Jnet- The initial condition

is: n(H) =n(H+) =n(H*) « 0.5 n .
ia° _•> ° 2 2 eo

= 5=<io m , IcT - kT(H ) » 1 eV.
eo o

The symbols are only to distinguish
the lines.

200 400
• t Cns]
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where

v ' =v l l + (~)~ -2- L ! (6a)
c

L' = L(S)" r p | I + ( T ) " T ^ L I " 1 (6b)
o

.a.2 IT

with 6 = c/w„ is the collisionless skin depth, v the effective
]p6 C

collision frequency for the electrons. L is the self inductance

of the plasma column

\i b 1
L = sr- (ln-+T) (7)

where b is the wall radius and a the plasma radius. The relation

between v and r\ is

V„ = 2.81 x 10~8n n ' (8)
C 6 6

The rate equations are solved using the integration routine

adopted from Hammer et al.(l979).

4. NUMERICAL RESULTS

4.1. Standard situatxon

22 -3

The initial values in the standard run are nQ =5x10 m

(H2 density at 190 Pa), M H ^ Q =n(H+)Q =n(H)Q =0.5neQ =

5xio18 m~3 and kT =kT(H+)Q =1 eV. The beam parameters are:

e-folding rise and fall time of the beam pulse T = 10 ns, pulse-

duration Tb = l50 ns, beam current density j. = 6 MA m~
2, and

beam radius 1.75 cm.

The numerical results are given in Fig. 8. The plasma den

sities ne ̂ (H^) ^(H^) ,n(H+) and the atomic density n(H)
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50 100 150 200

— • t C nsJ
250 300 350

Fig. 9. The power balance of the electrons for the Standard

run. The ohmic energy dissipation of the plasma cur-

rent for classical resistivity lPcl)# anomalous ion-

acoustic resistivity (P i a), and the resistivity due

to the presence of the high frequency waves (Pe_) are

shown. The energy dissipation of the high frequency

waves (Pwv)
 i s also shown. The energy losses are line

radiation (Pline>» and ionization and dissociation

energy (P l o n).
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are given in Fig. 8b. The electron density saturates at

ne~1.8 x io
20 m~3 at t ~ 250 ns, decreasing at later times be-

cause of the dissociative recombination of Hg -

The H £ ions are formed by direct ionization of H2 by elec-

tron impact. The most abundant ionic species is H3 , which is

produced by the collisions between H2 and H2» The H ions are

predominantly formed by ionization of atomic hydrogen. The den-

sity n(H) increases monotonically and saturates at about
21 —35x10 m . So, at most 5% of the initial hydrogen molecules

is dissociated. The most abundant neutral component is there-

fore molecular hydrogen.

The electron, ion,and atom temperatures are presented in

Fig. 8a. We note that, especially at later times thermal equi-

librium between H + ions and H atoms exists. The constancy of

the H+ temperature suggests that the H+ ions are heated by

charge exchange with the H neutrals, which get their energy

from the dissociation process.

The calculated plasma current density and net current den-

sity are given in Fig. 8c. The decay of the beam current at

t»150 ns reverses the plasma current. The increase in the mag-

nitude of the plasma current results in a rise in energy dis-

sipation and sudden changes in density.

The total power balance of the electrons is shown in Fig.

9. The energy input is ohmic dissipation of the plasma current

with classical (Pci), ion-acoustic (Pia)* e-e mode (Pee) resis-

tivity and the high frequency wave dissipation (P^—)• The ener-

gy losses are because of ionization and dissociation (P. )
ion

and line radiation(P,.). The Bremsstrahlung loss and the

classical electron-ion heat transfer are too small to show up

in Fig. 9. The ion-acoustic contribution is only acting during

a very short time, until t~40 ns. Then the ratio of plasma to

beam density becomes so large, n e/n b>10
3, that the plasma

drift velocity is small, vd / v c r i t ~0.6. The dominant energy

input during the complete cycle is the classical ohmic dissi-

pation. The energy transfer from wave dissipation is at any

time smaller than the dissipation of the plasma current. Com-

paring the energy input and energy loss it is clear, that only
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kT*CeV1

200 400
-—tLnsl

200 400
-tCnsl

200 400
tCnsl

200 400
tCns]

Fig. 10. Comparison of kT (a), M(H ) (b), n (c) and j (d)

for the standard run (+) and the runs with line ra-

diation enhanced by a factor 10 (28-l»A) respective-

ly decreased by a factor 10 (28-2,LJ). Most remarkable

is the slight change in electron temperature. The

symbols are only to distinguish the lines.
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in the very beginning the electron energy gain is positive,

and the temperature rises. Most of the time the energy loss

is as large as the energy input. A part of the electron energy

loss is transferred to dissociating ions and atoms, and so not

lost for the plasma. The energy density of the atomic hydrogen

is largest because of its high density. From Fig. 9 it is

seen that the ionization and dissociation energy, and to a

lesser extent the radiation loss, are a sink for the dissipated

beam energy. The electron temperature is completely controlled

by this energy loss.

The electron beam loses energy to sustain the plasma current

and the high frequency waves. Because there is eguipartition

in energy between the waves and the corresponding electron kine-

tic energy the beam energy loss is twice the energy input due

to the high frequency waves P.-.* The beam power loss, normalized

to the beam input power IJ-VJ» is given in Fig. 5 ( solid

line), together with the experimental energy loss of the beam

electrons.

4.2. Influence of line radiation

The dominant energy loss process is dissociation and ioni-

zation of the H molecules. The line radiation loss is about

a factor 3 smaller. However, the results indicate that the

degree of ionization is less than 1% and that molecular hydro-

gen is most abundant. For excitation of molecular hydrogen few

data are available(van Wingerden et al.,1980). To calculate the

energy loss due to line radiation only the excitation rates

for the Lyman a, 3 and y transitions of atomic hydrogen (Goed-

heer, 1978) have been taken into account at the H- density

used. The influence of the line radiation has been checked by

artificially enehancing respectively decreasing it by a factor

of ten.

In Fig. 10 the results of these calculations are given.

The electron temperature (Fig. 10 a) shows only in the very

beginning a difference. The peak value, compared to the stan-
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dard run (kT ~9.6 eV) is for an enhanced radiation loss (run

28-1) kT -6.4 eV and in the case of decreased energy loss

(run 28-2) kTe~10.6 eV.

Therefore, in run 28-2 the ionization rate is larger, and

n increases faster. As a result the maximum electron density

is higher, n ~2.0 *10 m . In run 28-1 the enhanced line

radiation loss causes the ionization rate to be smaller, resul-
20 —3

ting in a lower plasma density, ne~l.l * 10 m , and there-

fore a larger ion temperature.

Because n °° n - 1, the resistivity in run 28-1 is larger. So,

the net current density is larger during the beam pulse and

decays faster afterwards,see Fig. lOd.

4.3. Energy transfer

In Table II we present the beam energy density loss, the

plasma current dissipation and wave dissipation separately,

integrated over 500 ns, for both the measurements and some com-

puter runs. The measured beam loss is ~6% of the total beam

energy density. The ohmic dissipation of the plasma current

is calculated from the measured decay of the plasma current

(Jurgens, 1977 c). The beam energy loss is the sum of the

ohmic dissipation and twice the high frequency wave dissipation,

because of the eguipartition between the energy in the waves

and the corresponding electron kinetic energy.

Compared to the experimental observations the total dissi-

pated energy in the standard run is too low. We guess that the

main deviation is in the dissipated wave energy. The increase

of the line radiation influences the dissipated energy, but is

not sufficient to explain the experimental result (see run

28-1). The large sink for the energy, which the line radiation

is, seems to extract energy from the beam. The dissipation of

the plasma current is the dominant process, accounting for 80%

of the total energy.

The wave energy dissipation used in the calculations accounts

for the kinetic stage of the two-stream instability. According

to Thode (1976), however, the two-stream instability will be
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hydrodynamic, when one or both of the following conditions is

fulfilled

ê < i

> 0.15
nb

Here ë is the mean angle of the velocity vector of the beam

electrons, determined in first instance by the scattering in

the anode foil, n b is the beam density and Anb the part of the

beam density which can contribute to the instability. Anfa is

a function of y and 6.

In our experimental situation the 30 ym Ti foil ac-

counts for 9^20° (de Haan et al., 1980) so, for y^2.6 we
have ë^l/y. Prom the work of Thode (1976) the value of

An./n. can be obtained; An./nfa is about 0.3.

So, the two-stream instability might be in the hydrodynamic

stage where the beam enters the interaction chamber.

The high frequency waves saturate due to electron trapping

(Thode, 1976; Jurgens et al., 1977 a). The saturation level

in the hydrodynamic stage is above the maximum wave energy

density given by the theory of Papadopoulos.

The maximum energy loss per beam electron in the H.D. theo-

ry is (Thode, 1976)

E =
l ) 5 / 2 nb

2 1/3

where S = £ Y(nfa/2ne) ' is the strength parameter. Because of

the equipartition of energy, half of this energy is transferred

to the waves and the other half is delivered to the kinetic

energy of the plasma electrons. If we assume that all the beam

electrons lose this energy and distribute it homogeneously

over the interaction region, the power input due to the hydro-

dynamic two stream instability is
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Fig. il. comparison of kTg (a), kT(H
+> <b>, nfi (c) and Jnet<d)

between the standard run (+) and the runs 28A (A>

and 28A-1 (•) . In run 28A is used the wave dissipation

due to the hydrodynamic two-stream instability and

in run 28A-1 line radiation losses are increased in

addition.

Table II.

run

measurements

standard

28-1

28-2

28A

28A-1 '

conditions

-

-

1 0 x "line

°-1 * Pline

pwv (H-D->

Pwv (H.D.) +

1 0 * Pline

AEb

-17.4

6.2

8.1

5.7

11.5

20.2

Eii

5.4

4.6

5.9

4.3

3.5

5.2

-

0.8

1.1

0.7

4.0 .

7.5

The total beam energy loss (AEb), and respectively the ohmic

dissipation of the plasma current (E^) and dissipation of the

high frequency waves (E^) integrated,over 500 ns. The con-

ditions of the computer runs are also given, where Pwv (H.D.)

means the wave dissipation according to the hydrodynamic

theory of Thode (1976). The total beam energy loss from the

measurements is 6% of the total kinetic beam energy.
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n. c AC 3
= 4—=— E = 7.97 * 10 —c/ö-Jw exP^~^min^^b^ * ^1]^

o (S + 1)

where L Q is the length of the interaction region.

The results of the calculations with the wave energy dis-

sipation P^fHD) (run 28A) are presented in Fig. 11. The stan-

dard run is shown for comparison. In addition we present run

28A-1, in which the line radiation energy loss is enhanced by

a factor 10, besides changing from a kinetic to a hydrodynamic

type of waves.

The larger wave dissipation of run 28A results mainly in

an increase in the plasma density with 80%. This causes the

temperatures to be affected only slightly. Because of the high-

er density the decay of the plasma is slower and hence the net

current smaller. In run 28A-1 the enhanced line radiation and

larger wave dissipation cancel each other, resulting in almost

unchanged density and temperatures, compared to the standard.

In Fig. 5 the relative energy loss of the beam electrons

as function of time for the runs 28A and 28A-1 is presented.

The total energy density, and the plasma current dissipation

and wave dissipation, integrated over 500 ns for these runs

are given in Table II.

The larger wave energy input enlarges the total dissipated

energy but decreases the plasma current dissipation because

of the lower resistivity of the plasma (see Fig. lid). For run

28A-1 both the wave energy and plasma current dissipation

are enlarged with respect to run 28A and approach better the

experimental data.

4.4. Decay rate of the plasma current

Comparison of the net current of measurement and calculat-

ion can be performed by comparing the decay rate of the plasm»

current. Solving Eq. 5 for a constant beam current, dj /dt = 0

we find

-v't
j P = j P ° e °
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Fig. 13. The calculated densities of the plasma components

and of atomic hydrogen (a) and the H+ and electron

temperature (b) after 500 ns as function of pressure

(i.e. molecular hydrogen density) . The maximum elec-

tron temperature reached after about 10 ns is also

given. The lines are to guide the eye. The asterisks

with bars indicate the measured atom temperature and

electron density at t = 250 ns for p*190 Pa.
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So, the decay of the plasma current is determined by vc .

Using Eq. 6a and Eq. 8, v' can be calculated from n . Also,

using Eq. 5, v^ can be obtained from the measured net current.

In Fig. 12 we compare the calculated vc for the standard

situation and the runs 28A and 28A-1 with the decay rate, de-

duced from the measurements. The higher electron density cal-

culated in run 28A, caused by the increased wave energy dis-

sipation, results in a lower decay rate (cf. Eq. (6a)). Be-

cause the electron densities of the standard run and run 28A-1

are almost equal, also the decay rates do not show a;large

difference. Both are in good agreement with the measurement.

4.5. Variation of neutral density

For comparison with the measurements of the net current

at the different pressures, as mentioned in section II, a num-

ber of calculations with different neutral hydrogen densities

has been performed. The results of the calculations with the

standard initial conditions show that the plasma has reached

almost an equilibrium after 500 ns. So, for comparing the re-

sults at different pressures with each other the plasma para-

meters at t=500 ns are plotted against the pressure (i.e.

initial neutral hydrogen density). Because of the better agree-

ment with the measurements at p = 190 Pa we have chosen the run

with the hydrodynamic two stream instability and 10 times en-

hanced line radiation (run 28A-1).

The densities of the plasma components (except nfH*) which

is too small) and atomic hydrogen are given in Fig. 13a, and

the electron and H temperature are given in Fig. 13b, together

with the measured kT(H) respectively n at t =250 ns for p =190

Pa (asterisk with uncertainty bar of 30%). The maximum elec-

tron temperature reached at the very beginning of the beam

pulse (t~10 ns) is also given in Fig. 13b. This maximum elec-

tron temperature correlates to the obtained plasma density.

The electron temperature decreases with pressure because

of the increasing dissociation and line radiation losses. Al-

though the ionization rate is proportional to the H- density
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the decrease in electron temperature causes the slectron den-

sity to decrease monotonically. H+ is formed by collisions

between H £ and H2. At low H2 density this process rate is

low, and the H^ ions dissociate due to electron .Impact. So,

at low pressure H* is the dominant ionic component, whereas

at high pressure ut is most abundant.

Op to a pressure of 665 Pa the density of atomic hydrogen

is increasing due to the higher dissociation rate. However,

for p >665 Pa the decrease in the electron temperatire causes

the atomic density to level off.

The decay rate of the plasma current vc at a few specific

times obtained from the measurements at different pressures

is compared with the results of the calculations in lig. 14.

In the high pressure case (p = l330 Pa) the measured n?t current

allowed a correct determination of v', only at the erd of

the beam pulse, compare Fig. 3.

The total dissipated energy, as well as the wave an<i plas-

ma current dissipation separately, integrated over 500 ns, are

given in Fig. 15. The measured ohmic dissipation, obtained

from the measured net current is also given. The wave energy

dissipation which is for j b > Jmin a weak function of the plas-

ma density is almost constant. For the ohmic dissipation of

the plasma current the following considerations can be made:

Assume a square beam pulse with pulse length T, in a plas-
2

ma with effective inductance L' = 1 (valid for (a/6) >>1, i.e.
1 7 - 3n >>10 m ). The induced plasma current density can easily

be calculated from Eq. 5

j p ( t ) ="jbo exP<-vêt) t l T b (13a>

j p ( t ) = j bo ( e x p ( v c t } -Dexp(-v^t) t < i b (13b)p ( t ) jbo ( e x p ( vc t } Dexp(-v^t) t < i b

where ^ is the decay rate, determined by the plasma prame-

ters, and JbQ is the beam current density. The dissipation of

the plasma current is
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-iv
O C

Using Eqs. 6a, 8 this can be reduced to

= 3.03 xio"10 JbQ
2 {1-e c b} Jnf3 (15)

E„ increases monotonically with vc and saturates for v^ x^ > 1.

The decay rate v' is proportional to the neutral density. For

p £ 200 Pa (where v' T b«l) the ohmic dissipation Efl saturates.

For a beam current density of j b o = 6 MA m~ the ohmic dissipat-

ion can deliver Efl=10
4 Jm~ , which is in agreement with the

results given in Fig. 15. For a beam pulse with finite e-

folding rise and fall time x the maximum plasma current is

affected by the resistivity of the plasma. For v x £ l the ohmic

dissipation of the plasma current is less than predicted by

Eq. (15), which explains the lower ohmic dissipation at p =

1330 Pa. The dependence of the measured ohmic heating on pres-

sure shows a good agreement with the calculations.

5. DISCUSSION AND CONCLUSION

For the case of injection of a relativistic electron beam

into hydrogen gas with pressure above 50 Pa a self-consistent

model has been made. The calculations show that for p >100 Pa

the most abundant ionic species is Ht . The calculated decay

rate of the plasma current against the pressure shows a good

agreement with the measurements. At one pressure, p = 190 Pa,

the calculations can be compared to experimental results of

atomic hydrogen temperature and electron density. The calcu-

lated electron density is in good agreement with the observed

value. The H temperature after the beam pulse is over is in

fairly good agreement with the measurements. However, during

the beam pulse the observed Ha~line broadening overestimates
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the calculated H temperature. The Ha line might be broadened

by the dynamic Stark effect, due to the interaction of the

atoms with the dynamic fields of the high frequency instability

(Janssen et al., 1980). For the dynamic stark broadening to be

of any importance the energy density in the high frequency
2 -3

electrostatic field must exceed 5 x 10 Jm .

Comparing the total dissipated energy of the calculations

and measurements in Table II and the beam energy loss in Fig.

5, we note that the computer run with the hydrodynamic stage

of the two-stream instability and the enhanced line radiation

(run 28A-1) is in better agreement with the measurements, al-

though no decisive conclusion can be presented. The line ra-

diation in the standard run probably underestimates the radiat-

ion losses of molecular hydrogen, which has a continuum

contribution in contrast to atomic hydrogen. Also as regards

the saturation level of the two stream instability the hydro-

dynamic theory seems to be in better agreement with the measure-

ments than the kinetic one. Moreover, the field energy density
2 —3

of the hydrodynamic stage at saturation is around 5 x10 Jm ,

and can be enough to explain the broadening of the H line

during the beam pulse. The wave energy density at saturation

of the kinetic stage is two orders of magnitude smaller.

Low frequency turbulence levels in the plasma are too low

to be of any importance. The resistivity of the plasma is pre-

dominantly classical. Diffusion losses, across and along the

magnetic field are negligible. The diffusion across the magne-
—4

tic field yields a diffusion time around 10 s.

The measurements suggest that the pressure range that we

are regarding represents the window discussed by Briggs et

al. (1977): low beam energy loss and stable propagation.

We conclude: The electron and ion temperature both remain

far below 10 eV, because of a low degree of ionization. All

dissipated energy is lost by ionization and dissociation of

the neutral gas and by line radiation.

At lower neutral density the degree of ionization is higher.

However, for p < 25 Pa the time to obtain space charge neutra-

lization is of the order of the risetime of the beam and no
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return current wi'll be induced (Olson, 1975 a) . The current

density of the electron beam (6 MA m~2) is clearly not suffi-

cient to produce a fully ionized plasma at hydrogen pressure

around 100 Pa.

APPENDIX

Plasma resistivity.

The classical resistivity is caused by Coulomb collisions

and electron-neutral collisions. The Coulomb collisions lead to

a resistivity given by Spitzer (1962)

-3/2
n , = 5 xIO"* (kT ) In A (Al) .
CX 6

where n , is in Sim, In A is the Coulomb logarithm and kT the

electron temperature in eV. The resistivity by electron-neutral

collisions is given by ,

n e n = 3.56 x i o 7 n ( H 2 } <av>en
 ( A 2 )

n e

where n(H) is the neutral density, n_ the electron density and
<cv> the collision cross section averaged with a Maxwell dis-
tribution. As stated previously the most abundant neutral com-
ponent is molecular hydrogen. So, we have to take the total
collision cross section for electrons on molecular hydrogen.
A suitable form for this cross section is found in Knoepfel
et al. (1979) where a is given as function of the electron
energy E

2 IP"16
 (A3)

3/2
e n /Ë(750 + E 3 / 2)

where E is in eV and oQn in m
2. Eq. (A3) is valid for 1 <; E <

200 eV. Below 1 eV the cross section decreases rapidly.
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Anomalous resistivity due to ion-acoustic turbulence can

be expected when the drift velocity of the plasma electrons,

v d, associated with the plasma current, exceeds a threshold

v „ . . , provided T >T. (Sagdeev, 1979)

3 .

v„ .. = c_(l + 9.6 (=^) exp(-0.5T /T.) ) (A4)

where c is the ion-acoustic velocity,
S JL

c_=(e(kT. +kT )/M.)^, where M. is the ion mass, and e the

electron charge.

There are four possible processes for saturation of the ion-

acoustic turbulence, as has been discussed by Kalfsbeek (1978),

each with a different saturation level. Non-linear Landau

damping is the one most commonly applied in literature (Hammer

et al., 1979, Sagdeev, 1979)

"ial " 4'71 I 1" 5 < h «S8» exp(-l/0.7(va/vcrit)
3) (A5a,

ne i s

The exponential factor is for cutting off the ion-acoustic

contribution when vn < v
Crit*

 T h e s e c o n d saturation process is

the ion-resonance broadening, for which the saturation level

is (Caponi et al., 1973)

Q rn Of r*

Ti4,o = ——1 (zr~) ^ (1 —) e x p ( - l / 0 . 7 ( v , / v . . ) ) ( A 5 b )
±3LZ *f T v , d critne e d

The other two saturation processes are electron-cyclotron ef-

fects and ion trapping. The saturation levels for these pro-

cesses are respectively (Zavoiskii et al., 1971; Kalfsbeek,

1978)

ne
(A50,
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2'2x10 (0.82- (-±)h ) 4 exp(-l/0.7(vd/vcrit)
3) (A5d)

e
n i a 4

ne e

The lowest of these four saturation levels has been used to

determine the resistivity due to ion-acoustic turbulence.

It has been verified that the choice of the ion-acoustic

turbulence level results in marginal differences.

The plasma resistivity due to the high frequency turbulence

caused by the electron-electron two-stream instability is given

by Papadopoulos (1975)

1.6 x io19 - ^ expf-Cj^j/V 3) <A6)
ne

where j- is the electron beam current density in Am~ and j .

is the onset beam current density for the high frequency e-e

instability given in Eq. 4b.

The energy due to ohmic dissipation of the plasma current

goes predominantly to the plasma electrons. Only a part of the

energy related to the dissipation on the ion-acoustic resis-

tivity is directly transferred to the ions (Kalfsbeek, 1978) .

Therefore a separation between an electron and an ion resis-

tivity had to be made. These are respectively

ne " *ee + " ^ T * nia + 1C1
 + nen <A7a>

(A7b)
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C H A P T E R IV

A SIMPLE ANGULAR DISTRIBUTION ANALYSER

FOR A RELATIVISTIC ELECTRON BEAM

ABSTRACT

The design and fabrication of an analyser for measuring the

angular distribution of a Relativistic Electron Beam is reported.

The characteristics of the device and its performance in a magn-

etic field of 0.2 T are discussed. Comparison of the measured

angular scattering in a thin anode foil and the theoretical calcu-

lations based on multiple scattering of beam electrons in a thin

foil shows good agreement. The utility of the analyser for measu-

ring scattering from a plasma is briefly discussed.

1. INTRODUCTION

An important feature in the propagation of a Relativistic

Electron Beam (REB) through gas or plasma is the angular dis-

tribution of the beam electrons. The role of the angular spread

of the REB passing through an anode foil and a plasma has been

investigated theoretically by many workers (Ferch and Sudan,

1975; Thode, 1976). The hydrodynamic stage of the two stream

instability plays a dominant role when the angular spread is

small, < e > <y~ / where Y is the relativistic factor of the

REB. For < e > exceeding this limit, which is easily satisfied

for a beam with large y, the kinetic stage takes over (Hammer
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and Papadopoulos/ 1975). Experimental studies on the dependence

of the heating of a plasma on the angular width of the beam

electrons have been done by Arzhannikov e.a. (1978) and Sethian

e.a. (1979). Also for the generation of micro-waves with the

aid of a REB the angular distribution of the beam electrons is

an important parameter (Talmadge e.a. 1977).

The angular spread of a REB is usually caused by two effects.

In the first place there is the scattering of the beam in the

anode foil. Secondly, if the beam is injected into a gas or

plasma there is additional strong scattering due to beam-plasma

interaction. Measurements of the angular distribution of the

beam electrons are reported, by Wharton (1977). A miniature

faraday cup was rotated from shot to shot to give the angular

distribution. Large scattering due to interaction with the plas-

ma was observed.

In order to investigate the influence of the REB angular dis-

tribution on the strength of the beam-plasma interaction an

analyser has been built which is capable of measuring this parameter

in one single shot in the angular range 0°-60 in four channels.

The original idea for the analyser is from Shkvarunetz of the

Lebedev Physical Institute (Moscow). This paper presents de-

tailed information on the design and fabrication of the analy-

ser and its performance. It is tested by measuring the angular

distribution of a REB (0.8 MV, 6 kA, 100 ns), injected along a

magnetic field (0.21 T) into a metallic chamber (length 2.5 m,

diameter 0.12 m) either evacuated or containing hydrogen gas at

various pressures. In this way it is possible to distinguish

pure diode foil scattering and scattering due to beam-plasma

interaction.

To reduce the influence of the magnetic field in which the

analyser is placed, we have chosen for a design in which the

analyser length is short compared to the pitch length of the

helical path of the electrons in the B-field. Because of the

little influence of the magnetic field there are no severe

demands on the homogeneity of the field and on the alignment

of the analyser.

Compared to analysers used previously (Wharton, 1977) our

design has the advantage that it accepts all electrons within
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two polar angles 0. and 9-. It therefore averages over the azi-

muthal angle 4> about the axis of symmetry (i.e. the magnetic

field). This has the additional advantages of relatively large

signals.

The scattering due to a 30 ym Titanium foil is compared with

theoretical predictions based on multiple scattering of elec-

trons in thin foils (Bethe, 1953b). The good agreement of the

measured scattering in vacuum with the theory and the devia-

tion at high pressures open the possibility of its use as an

important diagnostic tool.

2. THE ANALYSER

The device, shown in Fig. 1, is aligned along the magnetic

axis of the plasma chamber. The beam electrons enter the ana-

lyser through a small hole at the left hand side and are col-

lected on the circular electrodes 1 to 4. The four collectors

cover the angular ranges 60.4-54.7°, 54.7°-37.0°, 37.0°-19.2*

and 19.2°-0° respectively.

The collectors (a) are made of 1 mm thick copper. The pro-

blem of insulation and crosstalk between two adjacent collec-

tors is effectively solved by putting a sandwich of insulation

sheet-copper foil-insulation sheet in between pairs of collec-

tors (b). The insulation sheets are made of 0.1 mm thick paper,

impregnated with Araldite. The package of collectors, insula-

tion sheets and copper foils was glued and pressed together

before fabricating the cone of four collectors. All the copper

foils are directly connected to the 3.0 cm long grounded cop-

per cylinder (h), in which the device is mounted. The collec-

tors are connected to connectors at the backplate of the con-

tainer by short copper wires.

Fig. l furthermore shows a stainless steel flange (c), per-

tinax insulation between flange and collectors (d), a tantalum

plate (f), sufficiently thick (1 mm) to stop all beam elec-

trons, and a graphite plate (g), serving as the collector for

the main portion of the beam. To stop plasma particles, which

have much lower energy than the beam electrons a 10 pm Ti foil

(e) has been placed just in front of the collectors. A com-
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§

5mm

Fig. 1 - The angular distribution analyser.

The numbers are referred to in the text.
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parison of beam shots in vacuum with and without this thin

foil showed little or no change in the signals. Consequently

this foil has no influence on the measured angular distribution

of the beam electrons.

The four electrodes are connected by 50 fi coaxial cables

to a single Tektronix R7912 Transient Digitizer in conjunc-

tion with a four gate delay and multiplexing system. This de-

vice enables us to separate the four signals which are digi-

tized in 128 samples over a 250 ns time interval.

For the performance of the analyser the following consi-

derations are important. The stopping length of 0.8 MV elec-

trons in copper is about 0.4 mm (Bethe e.a. 1953a). So elec-

trons hitting the collectors on the edge may pass through and

may be collected by the adjacent collector. To minimize this

effect the edge of the collectors has to be suitably shaped,

i.e. cut off along the electron trajectories, such that the

distance through the copper is at least 0.4 mm. However, for

reasons of machining difficulties a compromise has been made,

as can be seen in Fig. 1.

The thickness of the front plate at the analyser entrance

must be such that most of the electrons are stopped. By block-

ing the entrance hole of the analyser with a 3 mm long copper

plug, we checked that the majority of the beam electrons

(> 90%) is stopped in the 0.2 mm Ta. Because of the large scat-

ter of the electrons in the tantalum, the distribu-

tion of the residual current is isotropic. This causes abso-

lute errors in the measured signals and they have been measured

to be almost equal on each of the collectors.

Because of the finite thickness of the front plate the

entrance hole is effectively a short cylinder of radius r and

length 6 (r/<5 >> 1). Some electrons entering the cylinder under

an angle 9 will hit the sides of the cylinder. Only those elec-

trons passing through the intersection of the front side of the

cylinder and the projection of the front side under an angle 6

on the back side of the cylinder, will enter the analyser. The

area, given by this intersection is the effective area of

the entrance hole. From geometrical calculation one finds
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15' 30' 45' 60*

Fig. 2 - The sensitivity of tr.o collectors 1 - 4 as function

of ths angle of the velocity vector with respect, to

the beam axis.
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S e f f (6) =2r
2 { arccos (-̂ f-̂ ) - 6 ̂ g 9 sin(arccos

2
For 9 = 0, S f f = 7rr an<3 for 9= arctg(2r/ó), S f f=0.

The radius of the entrance hole determines two different

features. The current, measured on the collectors is propor-

tional to the area of the entrance hole. Secondly, the radius

of the entrance defines the angular resolution of the analyser.

From one specific point on a collector the entrance hole is

seen under an angle A9, which causes an overlap in the geome-

tric sensitivity of adjacent collectors as function of the

angle 6. We have chosen r=0.5 mm, for which value A9 = 6° at

6=0° and A9 = 2.8° at 6=60°. In Fig. 2 is given the geometric

sensitivity of the four collectors, calculated with the aid

of Eq. (1) and taking into account the effect of a finite

radius entrance hole.

The collecting area of the collectors 1-4 in Fig. 1 forms

a cone with an opening angle of 60°. The value was chosen to

make the transit time of electrons between the entrance hole

and the collectors roughly equal. If the length of the device

is shorter than a quarter Larmor wavelength of the beam elec-

trons, the influence of the magnetic field may be neglected.

Regarding an electron going through the center of the entrance

hole with an angle 9, the time it needs to reach one of the

collectors is given by

t*_fo tg 60°
z - — - (2)

tg 60° cos 9 + sin 9

where v is the velocity of the electrons, zQ is the distance

from the entrance hole to the apex of the collector cone, and

tg 60° enters because the angle of the collector cone is 60°.

For 0° <e< 60° always holds t* < zQ/v. In the presence of a

magnetic field the perpendicular displacement from the axis

is given by

s i n "cb t* (3)
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Fig. 3 - Measured angle distribution due

to anode foil scattering (shaded

area) in comparison with the

theoretical calculations according

to Eq. (7) and (8) (dotted line).

The areas under both profiles are

chosen equal. Time indicated in the

boxes above the histograms.

60° 0 60°
collector opening angle

TIME —

100

160ns

Fig. 4 - Two typical examples of the

angular distribution, when the

beam is injected into H 2 gas

with pressure p -25 Pa. Both

diffuse scattering (t=160 ns,

<8>«27°)and preferential scat-

tering (t-128 ns, <6>«3l°) are

observed. Note that for the sake

of clarity at t= 128 ns the area

under the measured and theoretical

curve are not chosen equal.

collector opening angle
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where R, = (ym/eB) v sin 9 is the Larmor radius, ID . =eB/Ym is the

Larmor frequency, B is the magnetic field, y the relativistic factor

and e and m are the charge and rest mass, respectively of an

electron.

If for the time to reach the collector holds w^t < 1 we

can expand the sin a ht in eq. (3) in a series. For the de-
*

vice holds OJ fat z0.6. Eq. (3) gives after substituting 1^

and o)cb

2 2
r =vt* sin 6 - e B vt*

3 sin 6 (4)
c 6y2m2

In the absence of a magnetic field the off axis position

would be r1 =vt sin 6. The relative deviation of the position

where the considered electron will hit the collector cone is

6r= (r1 - r)/r', which is

For zQ= 1.1 x io~
2 m and v = 2.8 * 108 ms"1 we find or 2 3.7%.

So, because of the smallness of the device (<D ,t* < 1)

the influence of a magnetic field can be neglected.

The time resolution of the analyser as determined by the

capacity of the collectors with respect to the grounded copper

foils and by the characteristic resistance of the cable is

better than 5 ns.

Fig. 3 shows the histograms of the angular measurements

when the beam is injected in gas at a pressure of p ~ 10~ Pa.

The shaded area gives the measured signals on each of the four

collectors at one particular moment in time. In Fig. 4 two

examples are shown of the angular distribution when the beam

is injected in H2~gas with pressure p = 25 Pa at two different

moments.

3. DISCUSSION

We now consider the details of the angular distribution

that the device measures. Suppose the angular distribution is

of the form
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f - f(e ; <e>) ,

where <e> is the mean angle of the distribution. This distri-
bution is normalized to one. Each of the collectors measures

the amount of electrons in a certain angular interval with a

sensitivity dependent on the angle. Disregarding the small

overlap effect (see Fig. 2) the signal on a collector nr. i is

given by «,
e i

i± = i o f f(e) s e f f ( e ) sin ede , (7)

•i
1 2where 0. and e, are the lower and upper boundary of the angle

range of the i-th collector, IQ the total current entering

the analyser; i runs from 1 to 4.

The angular distribution which enters in Eg. (7) is pro-

duced by the beam scattering on the anode foil. Therefore we

proceed to discuss the theoretical form of the distribution

function which accounts for the effect of multiple scattering.

This distribution is also used by Thode (1979). The Rutherford

scattering cross section decreases with increasing scattering

angle x as x • Therefore single scattering over a large angle

is very unlikely. Large angle scattering will then be domi-

nated by multiple scattering over small angles (Molière, 1948

and Bethe, 1953b). In a practical case of REB transmission

through a thin metallic anode foil, the beam electrons suffer

successive collisions and in each collision the scattering is

small. According to Bethe the distribution function of the

scattered particles is given by

f(e) = e~2 Cfo(*) + r"
1 f^) + ...] (8)

where f QU) - 2e • (8a)

and f.^*) - 2e"* (*2-l) (Ei(>2) - In *2) - 2(l-2e~* ) (8b)



87

where <f> = 0/8 and 0 is a measure of the width of the distribu-

tion, see Eq. (9), and Ei(x) is the exponential integral defined

by Abramowitz e.a. (1965).

The angle at which the scattered electron intensity falls

to e'1 of its maximum is given by

e = x T% (9)
u>

where xc a"
d r are two parameters. xc is defined as

N t e 4 Z(Z+1) M n .
2 2 ft4 4

 U 0 )

Y m S c

where N is the density, Z the atomic number of the foil , c

the velocity of light and gc the velocity of the beam; eQ is

the permittivity of vacuum. For titanium foil of thickness t

and electrons with velocity 0c the parameter T is given by

the transcedental equation

r - m r - m( 4 - 0 8 xj°6 h (ii)

The distribution function f(6) is normalized to one. The mean

angle is found from

ir

<e> = |ef(e) sine de . (12)

o

Note that the distribution has been derived only for small
angles, i.e. sine^9 . Besides, because with small width the
distribution decays very fast for larger angles, the integra-
tion has been extended to infinity, in Eq. (12).

In Pig.3 are shown the results of the calculations accord-
ing to Eq. (7) *?ith the theoretical distribution (Eq. 8). For
the calculations we have used the parameters corresponding to
our practical case, i.e. a 30 ym Titanium foil and a velocity
of the beam electrons B = v/c = 0.92. It is seen that the
scattered particle distribution given by Eq. (8) fits rather
well with the measured values. The corresponding mean angle is
<6> = 18.7°.
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ratio

1

0.6

0A

02

01
2? 3? uff 5? 60*

Fig. 5 - Ratio of expected signals on two collectors I ^ / ^

and I./I,/ respectively, as function of the mean

angle obtained from the distribution given in Eq.

(8!.
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The sensitivity of the analyser for measuring the mean angle

can be indicated by the ratio of the expected signals on two

collectors. In Fig. 5 is given for the distribution of Eq. (8)

the ratio of signals on collectors 4 and 3, and collectors 3

and 2 respectively as function of the mean angle < 6 >.

The total contribution of current through the tantalum be-

side the entrance hole is only a few percent (~ 3%) of the

total current. For the collector with the largest angles (i.e.

nr.l) the contribution of the erratic current is about 10%.

Although in principle these contribution can be accounted for,

the correction is only small. Moreover, an uncertainty in the

ratio I /I of 5% gives in the range for < e > < 30° un uncer-

tainty of only 1°, according to Fig. 5.

As mentioned before, Fig. 4 gives two typical results for

shots in gas. In case the beam-plasma interaction leads to a

diffuse type of scattering, Eq. (8) can be used to describe

it (see Fig. 4b). Fig. 4a gives an example of preferential

scattering into a small angular range. Now, of course, Eq. (8)

can not be used; consequently the mean angle < 6 > given in the

figure has a different meaning. A physical explanation for the

observed distribution is not the subject of this paper; it

will be discussed in a forthcoming publication.

4. CONCLUSION

We have constructed an analyser for measurements on the an-

gular distribution of the electrons of a relativistic elec-

tron beam. The analyser is an easily manageable device, which

gives time and position resolved information about the angular

distribution. The performance of the analyser has been checked

by injecting the beam through an anode foil in vacuum, in

which case the angular distribution is completely determined

by the anode foil scattering. The comparison of the measure-

ments with the multiple scattering theory of Bethe (1953b)

shows a good agreement.
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C H A P T E R V

ANGULAR DISTRIBUTION AND RADIAL PROFILE

OF A RELATIVISTIC ELECTRON BEAM

IN VACUUM

ABSTRACT

The injection of a Relativistic Electron Beam (\>/y=0.16)

into vacuum results in the formation of a virtual cathode.

As a consequence the current density profile becomes hollow.

Measurements of the angular distribution of the beam beyond

the virtual cathode indicates that the angular distribution

remains dominated by scattering in the anode foil. Transmitted

beam currents greater than the stationary vacuum limiting

current of Bogdankovich and Rukhadze (1971)r are measured,

in agreement with calculations of Thode et al. (1979). Elec-

tron beam trajectory calculations, taking into account the

stationary electromagnetic beam potential do not show a simi-

lar enhancement in limiting current, but do reproduce the

hollow current density profile.

1. INTRODUCTION

Transport of a Relativistic Electron Beam (REB) over seve-

ral meters is of interest for a few reasons. In order to use

a REB to compress a pellet, the beam has to be transported to

the target (Smirnov, 1979; Halbleib et al., 1980). Secondly,

when using an electron beam for generation of high power micro-

wave pulses, the beam is injected into a rippled conducting

vessel and/or a rippled magnetic field (McDermott et al., 1978;

Drossart et al., 1979; Krementsov et al., 1978). In all cases



92

the transport through vacuum as well as through (preionized)

gas has to be considered.

In vacuum the transported beam current is restricted, be-

cause the space charge potential built up by the beam itself

reaches values on the order of the acceleration voltage V^.

Bogdankovich and Rukhadze (1971), obtained for the limiting

current

.3

(1)
( Y 2 / 3 _ 1 } 3 / 2 4 TT e o me'

BR 1 + 2 In (b/a) e

where y is the relativistic factor of the beam electrons,
2

Y= (1 + eV. /me ), with -e, m respectively the charge and mass

of electrons and c the light velocity. Furthermore, e is the

permittivity of vacuum and b/a is the ratio of wall radius and

beam radius; the factor 4 ir eQ me /e amounts to 17 kA. A more

accurate solution of the integral equation provides an expres-

sion for the limiting current given by Thompson and Sloan

(1978). The deviation of I B R from the more accurate results

can be of the order of 20%. Numerical results and simulation

results of the vacuum limiting current have been obtained by

Thode et al. (1979).

The width of the angular distribution of the beam electron

velocities, 8 , is an important parameter. In Eq. (1), 6 is
W Vr

not taken into account and one could expect that the vacuum

limiting current depends on 9 (Thode et al., 1979). The

effect of 9tT on plasma heating has been investigated theore-

tically (Ferch et al., 1975; Thode, 1976) and experimentally

(Arzhannikov et al., 1978; Sethian et al., 1979). Also for the

generation of microwaves with a REB the angular distribution

of the beam is an important parameter (Krementsov et al., 1978;

Talmadge et al., 1977). Especially in the case of gyrotron

devices, where the beam electron velocity perpendicular to the

magnetic axis is the instability driving parameter, control

of the angular width is essential.

In this paper we present experimental results of the trans-

port of a REB through vacuum over about 2 m distance. The in-

jected beam current is slightly above the theoretical vacuum

limiting current given in Eq. (l), which results in the forma-
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tion of a virtual cathode. The measured beam quantities are

the beam current density and the angular distribution of the

beair as function of radius. The most important variable para-

meter is the thickness of the, anode foil, through which the

beair. is injected into the drift chamber. The foil determines

the angular distribution.

Cnly electrons with sufficiently large axial velocity can

surirount the' virtual cathode. Because the space charge poten-

tial is maximal on axis more beam electrons are reflected/

giving a decrease in current density and a decrease in angu-

lar width for smaller values of r. As a consequence the beam

current density profile is hollow and the angular width of the

velocity distribution of the beam electrons increases with

radius.

Because analytic theories for the beam limiting current

neglected the possibility of a hollow current density profile,

angle scattering and beam self magnetic field, we have per-

formed trajectory calculations according to Herrmannsfeldt,

(1973) to simulate the propagation of an intense electron beam

through an evacuated chamber with grounded walls. The trajec-

tories are calculated while including an external magnetic

field, the beam self magnetic field, the space charge of the

beam and an angular spread.

2. EXPERIMENTAL SET UP AND MEASUREMENT OF CURRENT DENSITY

PROFILE AND ANGULAR DISTRIBUTION

The Relativistic Electron Beam is injected along a magne-

tic mirror field into a cylindrical drift chamber with length

L-2.5 m, diam. d~0.12 m (de Haan et al., 1979, 1981b). The

homogeneous part of the magnetic field amounts to 0.21 T and

the mirror ratio is 1.5. The parameters of the beam are:

acceleration voltage Vb~0.8 MV, beam current I b ~ 6 kA, pulse-

length Tb~150 ns, e-folding current rise time T ~ 10 ns. The

electron beam is extracted from a cold carbon cathode sphere

of 2.54 cm diam. and injected into the drift chamber through

a titanium anode foil. The thickness of the anode foil was

20 yir., 30 ym, or 50 ym. In a limited number of shots the anode

foil was 35 ym Mylar coated with Al.
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FUj. 1 - Radial current, density profile, jb(r), at z = 1.7 m for

three different anode foils. The data points at five

positions are the average over three shots.

6-
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2 - Current donsity on axis, 3j,(0), versus the distance

t'ro-n the 30 ,iin Ti foil. The current density is measu-

red by aid of Hif angular distribution analyser.
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The beam current is measured by a Rogowski coil positioned

at about 0.2 m from the anode foil. The angular distribution

of the velocity vectors of the beam electrons has been measu-

red with a four channel analyser (de Haan et al., 1981a).

Behind a pinhole of 1 mm diam. four collectors measure the

contribution of the beam current density in four angular in-

tervals (O°-18°, 18°-36°, 36°-54°, 54° - 60°) , integrated

over the azimuth. The analyser was positioned at 10 m and

at 1.7 m from the anode. To prevent perturbation of the cur-

rent measurement by any (foil) plasma effect, a 10 ym Ti foil

is placed just in front of the collectors. Comparing the mea-

sured ratio of the signals on the four collectors with the ex-

pected ratio calculated from multiple scattering theory, the

width of the distribution, 6W, is obtained. Summing the contri-

bution of the four collectors gives the total position resol-

ved current density c£ the beam. As a result the beam current

density profile is obtained at 1.7 m from the anode. However,

only electrons with velocity vectors within 60° with the axis

are collected, which is sufficient in case of injection into

vacuum.

. All measurements are in principle time resolved. If

the beam is injected into vacuum the measured signals follows

the pulse shape of the beam current, and no other time dependence

was observed. Therefore, throughout the paper, the data relate

to the measurements done during the flat part of the beam pulse.

Let us first consider the beam current. The profiles of the

beam current density, j^(r), at z= 1.7 m for three different

anode foils are shown in Fig. 1. The maximum of jfa is off-

axis for all foils. The current density on axis is for all

three foils almost equal, whereas the maximum in jfa increases

with thinner foils. By integrating the current density profile

over the radius the total current is obtained and can be com-

pared to the result of the Rogowski coil. The current density

on axis, Jb(0), averaged over three shots, as function of

distance from the 30 ym Ti foil is shown in Fig. 2. We note

that for zj>0.5 m Jb(O) is constant. The bars indicate a spread

in data of about 10%.

The angular distribution of the beam at z = 10"3 m for two

different anode foils is given in Fig. 3. The distribution is
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Fig. 3 - The angular distribution

at 10~ m from the anode

foil for two foil thick-

nesses, a) 30 pm Ti, b)

50 urn Ti. Also the distri-

butions from the multiple

scattering theory determined

by the ratio of the current

on the first and second col-

lector, are given (dashed

lines) . The obtained widtl->s,

given in the figure, are

within 5% of the theoretical

prediction. The difference

between the measured and cal-

culated distributions is ap-

proximately 10%.

60' "0 60*

r=Omm 5mm 10 mm 15 mm 20 mm

e»=27.0*

60» 0 60* 0 60» Ó 60* 0

Fig. 4 T Experimental results of the angular distribution for

several radial positions at z= 1.7 m. The beam was

injected throuyh a 30 pm Ti anode foil. The multiple

scattering distributions with corresponding angular

width arc also given (dashed lines).
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plotted as a histogram- The solid lines represent the measure-

mer :s and the dashed lines are the distributions from the mul-

tiple scattering (MS) theory. The areas under both histograms

are chosen to be equal.

The Rutherford scattering cross section decreases with
—4

increasing scattering angle x as x • Therefore single scat-

tering over a large angle is very unlikely. Large angle de-

flection will then be caused by multiple scattering over small

angles (Molière, 1948; Bethe, 1953).

According to Bethe the distribution function of the scatter-

ed particles is given by

f (e) = e~ 2 Cfo(*ï + T"
1 f1 (•) + ...: {2)

where

2e"<(> (2a)

and

-<!>2 2 2 2 -<J>2

f 1 ($) = 2e (<j> - 1) (Ei (<P ) - In <j> ) - 2 (1 - 2e ) (2b)

where <{> = 8/G and'6 is a measure of the width of the distri-
Vr W

bution, see Eq. (3), Ei(x) is the exponential integral as de-

fined by Abramowitz et al. (1965).

The angle at which the scattered electron intensity falls

to e of its maximum is given by

G = Y r^
w Ac

where Xc and r are two parameters. >'c is defined as

Nt e4 Z (Z+ 1)

Y2 m2 34 c4

where N is the density and Z the atomic number of the foil,

and 3c the velocity of the beam. For titanium foil of thickness

t and electrons with velocity 3c the parameter r is given by

the transcendental equation
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15*-

ior-

5*-

0*-
10 15
— r Cmnil

20

Fig. 5 - Angular width, obtained from the angular distribution,

for three different anode foils, 20 um Ti (o), 30 urn

Ti (x) and 50 um Ti (+). The arrows indicate the

value of the angular width at z =10 m, corrected

for the reduction in magnetic field.
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r . l n r = l n (4.Ub»ciU t} ( 5 )

e
The distribution function f(8) is normalized to one.

For finding the MS distribution fitting the measurements,

the ratio of the currents on the first (0° < 8 < 18°) and second

(18°< 8< 36°) collector, Rl2, is used (de Haan et al., 1981a)

which suffices for the small angular width, 9 , obtained in

vacuum. The contribution of the third and fourth collector are

also shown in Fig. 3 for checking the deviation of the measured

distribution from the MS distribution. There is some discrepan-

cy between measurement and calculation for the third and fourth

collector. However, it must be emphasized that the absolute

errors on all four collectors are about equal (de Haan et al.,

1981a), causing larger relative discrepancy at the collectors

with a small contribution. Comparing the measured value of 8W,

obtained from Rl2f namely 9 =21.2° and 28.1° for a 30 ym and

50 ym Ti foil respectively with the theoretical values,

9 =20.4° respectively 27.5°, it is seen that the measured data
-3

at z» 10 m are within 5% of the theoretical prediction.
The angular distribution of the beam electrons at z = 1.7 m .

for various radial positions of the analyser is shown in Fig. 4.

As an example we only give the results of the measurements with

a 30 ym Ti anode foil. Also the curves for the MS distribution

determined by R-2 are shown. The areas of the profiles of measu-

rement and theory are equal. The measured distribution resem-

bles for all radii a MS distribution reasonably well, although

there is some discrepancy for the third and fourth collector

at the larger angles. On axis the angular distribution is inde-

pendent of the axial position for z^0.5 m.

The angular width, 9 , determined from the ratio RlO, at

z= 1.7 m as function of radius for three different anode foils

is given in Fig. 5. For all three foils, 6 increases with

radius. Because of the reduction in magnetic field strength,

when going from z= 1O~3 m to z- 1.7 m the angular distribution

caused by scattering in the anode foil is changed at z=1.7 m.

One can easily see that the shape of the distribution remains

the same, but
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9 (z= 1.7 m) =M~^ B (z= 1O~3 m) (6)
w "

—3
where M is the ratio of the magnetic field strength at z = 10 m

and z=1.7 m. In our experimental situation M=1.4. The arrows,

given in the figure, indicate the values of 9W, measured at

z = 10 m for the 30 ym and 50 ym foil and the theoretical

0 from the MS theory for the 20 yin foil, but corrected for thew
reduction in magnetic field. For a 20 ym and 30 ym Ti foil the

measured 6 on axis is about 3° above the result of the MS
w

theory. However, for a 50 ym Ti foil the measured 0w is below

the theoretical value.

3. CALCULATION OF THE TRANSMITTED BEAM CURRENT

The transmitted beam current and the radial current density

profile have been calculated, using the electron trajectory

computer program of Herrmannsfeldt (1973). In the calculations

a cylindrically symmetric grounded drift chamber determines

the boundary conditions. The algorithm allows the use of 50

current filaments, which are treated as rays with a predeter-

mined current, acceleration voltage, starting position and angle

with the axis of symmetry. A homogeneous magnetic field is super-

imposed, parallel to the z-axis. The space is determined by a

mesh of 195 x 39 points.

The program first solves the Laplace equation, giving the

vacuum potential distribution, which fulfils the boundary con-

ditions, in this case an equipotential boundary. Once the

vacuum potential distribution has been found, the trajectories

of the rays are calculated from the equations of motion and

including the beam self-magnetic field. When all 50 trajecto-

ries have been calculated, the Poisson equation is solved to

give the potential distribution, caused by the space charge

of the beam within the given boundary. In the new potential

distribution the trajectories of the rays are calculated. In

ten iteration cycles the transport of the beam current is

determined.
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Because of the large influence of the space charge of an

intense electron beam, we found variations of approximately

10% in the transported current between different runs, as

will be confirmed below. We emphasize that these calculations

give the stationary equilibrium case of beam transport.

In the experiment the beam is injected into the drift cham-

ber through an anode foil. Therefore, the angular distribution

of the beam velocity vectors at the entrance is determined by

the anode foil as discussed in the previous section. For

trajectory tracing the beam is defined as follows.

Beamlets are injected at z = 0 from 5 equidistant radial

positions. The current I. of beamlet i, injected at r = r *,

where

r. = (i - h) Ar and Ar = a/5

with a the radius of the beam at the injection side, is given

by

5
I ±= 2 TV jQr± Ar, so Im= I I± (7)

where the current density j is constant for 0 £ r £ a .

The starting energy U of all electrons is equal to eV., where

V b is the acceleration voltage. Including an angular width the

beam distribution is given by

F(9,U) = 6(U-eVb) f (6) (8)

where f(9) is given in Eq. (2). At every radial position we

define ten angles 0, with

9k= (-l)k+i (k- h) A6

where A6=45°/10 and k= 1 to 10. The current of the k-th com-

ponent of the beamlet at r = r. with energy U = eV. is given by

k

± f f F(6,ü) sin 6 de dU (9)
o 6k-^A6
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zlmj

zfmj

Fig. 6 - Result of the trajectory calculations for the parame-

ters: L/b=5. b/a=3.9, IIN=4.92 kA, Y = 2 . 5 6 , 6 W =

20°, B =0.21 T; a) without beam space charge, b) with

beam space charge. Only a few of the fifty rays are

shown for clarity. The intensity of the different

rays is not equal. Rays 4 and 5 are reflected to the

diode by the virtual cathode.
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Fig. 7 - The transmi tte?d current,

tory calculations versus

for threo ilifferont angular widths, p;

obtained from the triit'c

IN'
15 [ + ) ,

20° (o) and 2r>° (x), corresponding to a 20 i>ir,, 30 |.n.

and 50 \-.m Ti foil. The other parameters are h/b = 5,

b/a=3.9, v = 2.56, Bo-0.21 T. The; asterisk with bar

indicates the moan of the results of I T with I .,

around 7 kA for •w = 20
c. Tho uncertainty is about 1<H
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where I. is defined in Eq. (7). For the values of 9w used

in this paper F(6,U) goes sufficiently rapid to zero, when

0->45°, so that |l±- Z IJ | « I±.

For comparison with the numerical results of Thode et al.

(1979) and Thompson and Sloan (1978) also calculations with

6 = 0 ° are done. In this case fifty rays are injected parallel

to the z-axis at 50 equidistant radial positions. The current

of each ray is defined by Eq. (7) where i= 1 to 50 and Ar=a/50.

An example of the calculation of the trajectories is given

in Fig. 6, where V b = 8 * 10
5 V (y =2.56), the total injected

current IIN=4.92 kA, 6W = 20°, b/a=3.9, L/b=5 and b=6.5 cm.

For clarity only a few of the fifty rays are shown. The inten-

sity of the different rays is not equal. Fig. 6a gives the tra-

jectories for the first iteration, so the space charge of the

beam is not taken into account. Some trajectories after ten

iteration cycles are shown in Fig. 6b. Many rays are reflec-

ted by the virtual cathode, built up by the space charge of the

beam; for instance rays 4 and 5. The maximum of the space charge

potential, the virtual cathode, is located on axis at z~0.85 b,

and amounts to 0.93xVj.

The transported beam current, I_,, versus the injected cur-

rent, IIN/ is plotted in Fig. 7 for three different angular

widths, 8W. The dashed line marks the relation IT= I_N and the

solid line indicates IBR, for b/a=3.9 and Y = 2 . 5 6 (Eq. (1)).

To show the stability of the calculations a number of runs have

been performed with I I N between 6.9 kA and 7.1 kA for 6W= 20°.

The averaged transmitted current at IIN=7.0 kA, indicated by

the asterisk, is IT=3.48 kA+11%. We note that the calculated

transmitted current is within 10% of IBR« However, it must be

emphasized that the analytical expression for I_n is obtained

by assuming a beam with 8 = 0 and an infinite magnetic field,

whereas for the trajectory calculations 6 + 0 ° and B is finite.
W

The radial current density profile at z = L can be found by

summing the current contributions of the rays arriving at z = L

in the radial interval |r-ro| < h <5r, where 6r=r ,„/10, r0 =

il-k) 6r for £=1 to 10 and r__« a + rT , where rT is the maxi-
m a x jj ±j

mum Larmor radius. In the experiment the measurement was per-

formed at greater distances z from the anode, where phase mixing
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IIN=2kA

jla.u.l

lIN=7kA IIN=10kA
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» rCmml

10 20 0
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IQ 20
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Fig. 8 - Radial current density profiles for three different

injection currents, I J N = 2 kA (a), 7 kA (b) and 10 kA

(c) dnd three different angular widths >',,= 15° (o) ,

= 2.56. b/a =20° (x) .UKI 25° (t). The parameters are

J.9. B = 0.2) T, L/h= 5.
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is stronger than possible in the computation. Therefore the

profiles have been averaged over several axial positions z^,

where L ± £zk<.L (k=l to ,6). We have chosen l^in such, that

the averaging is over one Larmor wavelength at 8=45 .

The radial current density profile for different 9W and I I N

is given in Fig. 8. Obviously the profile, like the total

transmitted current, does not depend on the angular width at the

injection side. For IIN below the limiting current, the current

profile is bell-shaped. For 1"IN.> I B R the profiles are hollow.

With increasing IJN the dip for r=0 becomes relatively deeper,

comparing Fig. 8b and 8c. The gross form of the profiles is in-

dependent of 6w. Although the transmitted current is almost

constant for 1"IN > IBR, the virtual cathode results in a steep-

ening of the hollow profile.

To compare the results of the trajectory calculations with

the numerical and simulation results of Thode et al. (1979), we

performed runs for their values of the parameters. The trans-

mitted current for y=3, 9 = 0 ° , b/a=7.4, I_.t=5.0 kA as func-
_ AH

tion of the magnetic field strength w_/u)K (w_ = eB/m, uK =
O 2 it Q C O C O

(n£e /eomp, with nb the beam density at z=0) is given in

Fig. 9. The solid line gives the results of the calculation of

Thode et al. (1979), whereas the asterisks indicate their simu-

lation results. The triangles give the results of our trajectory

calculations, with the bars indicating the uncertainty of ~ 10%.

The dashed line gives IfiR for comparison. The current obtained

from our trajectory calculations is significantly below

Thode's results.

All the calculated results, except the simulation,

are for the case of stationary beam transport. The in-

crease of the transmitted current above I B R for small w /&>£ is,

according to Thode et al. due to the expansion of the beam in

the magnetic field, effectively resulting in a decreased b/a.

However, our trajectory calculations do not reproduce their

enhancement of IT.

The results of the calculations of the transmitted current

IT for some conditions are summarized in Table I, in comparison

with the results of Thode et al. (1979) and of

Thompson and Sloan (1978). Surveying Fig. 9 and Table I it can
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TABLE I.

Y

: 5

5

3

3

25

25.5

5.0

5.0

b/a

2

2
7.39

7.39

9w

0°
0°
20°

0°

Vb
148.0

4.0

2.75

1.79

IT(traj)

23.0

20.0

3.5

2.0

I*

-

23.0

3.5

4.6

21.6

-

-

-

XBR

19.0

19.0

3.8

3.8

Comparison of the computational results of the vacuum limiting

current for some parameters. The first column gives the rela-

tivistic factor of the beam electrons, the second column is

the injected current, b/a and 0W are the ratio of wall radius

to beam radius and the angular width at the entrance, respec-

tively, and UpA^ is the magnetic field strength. Column 6 is

the transmitted beam current from the trajectory calculations,

II is from the work of Thode et al. (1979), IT is the vacuum

limiting current from Thompson and Sloan (1978) and IBR is

given in Eq. (1).

ITLkA]

5-

A-

3-

2-

1-
i

10

Fig. 9 - Results of the calculations of the transmitted current,

iT, against the magnetic field strength u /u?. The

solid line is the result of the numerical calculations

and the asterisks are simulation results both from

Thode et al. (1979). The triangles are the results of

our trajectory calculations. For comparison is given
J-BR= 3.8 kA. The parameters are y

0°, b/a= 7.39.
3, I

I N
5 kA,



107

be observed that the agreement between the trajectory calcu-

lations and the other results is good for small b/a or 6W+ 0 .

However, there is a large discrepancy when the conducting wall

is too far away, and a parallel beam is injected. In that case

the very large space charge fields hinder a stable solution of

the ray trajectories.

4. DISCUSSION

The length of the drift region is different for the experi-

ment and the calculations. However, the effect of the end plate

is negligible in determining the potential distribution, if

the ratio L/b is sufficiently large (Miller and Straw, 1977)

L/b>2.58 (a/b)0*133 (10)

In both the experiment (L/b~ 30) and in the trajectory calcula-

tions (L/b =5) this condition is always fulfilled since

a/b < 1.

In Fig. 10 we give the transmitted current from the calcu-

lations, from the measurements with the Rogowski coil, I_c
(crosses) and from the current density profile, I (dots),

against the angular width at the entrance, i.e. foil thickness.

The measurements are averaged over three shots. The solid line

gives the calculation of Thode et al. (1979), where the simula-

tion of IT as function of uc/w^ (Fig. 9) has been combined

with the calculation of I™ versus 8 (Fig. 14 of Thode et al.,

1979). The asterisks indicate the results of the trajectory

calculations and It,n=4.0 kA.

Because the current density profile is measured at only 5

radial positions the results obtained for the total current

are approximate. Still, the largest difference between the mea-

surements with the Rogowski coil and the pinhole is less than

15%.

The decrease of the transmitted current with increasing foil

thickness can be explained in the following way. Only beam elec-

trons with sufficient axial velocity can surmount the virtual

cathode- Because the axial velocity is proportional to cos 9,
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Fig. 10 - Transmitted beam current IT for various anode foil

thicknesses, i.e. angular widths. The different syrjbols

indicate the measurements with the Rogowski coil (•;,

the measurements with the angular analyser (x), the

calculated results of Thode et al. (1979) (solid line),

and our trajectory calculations (+).

The parameters are Y = 2 . 5 6 , W C / U £ = 1 . 7 5 , b/a=3.5.
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the average parallel velocity decreases with increasing angu-

lar width and the transmitted current must decrease, too.

The scattering in the anode foil causes two other effects,

namely reduction of the injected current and broadening of

the current density profile. Assuming that the current emitted

from the cathode to the anode is parallel to the z-axis and in-

dependent of the foil thickness, the current at z > 0 is pro-

portional to cos 6 , because

X I N = N b e 1̂1 = N b e B C C O S 6W ( 1 1 )

where N, is the number of beam electrons in the beam area,o

v.| the average parallel velocity and 8c the total velocity.

In spite of an identical voltage pulse, this causes a reduction

in the injected current, going from 6w= 15° to 25° of 7%, which

alone can not account for the experimental reduction in I T of

12%.

Another effect of the angular width is the diminution of

the current density of the injected beam. Let the cathode radius

r be the characteristic beam radius for z < 0 then a radius

of the injected beam (z> 0) is

a = rc + ? L (12)

where r is the average Larmor radius rT = ym 8c sin 6 /eB.

Then the current density at z> 0 is proportional to (r /(r + rT)) ,

where it is necessary to assume, for convenience, that the rec-

tangular current density profile remains valid. Combining this

with Eq. (li) the current density at z> 0 is

300 {rc + ^L)~2 c o s 6w ( 1 3 )

The ratio of the current densities at e = 15° and 9 =25°
w w

obtained from Eq. (13) is 1.48. This should be compared to the

ratio 1.5 of the experimental results of the maximum current

density (see Pig. 1).

The results of the calculations of Thode et al. (1979) are

about 20% below the measured current I R C, but they show the

correct dependence on the angular width. However,
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our trajectory calculations are in disagreement with the mea-

surements. Whereas the measurements and simulations are an

average over time dependent functions, our trajectory calcula-

tions are stationary. The potential of the virtual cathode,

positioned at a constant position z ~ b, is oscillating in time

with the frequency w, (Sternlieb and Uhm, 1979; de Jagher et
10 -1

al., 1976). For our experimental parameters Uj)~2x 10 s ,

and so the oscillations cannot be experimentally verified.

According to Sternlieb and Uhm the oscillations are stabilized

on a time scale of L/Bc, which amounts to about 6 ns in our

experiment. However, their calculations are one-dimensional.

Electrons with a large perpendicular velocity are reflected

by the virtual cathode. Because on axis the space charge poten-

tial is maximal this causes an increase in angular width going

from axis outward (see Fig. 5). However, one would expect that

the large angle part of the angular distribution is reduced

relative to a MS distribution, especially on axis. This is

not confirmed by the measurements (Fig. 4). Outside the cathode

radius (r > r ) the angular width increases significantly,

since only electrons with a large Larmor radius can contribute.

5. CONCLUSION

When an electron beam with injection current above the vacuum

limiting current is injected into an evacuated eguipotential

drift chamber, the influence of the virtual cathode is important.

It causes a hollowing of the current density profile. Because

of the azimuthal integral this affects only slightly the total

current. It is experimentally found, that the transmitted cur-

rent, with a pulse length of 150 ns, can be above the stationary

vacuum limiting current. This supports the simulation results

obtained by Thode et al. (1979). The results from the trajectory

calculations indicate that for the stationary case of the limi-

ting current, the transported current is independent of the

angular width at the entrance side. Besides, because these cal-

culations confirm the results of Bogdankovich and Rukhadze

(1971) we are led to investigate in future time dependent cal-

culations.
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It is experimentally observed that the angular distribution

of the beam is maintained. Changes in the angular width are

less than 20%. In spite of the existence of the virtual cathode

the transport of the beam is stable over a distance of about

2 m.

ACKNOWLEDGEMENT

The authors wish to thank ir. P.J. van Bommel for his help

with the trajectory calculations and dr. P.S. Strelkov (Lebedev)

for introducing the angular analyser.

This work is performed as a part of the research program of

the association agreement of Euratom and the "Stichting voor

Fundamenteel Onderzoek der Materie" (FOM) with financial support

from the "Nederlandse Organisatie voor Zuiver-Wetenschappelijk

Onderzoek" (ZWO) and Euratom.

REFERENCES

Abramowitz H, Stegun I.A., (1965) "Handbook of Mathematical

Functions",Dover, New York.

Arzhannikov A.V., Burdakov A.V., Koidan V.S., Konyukhov V.V.,

Mekler K.I., Rogozin A.I. (1978) JETP Lett. 27, 161.

Bethe H.A. (1953) Phys.Rev. 89, 1256.

Bogdankovich L.S., Rukhadze A.A. (1971) Sov.Phys.Usp. JL4, 163.

McDermott D.B., Marshall T.C., Schlesinger S.P., Parker R.K.,

Granatstein V.L. (1978) Phys.Rev.Lett. £1, 1368.

Drossart P., Böhmer H., Buzzi J.M., Doucet H.J., Etlicher B.,

Haldenwang P., Lamain H., Rouill C. (1979) 3rd Int.Top.Conf.

on High Power El. and Ion Beam Res.and Techn., Novosibirsk,

Vol.II, p.741.

Ferch R.L., Sudan R.N. (1975) Plasma Phys. JL7, 905.

de Haan P.H., Hopman H.J., Janssen G.C.A.M., Strelkov P.S. (1979)

Proc.3rd Int.Top Conf.on High Power El.and Ion Beam Res.and

Techn., Novosibirsk, Vol.1, p.123.

de Haan P.H., Singh R.N., Hopman H.J., Janssen G.C.A.M., Gran-

neman E.H.A., Strelkov P.S. (1981a) J.Phys.E ^4, 373.



112

de Haan P.H., Janssen G.C.A.M., Hopman H.J., Granneman E.H.A.

(1931b), submitted to Phys.Fluids.

Halbleib J.A., Wright T.P. (1980) Phys.Fluids 23, 1612.

Herrmannsfeldt W.B. (1973) Electron Trajectory Program, Inter-

nal Report Stanford, SLAC-166.

de Jagher P.C., Jurgens B., Hopman H.J. (1976) Phys.Lett.

56A, 382.

Krementsov V.I., Petekin M.I., Rabinovich M.S., Rukhadze A.A.,

StreJkov P.S-, Shkvarunets A.G. (1978) Zh.Eksp.Teor.Fiz.

75, 2151.

Miller R.B., Straw D.C. (1977) J.Appl.Phys. 48, 1061.

Molière G. (1948) Z.Naturf. 3a, 78.

Sethian J.D., Ekdahl C.A. (1979) Phys.Rev.Lett. 42_, 711.

Smirnov V.P. (1979) Proc.9th Eur.Conf.on Contr.Fusion and

Plasma Phys., Oxford, Vol.11, p.473

Sternlieb A., Uhm H.S. (1979) university of Maryland, Plasma

Prep. PL NO.79-019.

Talmadge S., Marshall T.C., Schlesinger S.P. (1977) Phys.

Fluids 20, 974.

Thode L.E. (1976) Phys.Fluids 19, 831.

Thode L.E., Godfrey B.B., Shanahan W.R. (1979) Phys.Fluids

2_2, 747.

Thompson J.R., Sloan M.L. (1978) Phys.Fluids 21, 2032.



113

C H A P T E R VI

ANOMALOUS SCATTERING OF A

RELATIVISTIC ELECTRON BEAM

IN A BEAM CREATED PLASMA

ABSTRACT

Measurements of the velocity angular distribution of a

Relativistic Electron Beam (0.8 MV, 6 kA, 150 ns) after pro-

pagation through hydrogen gas are presented. At a pressure

of 25 Pa scattering of the beam electrons into a preferential

angular interval is observed. At 190 Pa anomalously large

scattering is observed, up to an angular width of 90 , during

about 30 ns.

1. INTRODUCTION

In many applications a Relativistic Electron Beam (REB)

has to be transported over a distance of several meters [1,2].

Because in vacuum the beam current that can be transported,

is limited by the space charge of the beam [3], transport of

the beam through gas or plasma has to be considered. Both the

energy of the beam electrons and the distribution of the angles

of the electron velocity vectors with the magnetic axis are

modifxed during transport through plasma. For the applications

knowledge of such processes is essential.

Classical scattering of the beam electrons, propagating

through gas or plasma, is negligible for gas pressures below

10 Pa [4], However, scattering over large angles has has been

observed experimentally, either indirectly [5] or directly but



114

t =43ns
1.2

WAI
• 0.8

0.4

58ns 76ns
67.8* 1 50.5*

2.0

WAI
1.6

1.2

0.8

0.6

60*

t »43ns 58ns
6pa31.7* 30.8*

rL

90ns
57.0"

0)

105ns 121ns
80.6' 68.6*

n
60* 60*

e

74ns
33.9*

J\

b)

90ns 105ns 121ns
35.8* 35.5* 355

«50* 0 60° 60*

Fig. 1. Angular distributions, measured with a four channel

analyser, at different moments for two conditions,

aO p=190 Pa, z = 1.7 m, b) p = 25 Pa, z»1.5 in. The

solid lines are the measurements and the dashed lines

arp the best fit distributions from the multiple scat-

tering theory. The angular widths,G, are given in

the fiqure.
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integrated over time [63, in plasmas with densities between

10 1 7 m"3 and 1020 m"3. Presumably, the beam electrons are col-

lectively scattered by the large amplitude waves excited by

the interaction between the beam and the plasma. So far, de-

tailed studies on beam scattering are lacking. A general ex-

perimental study on beam energy loss has been presented in

ref. [83.

In this letter we present time resolved measurements of

the angular distribution of an electron beam after propagation

through hydrogen gas. The main features that have been obser-

ved are scattering of the beam electrons into a preferential

angular interval and random scattering over angles up to 90°.

2. EXPERIMENT

A Relativistic Electron Beam (Vb = 0.8 MV, I b = 6 kA, x^ =

150 ns, <j>b̂ 3.5 cm) is injected into a cylindrical drift tube

of 2.5 m length and 12 cm diameter. The beam is extracted from

a cold carbon cathode sphere of 2.54 cm diameter and passes

through a titanium anode foil with thickness 20, 30 or 50 ym.

The beam is confined by a magnetic field of 0.21 T [83. The

drift chamber is filled with hydrogen gas of pressure 25 Pa

or 190 Pa.

When the beam is injected into 190 Pa hydrogen a plasma is

formed on a timescale of a few nanoseconds. It has been found

that thereafter the density of the plasma is almost constant,
20 —3

n « 2 xio m [83. The temperature of both electrons and

ions is low, kQT < 5 eV. During the beam pulse the dominant

ionic species is H^ [83.

For injection of the beam into 25 Pa, no reliable values

for density and temperature could be obtained. However, we

have the following observations. The front of the beam pulse

does not induce a plasma return current. So, during the rise

of the current, about 25 ns, the plasma density is small

(au> /c) << 1 [10 3 (where a is the beam radius, w is the plas-

ma frequency, and c is the velocity of light), corresponding

to ne « 10 m" . However, the decay of the beam pulse induces
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a plasma current as large as the beam current. Therefore, at

the end of the beam pulse the density has increased to

n » 1 0 1 7 m~3. During the beam pulse the plasma density changes

strongly.

The angular distribution is measured by a four channel ana-

lyser [7]. Behind a pinhole of 1 mm diameter in an 1 mm thick

Ta plate, four ring shaped collectors measure the contribution

of the beam current density in four angular intervals (0 -18 ,

18°-36O, 36°-54°, 54°-60°) integrated over the azimuth. To

avoid perturbation by plasma electrons or ions a 10 ym Ti foil

is placed just in front of the collectors. The position of

the analyser can be varied both radially and axially.

It has been found [7] that the measured beam angular dis-

tribution agrees with calculations based on the multiple scat-

tering theory H9Ü, in case the analyser is placed in front of

the diode. In that case the scattering is only caused by the

passage through the Ti anode foil. The distribution is charac-

terized by an angular width, 6 , the angle at which the value
Iff

of the distribution function is reduced to exp(-l) of its maxi-

mum value. The widths, 9., for 0.8 MV electrons scattered in a
Vw

20 ym, 30 ym or 50 ym Ti foil are 13.7°, 18,0° and 23.8°

respectively [7].

3. MEASUREMENTS

The measured angular distributions at different times du-

ring the beam pulse and for two conditions, are shown in Fig.l

(solid lines): a) p = 190 Pa, z = 1.7 m, b) p = 25 Pa, z = 1.5 m,

both with a 30 ym Ti anode foil. Each distribution is an ave-

rage over an 8 ns time interval. A multiple scattering distri-

bution (dashed lines) is fitted to the measured distribution

by demanding that both distributions are equal in area and

that the difference area of both histograms, i.e. the shaded

areas in Fici.ib (t = 58 ns), is minimized. The resulting an-

gular widths in plasma, 6 , of the fitted multiple scattering

distributions, are given in Fig.l. In Fig.2 we present the

dependence of 0 on time and axial distance to the 30 ym Ti
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foil. Two observations are made: 1. At z = 0.5 m the width of

the distribution, produced by scattering in the anode foil,

is almost unchanged. 2. The strong scattering, observed at

greater distances from the anode foil, lasts for about 30 ns

only.

The angular width on axis as a function of time at z = 1.7 m

and p=190 Pa for three different anode foils is given in Fig.3:

a) 20 pm Ti, b) 30 pm Ti, c) 50 ym Ti. In the figures the aver-

age over 3 shots is shown to illustrate the reproducibility.

The duration of the strong scattering is longer for the thin-

ner foils, suggesting stronger interaction between beam and

plasma for thinner foils. Anyhow, whereas we observe very strong

random scattering at 190 Pa, there is a strong deviation of a

multiple scattering distribution at 25 Pa (e.g. Fig.lb, t=90 ns

and t = 105 ns). In those cases the electrons are scattered into

a preferential angular interval.

The effects mentioned above are not dependent on the radial

position. The strong scattering at p = 190 Pa is observed up to

1.5 cm from the axis. Also, for some conditions the preferen-

tial scattering is measured at off-axis positions. The two

pressures 190 and 25 Pa have been selected because they show

the mentioned features most clearly. The pressure of 190 Pa

is typical for the situation with a high density plasma
20 —3

(n - 10 m ). The situation with an intermediate plasma den-
20 —3sity (n, <n < 10 m ) is typically reached in the 25 Pa case.

O 6

4. DISCUSSION

The data presented in the previous section pose three

problems. Why is the anomalous scattering observed only at

distances greater than 0.5 m from the anode? Why does the scat-

tering only exist during a limited time? How can the scatte-

ring of beam electrons into a preferential angular interval

be explained?

In case the beam is injected into 190 Pa gas, for which

case o)p >> u)c (o>c is the cyclotron frequency) , the interaction

between beam and plasma is dominated by the two-stream insta-
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bility Cl1-163. If the angular spread of the beam electrons,

9 , is small, 6 <Y~1, where Y is the relativistic factor of

the beam electrons, y = (l+eV./mc ) , the character of the in-
—1stability will be hydrodynamic Cl33, whereas for 9w >y the

instability is kinetic [16]. For a Ti foil less than 50 ym

thick the character of the instability is always hydrodynamic

[13J.

If the interaction is hydrodynamic, the dominant growth rate

occurs for waves propagating parallel to the z-axis, provided

8 > (n./n ) 1 / 3 [12]. Then the growth rate, &m, for the two-

stream instability between a scattered beam and a plasma is

[13]

6m /3 <H-EV° W>* nb 1/3 A n

% = "*" * ^ nb ( }

where 3=vb/c, v. is the beam velocity, and (An/n, ) is a func-

tion of 6 and Y, which defines the fraction of the beam con-

tributing to the interaction. For our experimental parameters

with the 30 ym Ti foil, y = 2.56, nb/ne - 10""
3, and 9w = 0.3,

An/n. amounts to 0.3 and 6 /to - 10~2• Saturation of the waves
D m p

is by trapping of the beam electrons in the wave field. The

number of e-foldings in time, necessary for saturation is about 6
[13], giving a saturation length of about 0.3 m.

Because the instability is electrostatic in nature and the

waves propagate essentially parallel to the z-axis we do not

expect strong scattering of the beam electrons at dis-

tances z<0.3 m. This is confirmed by the measurements presen-

ted in Fig.2.

Once saturation of the instability has taken place the ener-

gy distribution is broadened, Ae/e~l, where e is the average

kinetic electron energy. Therefore, the hydrodynamic instabi-

lity is quenched, and the kinetic one takes over L16J. The

growth rate for the kinetic two-stream instability is

re;
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From ref. !13J we find Fo(°p#3) =2 for our experimental para-

meters, 6 =8 ~20°, Ae/e -1. The spread in wave vector Ak/k

is large, Ak/k ~1.

Saturation of the amplitude of the kinetic two-stream in-

stability is due to the modulational instability. It occurs

t16—18 I when the wave energy density Wx has become sufficient-

ly large,

VnekBTe
(kV

kBT

me
e
2 '

where k_T is the electron temperature. This condition is easi-

ly fulfilled. In our experiment with k_T =5 eV we find

k„T /me - 10 . The saturation level of the high frequency

waves is given by Papadopoulos [16]

„max

We"
M
m

-JS
I pj

2
In V W2 (O)/nekBTe _

M
m

2c
o

PJ

(3)

where M is the ion mass and w2(0) is the initial energy density of

the secondary plasma waves. At maximum growth of the secondary plas-

ma waves the wave vector is k2AD=0.6[(m/M)(W
max/nekBTe)]*, where

XD is the Debije length [23,24].

Because of the coupling between the waves in the modulatio-

nal instability the wave amplitudes are oscillating in time.

Oscillations in wave amplitudes by non-linear effects had been

observed for non-relativistic electron beams [21]. The oscil-

lation period has been derived by Kuijpers [19]

,-% (4)

where r is the Landau damping rate of the secondary plasma

waves, ven is the electron-neutral collision frequency. Equa-

tions (2) to (4) are valid, provided 26. >vo . which is mar-

ginally fulfilled in our experiment.

The effect of the modulational instability is to localize

the wave energy in regions with dimensions of ~10 A-,. The beam

electrons are scattered by these "blobs" or "solitons", with

a scatter frequency [20]
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3/2

ü) (5)

where W, < W^ax is the energy density of the secondary plasma

waves. Moreover, elastic scattering of beam electrons on the

solitons is possible when

(6)

where N/L is the number of solitons per unit of length. The

maximum of N/L is given by [18] N m a x

p g
/L =(1/2 /~6)(W2/nekBTe)/

D

We now try to compare some experimental observations with

the theory outlined above. Table I gives a comparison of the

experimental and calculated values for the anomalous scatter-

ing. The first three rows for the experimental values in the

first column are from ref. [8]. The rows 4 to 6 give the kine-

tic growth rate, Eq. (2), the saturation level for the primary

waves, Eq. (3), and the wave vector of the secondary waves.

The experimental values for the scatter frequency, vg, and

oscillation period, x, are obtained from Fig. 2. The half

width of the curves gives T, and v is found by observing that
5

the beam needs a distance L= 1 m to be scattered over l radian,
2

v = $c/L. In Eq. (3) we have taken A =6, according to thes
example given by Papadopoulos [16].

The second column gives v_ and T, obtained from Eqs. (4)
s

and (5), using the experimental parameters. The damping of the

secondary plasma waves is collisional, since k2^n
 i s t o° s m a 1 1

to give Landau damping. Obviously, the calculated values for

vg and T are not in agreement with the experimental observa-

tions. The last column gives the calculated values for v_ and
o s

T, if we assume an electron temperature of k-T = 2 x 10 eV.
ft - lThis temperature is obtained from Eq. (5) for v = 3* 10 ss

and the other parameters as given in the first column. The

collision frequency, vgn, is decreased because of the higher

electron temperature. Now, the calculated value for T is some

more in agreement with the observations. However, an electron

temperature knT = 2 * 10
3 eV for the bulk of the electrons is

very unlikely.
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Comparison of the experimental and calculated values for

the anomalous scatter frequency and oscillation period.

Column 1 gives the experimental parameters F81. and the ex-

perimental observations (Fig. 2). Column 2 gives the calcula-

ted values for vg and ;, using the experimental parameters.

The third column gives the calculated values, assuming a

high electron temperature.
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In conclusion, we suggest the following interaction for

the injection of the beam into 190 Pa H-. During the first

0.5 m the interaction of the beam with the beam created plas-

ma is hydrodynamic. The beam losses are small, approximately

3% m"1 [8J and no scattering occurs. Then, because of the broa-

dening of the energy distribution, the instability becomes

kinetic, leading to the formation of "solitons". The energy

loss of the beam is still small, W m a x/n bYmc
2~3 x1O~ 4, but

the beam electrons are strongly scattered by the wave fields.

We must emphasize, however, that the observed time scales of

the phenomena are not in agreement with the theoretical pre-

dictions in that case.

The values of the quantities calculated so far hold for

the case of injection of the beam through a 30 ym Ti foil.

For the thinner or thicker foils the results are different.

For instance, for a thicker foil the kinetic growth rate is

smaller (Eq.(2)) and also the saturation level of the wave

energy is lower (Eq.{3)). Indeed, we observe scattering du-

ring shorter times for thicker foils (see Fig.3).

When the beam is injected into 25 Pa H-, we observe scat-

tering of the beam electrons into a preferential angular in-

terval. This points to coherent interaction between the beam

electrons and obliquely propagating waves. For 8 < (n,/2n ) ,
18 —3 " be

corresponding to n < 4 x10 m , the waves excited by the

two-stream instability are predominantly propagating perpen-

dicular to the motion of the beam electrons [12]. At a pres-

sure of 25 Pa the return current observations indicate that

the plasma indeed passes through a time interval with

n - 4 * 1018 m"3. When u /w > y (n, /2n Y)ly^3, corresponding to
17 —3 c P a e

nQ < 3 x10 m , the upper-hybrid instability might be excited,
with obliquely propagating waves [22]. However, this density

is too low to be considered at a pressure of 25 Pa. Therefore,

we conclude that the preferential angular scattering is due

to the two-stream instability.
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SUMMARY

In this thesis we describe the transport properties of an

electron beam through vacuum and through hydrogen gas with

pressure ranging from 25 to 1000 Pa. Maximum beam energy and

current are 0.8 MeV and 6 kA, respectxvely. The pulse length

is around 150 ns.

In the introduction (Chapter I) we review a number of ap-

plications of relativistic electron beams. Some features of

electron beam transport are mentioned. It is shown that, both

in vacuum and in plasma, the beam current, that can be trans-

ported, is restricted. We also mention the processes involved

in transferring energy from the beam to the plasma. In Chapter

II we give a description of the experimental device. Also the

diagnostics for probing the beam and the plasma, produced by

the beam, are discussed, as well as the data acquisition

system.

Chapter III is devoted to the interaction between the beam

and hydrogen gas with a pressure around 200 Pa. A plasma with
19 —3density around 10 m is produced within a few nanoseconds.

Measurements yield the atomic hydrogen temperature, electron

density, beam energy loss, and induced plasma current. The

measurements are compared with the results of a model combi-

ning gas ionization and dissociation, and turbulent plasma

heating. It is shown that a maximum electron density of around
20 -32 x 10 m is reached, that the dominant ionic species is

H-, and that the plasma temperature is restricted to

k T g ^ k T ^ 3 eV. The plasma resistivity is determined by clas-

sical collisions between the plasma electrons and neutral H2

molecules. The beam-plasma instability near the plasma fre-

quency (two-stream instability) is most probably in the hydro-

dynamic stage. The beam energy loss is approximately 3% per

meter. The results of the calculations show good agreement

with the measurements.

The remaining three chapters deal with the angular distri-

bution of the beam electrons about the magnetic field axis.

In Chapter IV we describe a simple four channel analyser for

measuring the angular distribution. The measurements on the
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scattering of the beam electrons in the anode foil, are compa-

red with the multiple scattering theory.

Data concerning the transport of the electron beam through

vacuum are presented in Chapter V. The space charge of the

beam results in the formation of a virtual cathode. As a con-

sequence the radial current density profile becomes hollow.

Transmitted beam currents greater than the theoretical vacuum

limiting current are measured. Electron beam trajectory calcu-

lations, taking into account the stationary electromagnetic

beam potential do not show a similar enhancement in limiting

current, but do reproduce the hollow current density profile.

The transported beam current decreases with increasing anode

foil thickness, in agreement with recent calculations of Thode

and coworkers.

In Chapter VI we present measurements on electron beam scat-

tering in hydrogen gas. At 25 Pa hydrogen we measure preferen-

tial angular scattering, probably caused by the fact that in

low density plasma the waves of the two-stream instability are

propagating perpendicular to the beam. At 190 Pa hydrogen the

beam electrons are subject to a strong random scattering, with

an angular width upto 90°, due to beam-plasma interaction.
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SAMENVATTING

In dit proefschrift wordt het transport van een relativis-

tische elektronen bundel door vacuum en door waterstof gas met

een druk tussen 25 en 1000 Pa (1 Pa= 1/133 Torr) beschreven.

De maximale bundelenergie en stroom zijn respectievelijk

0.8 MeV en 6 kA. De pulsduur is ongeveer 150 ns.

In de inleiding (Hoofdstuk I) geven wij een overzicht van

de toepassingen van relativistische elektronen bundels. Enkele

kenmerken van elektronenbundel transport worden genoemd. Wij

laten zien dat de te transporteren bundelstroom beperkt is

door de eigen ruimtelading en het eigen magneetveld van de

bundel. Er wordt energie van de bundel naar het plasma overge-

dragen via golven en via de door de bundel geïnduceerde plasma-

stroom. In Hoofdstuk II geven wij een beschrijving van de ex-

perimentele opstelling. Ook de diagnostiek aan de bundel en

het plasma, gemaakt door de bundel, wordt beschreven, benevens

het systeem voor de verwerking van de meetgegevens.

Hoofdstuk III is gewijd aan de interactie tussen de bundel

en waterstof gas met een druk rond 200 Pa. Er wordt binnen

enkele nanoseconden een plasma gemaakt met een dichtheid rond
19 —3

10 m . Wij meten de atomaire waterstof temperatuur, elek-

tronendichtheid, bundelenergie verlies en de geïnduceerde plas-

mastroom. De metingen worden vergeleken met de resultaten van

een model, dat rekening houdt met gas ionisatie en dissociatie,

en turbulente plasmaverhitting. Er wordt getoond dat de maxi-
20 -3

male elektronendichtheid ongeveer 2 * 10 m is, dat het do-

minante plasma ion H3 is, en dat de plasma temperatuur laag

blijft, kT < kT. ̂  3 eV. De plasma weerstand wordt bepaald door

klassieke botsingen tussen de plasma elektronen en neutrale

H2 moleculen. De bundel-plasma instabiliteit bij de plasma fre-

quentie (twee-stromen instabiliteit) is hoogst waarschijnlijk

hydrodynamisch van karakter. Het bundel-energie verlies is

ca 3% per meter. De resultaten van de berekeningen en de me-

tingen komen goed met elkaar overeen.

De laatste drie hoofdstukken gaan over de verdeling van de

hoek die de bundel elektronen met het magneetveld maken. In

Hoofdstuk IV beschrijven wij een eenvoudige vierkanaals hoek-

analysator. De meting van de hoekverstrooiing van de bundel
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elektronen in het anode folie, wordt vergeleken met de theorie

van meervoudige (kleine hoek) verstrooiing. Het de analysator

kan diffuse verstrooiing onderscheiden worden van verstrooiing

naar een speciaal hoekinterval.

Gegevens over het transport van de elektronenbundel door

vacuum worden gepresenteerd in Hoofdstuk V. De ruimtelading

van de bundel geeft aanleiding tot de vorming van een virtuele

kathode. Dientengevolge vertoont de bundel, na passage door

de virtuele kathode, een hol stroomdichtheids profiel. Bundel-

stromen boven de theoretische vacuum limietstroom zijn geme-

ten. Berekeningen aan de banen van de bundel elektronen, waar-

bij rekening wordt gehouden met de stationaire elektromagne-

tische bundelpotentiaal, vertonen niet eenzelfde overschrijding

van de limietstroom, maar tonen wel het holle profiel aan. De

getransporteerde bundelstroom neemt af met toenemende dikte

van het anode folie, hetgeen in overeenstemming is met recente

berekeningen van Thode en medewerkers.

In Hoofdstuk VI presenteren wij metingen betreffende de

verstrooiing van de elektronenbundel in waterstof gas. Bij

25 Pa waterstof meten we verstrooiing naar een speciaal hoek-

interval. Dit treedt waarschijnlijk op, omdat in een plasma

met lage dichtheid de golven van de twee-stromen instabiliteit

zich loodrecht op de bundel voortplanten. Bij 190 Pa worden

de bundel elektronen zeer sterk verstrooid, tengevolge van de

bundel-plasma interaktie, waarbij een hoekspreiding tot 90°

kan optreden.


