LABORATORY OF PLASMA STUDIES
' CORNELL UNIVERSITY
ITHACA, NEW YORK

. AN INITIAL STUDY ON THE PROPAGAIION OF A
. HIGH CURRENT RELATIVISTIC ELFCTRON BEAM

'by -

]M . Andrews, J. J. Bzura, H. E. Davitian, . H.
' Fleischmann and: D ~A. Hammer, Laboratory of Plasma
_ Studies, Cornell University.

“T. M. Vitkovitsky and L. 5 Levine Naval Research
-Laboratory. .

Cwss o swmamoae

This work was supported by ‘the U.S. Office of Naval Research under
Contract No. NOOO1l4- 67 Ar0077—0003. .




'ABSTRACT.

“The transport of relativistic electron beams consisting of ip to 500 keV

felectrons in tens of kiloampere currents has oeen examined in an introductory
1.experiment w1th hackground air pressures of 0.1 to 2.0 torr.. These beams were
fguided in l&cm—diameter metal~mesh—lined 1ucite drift tubes, typically 6. 4 meters
' llong. Their properties were. determined through (a) time—resolved measurements of
'diode voltage and current, (b) x—rays from primary electrons hitting targets alongl: -:C'j.
.-the drift tube walls and at its end (c) Prompt visihle 11ght radiated from the R
hbeam system recorded in streak photography, and (d) magnetic fields of the ‘total
.:current within the- drift tube.ﬁ Beam—transit times given by these measurements

.proved to be considerably 10nger than the straight—line transit of 300 keV elec- R

trons, expecially at lower pressures. The total current~within-the drift tube was

-',found to be less than the injected primary electron current, indicating that a.

large return current was flowing in the beam—produced background plasma that

_partly canceled the beam current; In the streak photography a striation—like

structure was recorded in the light output. from the beam and the node—node disﬂ-
tance separating these striations varied inversely as, the pressure. The 1mp1ica—

tions of these results on possible models for beam propagation are. discussed.



iljlntroduction "

The recent development of systems capable of producing intense relativistic

.';ielectron beams of hundreds of kilo—electron volts and tens of kiloamperes has
n"stimulated anew an interest in understanding the prOpagation of these beams.
.l;Farly models for these beams were derived by Bennett, [1] Alfven [2] and Lawson.[3]_
'.iln the case first worked out by Alfven and 1ater expanded by Lawson, the form of
.:electron orbits is calculated for assumed selfﬂfields of the beam. If one allowed '
' disome neutralization fraction of background ions within the beam, then it was poss-
.d_;ible to find solutions where the reduced electrostatic repulsive force was balanced'

:fiby the cohesive force of the. self—magnetic field and the beam would be transported.

However, if the beam current was increased the electrons wonld form trajectories

H:fwith increasing transverse components. Ultimately, even- with complete neutraliza— |

IE_tion, a critical current, e l? 000 BY amps, would be reached where the electrons

have 1osr all'net'forward motion. This condition implied that electron beams"

-'-might not be able to propagate for currents above I o B is the ratio of electron
"speed to the speed of light and y=(1-38 ) 2 First experiments seemed to be.
contradictory in this regard, showing a catastrophically stopped beam [4] in one

gcase and a smoothly propagating beam'in experiments at Cornell. [5]

These early experiments had little or no time—resolved diagnostics along the

:_drift tube.- Data were obtained predominately by integrated measurements from
'fcalorimetry, blue cellophane dosimetry, x—ray dose from end targets, open—shutter .
.ll.photography and target damage. 16, ? 8 9, lO ll 12] It was discovered that with
o appropriate beam parameters and background pressure the energy transported by thelj-

_ "beam indicated fast—electron currents in excess of I . These results stimulated

further theoretical investigation of high-current beams. A steady~state repres-.:ﬂz

({ﬁ> entation for these beams without external fields was developed by Hammer and



'.Rostoker [13] lThis'relativistic selfeconsistant field solution re9ultedjin a

shell—current distribution allowing currents in excess of I ; However,'experi—

mental evidence indicated that the current flowing within the drift ‘tube was con—

:siderably smaller than the primary electron current. [6 12] This_problem was,also o

. examined by Hammer and Rostoker, [13] who COnsidered the acceleration of secon-~

'dary electrons produced at the front of the beam and showed that a current is set

.up with the secondary electrons opposite to the primary current that’ is capable of
'_canceling a large fraction of the ma?netic field within the beam. This lower effec— j{i_}i
Ctive magnetic field leads to the possibility agaln of transporting more intense . |

-.-beams.{

The experimental investigation concurrent with this theoretical study required

‘a much more detailed examination of the beam, both din time and in positlon along
" the beam, than the early time—integrated measurements had accomplished This-in~
»vestigation required longer drift tubes than the typical one—meter tubes previously :
'"'employed and the addition of a number of. diagnostic stations along the drift tube.
' More . importantly, it necessitated time—resolved measurements in order to. obtain
"transport parameters.such as. the propagation velocities.. The data presented in
‘:this paper represent the first results of experimentation directed toward the
"'development and utilization of time-resolved diagnostics on intense relativistic .

: electron beams, " Our. studies employed simultaneous use of the follou1ng techniquea.f'

'5_-(a) scintillator diodes to detect x—rays from beam electrons impinging on metal

Vfoils, (b) calorimetry to measure the total energy: incident on the end of the
. drift tube, (c) streak photography to record the fast light emission during and
;in the wake of the: electron beam and {d) small loop probes to yield the magnetic

'-.fields just inside the drift-tube liner. ‘This procedure resulted in a number of




~independent determinations of beamrtransit time showzng periods that were always
“'greater than those for straight trajectories and that increased in duratiom at

._lower pressures. An unexpected nodal phenomena, relativelv stationary in the

"ulaboratory frame, was indicated 1n the streak photography, with a repetition dis-

'-:.tance inversely prOportional ‘to pressure. The results from these experiments were

. 7reported in. part at the American Physical Society Plasma Division Meetings at

.'.[Miami {14 15] and more completely at the recent Conference on Intense Relativistic

.5E1ectron Beams, sponsored by the Naval Research Laboratory and held at Cornell

fUniversity.

”rfElectron Beam Measurements

;Experimental Arrangement.;

The basic set—up utilized in this 1nvestlgation is shown in Figure 1. A

' surge generator charges the mylar pulse-forming line and after a solid dielectric
E f_switch of polyethylene closes, a four—ohm source, 50~nsec pulse 1s applied to thei;-
- diode. [16] The electrons streaming from the cathode penetrate the anode foil pd
'to form the. electron beam propagating in the drift tube. ~ This beam has a- rather
_iuniform distrubution, typically about 10 cm in diameter, reflecting the size of
| l~;the planar cathode usually employed {17]1. ‘The entrance—angle distrubution of
'the beam is believed to be dominated by scattering in the anode foil with about

a twenty-degree half angle..

The drift tube has a 14 cm inner diameter and 1s 1ined with number 18 mesh

-aluminum screen.. In this case a 6 4 meter length of tube was used and filled with
' air to a desired background pressure.- Three scintillator diodes were employed
';fTwo detected x-rays from tantalum foil strips placed on the wall between the '

E screen and the lucite. One strip was- 0. 6 m- and the other 3.0m down the tube .
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-away from thelanode foil.':The third scintillator-diode'was positionedhso that it
'fsensed the.x—rays fron the'aluminum calorimeter late covering the end of.the
:_'drift.tube. A streak camera. viewed the entire drift tube through a mirror to
.:-give a longﬂpath length and the image of this drift tube was- swept across the
‘photograph with-time;. Five doublet magnetic field probes are deployed alona the: '
'drift tube at distances 0.1, U 7, 1 %, 4.1 and 5 0 m from the anode f011._ Data B
E were taPen concurrently with all of these diagnostics in a series of shots where'
uithe pressure was varied from 2 5 torr to 0, 10 torr._ The diode voltage was typi—.
-_eally 350 kv, the diode current about 30- 50 kA and a 1—m11 titanium anode foil
. was . used.throughout the“series.‘

. X—ray Scintillator Diodes and Calorimetry

Fach sc1ntillator diode consists of a IO—cm diameter, 8~cm long, polished

piece of Pilot B plastic scintillator tapered at one end to allow an optical grease
:{fit to an I.T.T. Industrial Laboratories “type FW 114 fast photodiode._ This scin-'

.tillator diode is then placed in a cylindrical metal container, packed uith mag-'_.

nesium oxide.. The cylindrical container, which, serves as an inner shield is. then

.enclosed with another metal box to form a second shield._ Batteries are used to

...'power the photodiode tube._ This s&stem has about a 4 nsec response time and a

. ‘linear output up to. 100 volts. Typical oscilloscope traces for the putputs of
.these:scintillator_diodes'are shown in Figure_z. In the first pictune the top T
.trace renresents the diode current measured.with a series resistance between the
"anode foil . and the grounded anode side of the pulse line, {17] while the lower

._trace is the output from: the scintillator ‘diode at- the end of the drift tube de-

.tecting the x—rays from the aluminum calorimeter olate.: Trace pairs are synchronous -:fﬁ



The upper trace

i3z from the curr-
i ent monitor with
23,27 wAfdiv and the
lower trace is
"from the scintilli-
ator diode at the
end of the drift
© tuhe. The sweep
“is 2D nsec/div.

These traces are
from the wall foil
scintillator. dindes:
" the upper is 0.6 m
and lower is 3.0 m
frow the beginning
of the drift tube.
I The sireep speed is
40 nsecf/div.

‘Figure 2 Scope signals from the current monitor and scintillator
' - diodes. In this case there was 1.35 torr of air 1in the
drift tube and the initial electron energy was 320 keV, -




rin time and swept at 20 nsec/div with a 7-nsec risetime dual—beam oscilloscope.

:.In the second picture the traces record the output of the two scintillator diodes -
i.rdetecting the x—rays from the 3 mil tantalum foils at the walls. The upper trace;f
.'for the f011 0 6 m from the diode, is timevsynchronized w1th the lower trace, for
__the foil 3.0-m from the diode, both traces having an“oscllloscope—limited rise

“time. of 11 nsec. A 2 S-nsec rise time oscilloscope was also used for the upper o

trace and showed rise times as: low as 6 nsec,'so that these traces were oscillo- )

E scope—limited on the initial rise.

Figure 3 shows the transit—time data obtained from scintillator diode traces _

inrthis-series, normalized'tova'ﬁ 4 meter distance. The solld line shows the transit'

ibtime represented by the delay between the half heights of the first peaks fsr the
:traces from the wall fOilSi- Transit times for the bulk of the beam electrons are
:;given by the upper and 1ower dashed lines which are derived from the delay between :
the half heights of the rise and fall respectively of both the diode current and

-the.xfray signal at the end of the-drift tube. ~There is a marked difference_between

the transit times normalized to theifulletube length from the wall fbils:and that

.'marked by the x—rays at the end of the drift tube. It is found that for higher

pressures, _around 2 torr, there is a small early—step 51gnal before the bulk of

7,the electrons arrive, which is. just VlSible in Figure 2, and for 1ow pressure,
' daround 0.15 torr,: there is-a small residual step -down signal after the primary sig-

: nal.h If these are used’ as the beginning and end of the x—ray signal instead of

the half rise-and fall times, then-the discrepancy'is snbstantially-alleviated.

One notable feature of the end-scintillator diode traces is that the half width
:of the bulk of the electrons is approximately a constant of twenty nanoseconds,

.findependentﬁof pressure.-_Also,-the donblehpeaked traces of,the-wall-foil X-rays
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are typical of their behavior and the peak separation is approximately 1ndependent "u'

"','of preesure.r However, there appears to be no obvious relation between the rdatios

Cof peak heights. .

_ThE.amplitude-of the end-scintillator ‘diode is a strong function of pressure

“ ;}Zas.indicated.in Table 1;-"-The'calorimeter at the end of the drift tube was a
’ljSlngle—element device, coneisting of a 0. 79 mm thick alumlnum plate w1th a diameter
._nearly equal to that of the drift tube and a chrome1~alumel thermocouple imbedded |
in its Center,-:ln Table 1 the dependenCe_oF the calorlmeter measurementq on pres~.-
“htsure:iershounrwhere.hoth,the'calorimeter.and qc1nt111ator are uormalized to the |
'dio'de tnput. Tﬁese.n'oi-ﬁalrzationé 'were-Obtained First by calibrating the calori-
meter and scintlllator diode directly in front of the anode f01l dividing the |
..o;calorimeter data by the dlode beam energy‘ﬁ_"ff; and the 501ntillator dlode data.

. by the empirically determlned dose dependence VZI fll] Then,with the calibra—

: .tions of the outputs, -the reeults at the end of the drift tube could be compared
'”by normalizing again with the diode” measuremente. A ratio of the normalized
-scintlllator diode and calorimeter outputq, multiplied by ‘the ratio of the dur-.f

fation at the end of the drift tube to the diode—pulse duration at the start,

gives an eqtimate of the electron energy at the end of the drift tube compared

'to the 1nit1a1 energy._ This is calculated in the last column of Table l and
_*1ndicates, albe1t rather coareely, that the electron energy at the end of the'

*'drift tube is about one*third of the input.

7;:Streak Phntography
A TRw Image—Converter Camera with the Wide—Range Streak plug~in was used for -
) streak_photography of the beam. Through mirrors-the effective;path_length was

. “increased to 26 meters, so that the long narrow drift tube simulated a slit and
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the image of this drift tube on the film, about 22 mm x 0. 5 mm, was- streaked

Aperpendicular to- its length across 5 cm of film in 500 nsec. The camera and

'power supply were shielded from x-rays with over a centimeter of lead and both

were operated inside conducting boxes_tq‘double—shield them and cut down o -

electromagnetic pick—up. A trigger was produced for the streak by means

e. of a 30*cm diameter 1oop of styroflex cable with the center wire at the cable end
-.connecting back to the cable shield to form the 1oop. ThlS detector was suspended
r'above the pulse 1ine near the switch area to obtain a. mapnetic—field*induced vol—':

'fitage pulse which because of the optical delay, had amole time to start the sweep

_and photograph the very beginning of the beam 8 transit down the drift tube. [18]

A typical streak photograph is. showo in Figure 4. The image af: the drift tube

N
would resemble a small vertical bar that is swept to the ripht with time. The tOp.

edge of the exposed portion is the entrance end of the drift tube at the diode.

The bottom edge is- the far end of the drift tube. Thus, the slope that the 1eft—

most edge of 1ight makes w1th the vertical is a measure of ‘the transit velocity of

_the front of the beam. The gross veloc1ty as a function of position down the drift

tube, at 1east for the 1ast four—fifths of the tube, is remarkably constant for all

pictures taken at pressures above 0.2 torr. The very f1ne lines in “the streak re-
'present the three Joints between the sections of lucite drift tube and they serve . -

as distance markers.

A prominent feature in these streak photographs is the periodicity of the'

'light output as a- function of position along the tube. These striation-like features'_oii
'.'are nearly stationary in the 1aboratory frame but do shift position during the -
' _transit of.the beam.. This structure can be observed also in the time-integrated

rf_pictures,:asfshown in the Second'photograph of Figure 4, but here_the light is that
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~ " a) Streai photograph of
“-the 6.4 m drift tube .
- with 110 nsec/cm sweep. -

oo 7o ) Open-shutter photograph of
- : SR the third quarter of the
-drift tube. 7 R

Open-shutter photograph of
the entire drift tube. -

"+ Fig.4 Records of the visible light from a drift tube filled with
- ' '  ..350-m torr of. air and guiding a 450 KeV, 48 KA beam. .. ,
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"vih.from.theulong afterglowlfolloving the.beam where the 1ight.output.reflects}thes
:ig{inal state of the background plasma after the transit of the beam. Care.shouldﬂ
i,be taken not to immediatelv associate this observation with pinching of the beam '

-'._because ‘any uniform decrease in the 1ight from one position to the next would give

“the impression'of a'reducedzbeamrdiameter. The distance between adjacent dark

spaces_along'the'drift tube-is inversely propOrtional to the pressure, as.can-be

-rqeen in Figure 5. These dark space repetition distances are actually an average of

.-1the repeition 1engths over. the last two—thirds of thL drift tube because the separar

tion varies somewhat along the. drift tube, becoming shorter near the end. There

'fis_also_some indication that these lengths are a function of current, decreaSing
‘with increasing'current;

: Magnetic Field Probes |

' Small loop probes distributed along the length of the drift tube were used to

.hmeasure the magnetic field Just inside the conducting screen drift- ube 1ining.
"From measurements of the magnetic field, the total current. flowing within the drift h
. tube can be. determined. These small probes generate a signal proportional to the
Jtime derivative of the magnetic field, since L/R for the probe is less than the
".shortest time scale in the experiment. This signal is integrated with an RC net~
_.work {193, with time constants of a fen microseconds and rise times of the order of

”3 ngec. The calibration of this probe is dependent on the effective area of the

loop and the RC time constant of the integrator. Each of the magnetic field probes ;5

'.were calibrated by placing them in a coaxial line, whose outer diameter was equi—
valent to the drift tube, and pulsing the iine with a Lnown current._ Further con—
- firmation that these probes, when observing a beam were’ actually measuring magnetic _f

: ?field was . obtained from. the fact that rotating the loop from a plane through the f
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 '63)'Ma§netic field
probe traces with =

a sweep speed ‘of
Y nsec/div. The -

i upper trace is 5. 9m

i and the lower trace
l is 0.7 m down the

1 drift tube.

il

(b) The.same traces
i as (a) éxcept on 100
nsec/div. The fine
ripples come from
the tees between

scoues.

: Fipure 6 Scope sivnals from the maonetic

field probes.

In.this

_case there was 0.3& torr of air in the drift tube and
the initial electron energy tras 34“_keV wvth a 50 kA

peav current.
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ﬁ_”drift.tube'axis to a-plane-perpendicular to the drift tube axis resulted in signals

: dless than 5% of the original. The'signals obtained with these loops agreed precisely '

with the shape of the wall current signal observed from resistive shunts inserted 1n

‘h:a-break in-the-wall.; When placed outside the conducting wall, the 1oop probeq did

not detect any magnetic field. In order that the magnetic fields measured can be .

a:i'related to the current inside the drift tube, two: dlametrlcally opposite loop prohes

"were added through a power divider to cancel “in first order, the effects of non-

R axially symmetric currents. This measured current is not the beam current along

'tnfthe drift ‘tube axis alone, but 1s the net current within the drift tube, which is-a

sum-of the-beam current‘and*any plasma-currents present. Since the net current

'b'within the drift tuhe is equal and . oppoqite to the wall current traveling in the

R

i screen liner, the two terms are often used interchangablv. Because there tend to be.
-h1Current asvmmetries, even at the diode, measurements on opposite sides of the drift
.i tube can giVe differences of 20/ ‘from- the average. Thus, the error 1imits assigned

e ;to the current measurements must be of this order.

A tvpical set of signals is disolayed in Fipure 6 for ‘two of the doublet loop

':_.prohes; The lower trace’in,each photograph refers to a probe_0.7 m from the diode,
"7g while the upper trece_resuits from a probe 5.2 m down the drift tube near its end.
The' currents measured by these probes;'asﬂseen'onfthegupper photogrephhnithﬂa

20 nSec/div time'scale; show.rise ‘times approximateiy independent of pressure above

0. 5 torr. At lower pressures these rise times become considerably longer..gInx_

:;f'addition, the rise times are dependent on position alone the drift tube,'rising

faster-nearer=the end'of the drift tube. . The decay times: Eor the currents seen 1n

']'the lower: photograph on 100 nsec/div are much longer than the life of the’ primary
' “pbeam. Decav times are independent of the position down the tube but vary strongly

o ﬁith'pressure fromzabout 200 nsec at 2.5 Torr to 700 nsec;at-O.S_torrr_ The‘transitl-
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time of the net current flowing inside the drift tube can alSU be measured from

'l_delay times between the halfvrise on the time-synchronized top photograph. -

-ZCoordinated Results. -

- These transit times are plotted as a function of pressure in Figure 7 along

5;-with meaSurements of transit time by x-rays from wall foils and light on streak =

r;'photographs. The agreement between these three methods 1s thte good, showing a

-definite increase in transit time. with decreasing pressure. Surprisingly long tran—"'

‘sit times are measured at low pressures._ Another measurement derived~from these

prohes is the determination of the wall current as deplcted in Figure 8§ and 9, _In

"Figure 8 the wall current for dlfferent positions along the drift tube is measured

as a function of pressure, showing a maximum in the- wall current occurring -at - Yow

V:pressure. ‘The critical c¢urrent I with 350 kv on- the diode 1s 23 kA.' For Figure _

' be- cross correlated in time. ‘The center magnetic probe s1ts approximately at the o -

'xvery sharp drop 4in wall current within the first meter of the drift- tube.;p

9 the wall current data has been plotted as a functlon of p031tion, revealing a.

A peculiar phenomena was observed at’ low pressure which may well be the low=~ -

"pressure continuation of the periodic bright regions. recorded Ain the photographs of -
'Figure 4. In Figure 10a a streak photograph of the. drift tube taken at about..0. l
htorr shows a sudden step in the light output of the beam.f A closer 1ook at this

. event with three magnetic probes, is shown in the four pictures of Figure 10b

These magnetic probes are all time svnchronized, each oh its own scope, w1th the

'same scintillator diode detecting x—rays from a wall foxl so that the probes can

:step shown in the streak photograph, while- the flrst probe is O 6 m in front of
_the step and the third probe is 0.9 m downstream from the step. A striking diff-

- erence is observed in the rise times of the wall—current signals for the three )

Yy
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discontinuity in propaoatlon._

o Figure 10 The electrop beams at lower pressure show a step

. below.
"~ syeep speed is.
. 50 nsec/div,

treal and open

shutter' photographs
of 2 310 keV 47 kA
beatr in 135 torr '
of air.
rate is 190 nsec/

The streak

..(ﬁ) Cloée u§~55§én~

vation of ‘the

step with three - -
‘magnetic field
probes time
= -synchronized Ly
1. a single wall
foil scintill-

ator diode,

- Probe positioﬁa:_ 5L'

are 1ndicatei

i ‘b7 the ‘arrows
" correspondinc

to the scope. .
trace. directly
The
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o positions relative to. this step.' The initial edge.of the wall—current signal under~ l_"'”'

7goes more than a 50 nsec. ‘delay’ between probes one and three, a distance of only l S m.

I_Discussion

The transit times of a beam through the drift tube, as measured by three diag—

nostic methods, are always greater than the straight—line tragectory time for 350 KV
' electrons., At low pressures the transit times exceed the straight 1ine traJectory

: time by factors of about f0ur. Since these results -are preliminary, the explanations ;

are tentative and there are at least three different approaches which may. explain

| the long transit times. ‘The slow propagation time of the. beam: may be explicable in
terms of a loss. of electrons to the walls from the front of the beam. Thus, although -
'.o_the beam electrons travel with a high velocity, the effective beam front travels
-more slowly as the forward-most electrons are continually lost ~dué’” to unneutralized |
' _electrostatic repulsion at the ‘bean head A difficulty develops with this inter—.:

-pretation, since at low pressures the. transit times are longer than the straight-

trajectory time plus the beam. duration.' This could be explained if one postulated

-a mechanism for decelerating the primary electrons dn the very first part of the

drift tube ellowing constant velocity thereafter. Such reasoning would :also require

;'a special process at the end of the . drift tube for reaccelerating the electrons to

agree with the speculative results of Table I.

Another theory for ‘the transit ‘times suggests that the electrons have an

fappreciable amount of transverse ‘energy and their trajectories result in. an. average -
.flveloc1ty along ‘the drift tube considerably smaller than the electron speed along
‘the trajectory. The Alfven—Lawson beam model has a self- consistent solution only
"gofor small transverse energies, however, the Hammer—Rostoker [13] model involving

-.jhollow beams is applicable and can provide slower propagation times. A problem_"
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- also occurs in this explanation though, when one. attempts to develop a pressure
h;_dependence that fits Figure 7 without including the return secondary current. A

- third possibility for long transit times involves the experimental observation of

'_7a step- ike motion of the beam. Such a motion could account for the repetitive

tfbright and dark sections of the drift tube. shown in the streak photograpbs._ To make

:."this procesa feasible, a non-linear mechanism is required which for example, could

 cause a rapid increase in the production of the background plasma that suddenlv

quenches itself and then repeats the sequence.' One such mechanism involves coher—'

ent Cherenkov radiation from ‘the beam plasma system of such intensity that it would

'serve to ionize the background gas. [20, 21]

Any explanation for the observed transit times must also be compatible with

other behavior such as a constant halfwwidth of ‘the. end x~ray pulse which is indepen-'

,dent of pressure,‘and microwave radiation emanating from. the drift tube concurrent
:w1th the arrival of” primary electrons. [22] It may indeed be the case’ that the

: propagation of ‘the beam is a combination of the three. processes mentioned earlier,

such that, at 1ow pressures where neutralization 15 1east rapid, the loss of the d

:"front end of the beam to the walls contributes strongly to the long transit times.

At slightly higher pressures, particularlv near the beginning of the drift tube

' -_where the wall current is large, the Hammer—Rostoker beam configuration may exist _”

'g_ whose propagation is. characterized by highly transverse electron trajectories. For

1ong drift—tube 1engths, the step—like configuration of the: beam may be most important

'in determining;the“travel time..
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