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I. Introduction

A brief summary of research carried out under grant * AFOSR-83-0364,

during the period 30 Sept. 1983 to 29 Sept 1984 is presented. The technical

summary is divided into three parts, one describing the equipment status,

the second part concerned with diagnostic development, and 
the third

with specific aspects of our study of proton acceleration. The report

also lists papers and conference reports arising from 
this work.
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II Progress Report

A. Equipment Status.

The Induction Linac program has been carried out principally using

a dedicated Blumlein facility as the pulse power source. As previously

described the source feeds a two to one step up autotransformer, which

when coupled with a direct electrostatic feed to the anode from the

Blumlein, gives a diode voltage of three times the line output voltage. The

nominal operating impedance of the system is 21 Ohms. This system has

continued to work well durin9 the current grant period.

We have investigated two procedures for increasing the proton

beam energy in the Linac. The first alternative considered was to use

an autoaccelerator configuration described in a previous report. This

was rejected as a result of an inherent 18 nsec. delay found in the

operation of the accelerator. The delay appears between application

of the pulse to the primary of the autoaccelerator and the onset of

the output pulse. Each transit of the autoaccelerator cores leads to

an additional 9 nsec. delay. The delay is due to the penetration time

of the electromagnetic fields into the ferrite cores. The 18 nsec. delay

required in the autoacceleration approach to increasing the proton beam

energy is too long in view of the short proton pulse length. The inherent

delay described and measured here indicates a fundamental limitation

on the useful pulse lengths and rise times achievable with ferrite core

systems. The second approach considered was to employ an externally

driven acceleration gap. This was the approach adopted. A xerox copy

of a photograph of the assembly is shown on the next page. The second

gap is driven by a tap off from the primary Blumlein source. The impedance



FIGURE 1. PHOTOGRAPH OF ASSEMBLY



U

wL

=~ ~ ;-L_ 
_ _ _ _ -

(C__

I I -~ - 771



4

of the connection cable is approximately 70 Ohms and hence does not

place an undue load on the primary while still allowing sufficient current

to flow to drive the main beam. The connecting cable length is chosen

to match the transit time of the 1.1 MeV protons from the source diode. This

configuration is convenient for our operation as it provides all of

the essential features required for our investigation of a multi-stage

Induction Linac without having, at this stage at least, the additional

concerns associated with time synchronization of the accelerator pulses. We

show in the second figure a schematic illustrating the composite assembly.

The proton beam is transported between the successive acceleration gaps

through a vacuum drift region along a strong 16-20 kGauss magnetic field.

Electron flow is suppressed in the acceleration regions by radial magnetic

fields. More detail on the field design will be found in the technical

progress section of this report. Figure three shows traces of oscilloscope

records of the post acceleration gap voltage and current. Note that

any mismatch of the postacceleration gap impedance with the feed line

does not cause any problems in the source diode since the round trip

time of the electromagnetic wave in the feed is greater than the pulse

length.

B. Dia-gnostic Development.

During the past contract period we have focussed much of our attention

on the development of time resolved diagnostic cechniques for the proton

beam. In particular we have spent considerable effort in the development

of a reliable Faraday cup and a Capacitive probe. With these two diagnostics

we can measure the local beam current density and the overall charge

neutrality of the beam. In our normal mode of operation we bias the
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Faraday cups to retain any secondary electron emission. In this mode

the cup measures the local net current density comprised of the currents

due to the drifting protons and the codrifting electrons which charge

neutralize the ion beam. Specimen signals from both detectors are shown

in figure 4. Accompanying these two traces are representative pulses

from the injector system showing the source voltage and current pulses. Note

that for part of the pulse duration the Faraday cup shows negative going

signals indicating that the electron current density exceeds that due

to the positive ions. We are continuing the development of Faraday cups

in an effort to devise a system which can be used satisfactorily to

measure separately the ion and electron current densities. The measurement

of the ion current density is particularily difficult since suppression

of the co-drifting electrons by a DC bias field leads to an augmented

secondary emission from the probe. The capacitive probe consists of

an annular metallic ring located outside of the beam. It is separated

from the grounded wall of the drift region by a thin sheet of Teflon. The

probe then capacitively divides the beam space to the drift tube wall

potential and hence gives a direct measure of the charge neutralization

of the beam. Results from this probe show that the beam is typically

better than 98 % charge neutral. The probe design includes an upstream

annulus located so as to prevent any direct bombardment of the capacitive

monitor by the protons or co-drifting electrons. A correction for the

effect of this shield on capacitive division has been made using a Poisson

solver code. In parallel with this development, work is proceeding on

the use of a fluorine prompt gamma detector to determine the beam energy

and the dispersion arising from time variations in the beam energy,
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and on chrome plated plastic scintillators for the measurement of proton

divergence. Work has continued on the use of carbon and nickel activation

to determine the radial distribution of the protons in the ion beam

and to identify the peak ion energy from the nickel activation. A sub-

stantial data base is now available using these diagnostics.

C. Proton Beam Generation and Propagation.

At the end of the prior contract period we identified the physical

cause of our then low efficiency injector. Substantial electron flow

across the diode resulted from azimuthal asymmetries in the magnetic

field. This effect was eliminated by improved design of the field coil

system, albeit at the cost OT increased inductance in the coils and

hence a slower field rise time and an enhanced diffusion of the field

into the anode. Several diode geometries, each with a good azimuthal

symmetry, were tested and the one shown in figure five was adopted. The

magnetic field configuration, which was calculated using the MSUPER

code, is also shown in the figure. The axial field reaches a maximum

value of 20 kGauss and the radial field, under these conditions, is

about 10 kGauss at the outer edge of the fin structure. This field is

2.5 tim.. the critical field for magnetic insulation at the diode operating

voltage of 1.1 MeV. An immediate result of the change to this new geometry

was an increase in the diode proton current to a value of 6 kAmps, a

value six times greater than than originally projected for the experiment!

The proton current density in this case was found to be 90 A/cm . This

estimate is based on carbon activation measurement and an assumed diode

proton current time history matching that of the total diode current. In

practice the proton pulse does not turn on instantaneously and the peak
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current density is greater than quoted. Details of the beam transport

found in this confiquration are presented in the appended paper entitled,

"High current ion beam generation and transport system". It is of interest

to note that the ion beam transport is occurring under conditions well

above the limit set by space charge for propagation of an unneutralized

proton beam. The operating conditions here are probably the closest

yet reported to those required for the final transport stage of a heavy

ion inertial confinement fusion reactor (i.e. the total charge carried

at the set value of the relativistic energy factor, gamma). The beam

transport is, as reported, quite efficient and qualitatively as expected

for a heavily space charge neutralized beam. The beam focussing arises

from the conservation of canonical angular momentum. If we recognize

that the protons are born at the surface of a field exclusion anode

then the focussing force must be present in the uniform field region. There

is still an incomplete understanding of the focussing action since it

is not clear how the electrons producing the charge neutralization can

cross the magnetic field lines. An interesting aspect of these experiments

not reported in the Applied Physics Letter is the observation of an

annul.-r electron beam found in low proton current (< ikA) operation. The

electron ring has a diameter approximately equal to the inner diameter

of the inner field coil. Measurements indicate that the electrons have

an energy of order 1O0keY. At the end of this contract period the origin

of this beam, which flows parallel to and coaxial with the proton beam,

was not clear. The beam is not evident at the end of the drift space

in the high proton current experiments. It seems possible that the presence

of the beam will enhance the focussing action and may play an integral



role in determining the beam dynamics. Work is continuing in the current

grant period in an attempt to understand the physics of this process

so that it can be exploited in controlling the beam dynamics in a multi-stag

accelerator.

As indicated earlier the second stage of the accelerator was fab-

ricated, assembled, and first tests were carried out on the system prior

to the end of the grant period. In this experiment the longer drift

space needed for the experimental arrangement meant a reduction in the

applied magnetic field strength. To partially compensate for this a

new drift tube assembly, with new field windings, was fabricated on

a 12.5 cm diameter tube. This tube is 2.5 cm smaller than that used

in the experiments described above. We have obtained on indefinite loan

from Los Alamos additional capacitors to provide the required magnetic

fields. This new capacitor bank has not yet been assembled. In spite

of the reduced size of the drift tube the field available is about 20

% lower than that used in the earlier experiments. At the end of the

grant period we had vacuum tested the two stage system, checked the

field coil operation, and fired the first few shots to confirm the elect-

rical integrity of the device. Current and voltage oscillograms showing

the operational characteristics of the post acceleration gap have been

shown previously. Nuclear activation using carbon and nickel targets

downstream of the post acceleration gap confirmed particle flow across

the cusp magnetic field used to insulate the gap. The nickel measurement

confirmed that the protons were accelerated across the gap by the induction

field since the threshold value of proton energy for the nickel activation

could only be reached if more than 100keV was added to th. protons by
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the second gap. Work will continue on the characteristics of the two

stage system in the present grant period.
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III Publications and Presentations made arising from work carried out

in the Grant period.

Publications.

1. Generation and Control of Charged Particle Beams using Induction

Accelerators. Proc. of 5th International Conf. on High Power Particle

Beams. pq 493, San Francisco 1983

2. High Current Ion Beam Generation and Transport System. Appl. Phys.

Ltrs. 46(3),251,(1985) (Submitted Sept 1984)

Presentations

"Industrial Applications of Intense Beams" Presented at Alcoa Technical

Center, PA. November 1983

"Intense Particle Beam Accelerator Research at Cornell University" Presented

at Los Alamos National Laboratory, Los Alamos, New Mexico, May 1984.

'An Electron Beam Auto-Accelerator", Bull. Am. Phys. Soc. 28(8),1146,(1984).



GEEIRATION L CONTROL OF CLARGED PARTICLE 3EAfS USING 1NDUCTION ACCELERATORS

:. Roch, G. Still. S. Zhang, 1. Ivers, and ;. Nacion
Laboratory of Plasma Studies & School of Electrical Inineering. COrnell T'niersi::t, anica, New York .-. 333

Abstract 2Proton :iducton Linac Research

Investigations have been carried out into the ,Je have recenail! reported oroaress I n this area
use f Induction Linacs for the acceleration oa and will only present a very brief update of this
proton beams. A !.5 MaV, 2 cA, 30 nsc beam has been investigacion . Figure ihows two if the
generated using an inductively fed nagnoticallt insu-

configurations used Ln the study. The upper part if

laced diode. lesults will be reported ,on propagation h figure illstrates the geometry successfully use'

with and without ollective focusing of the beam, for the efficient ragnetic nsulaion of the induc

A program to study autoacceleracton techniques tion linac diode 2'. This confiuration was found
forofor :be oroduc:lon and ti. comoresion of high to produce proton beams with a very high efficiency

energ7 beams uas been started recently. A ferrite (an ion to total diode current of order of 75%); the
loaded cavity was used to couple energy from the beam transport of the beams was however poor. We have
to a 30 ohm transmission line and, after a predeter- recently tested a ies of diode and transport feld

.ined delay, back to the beam. Initial exoerimental geometries, the ost recent of which is sho~n i :he
resul:s emonstrating particle acceleration and pulse loer -srt if he figure. he m feature f tis

:oooression ;ill be iresented.
system is the raoid :ransec.on from a magnetical-i:

introduction Insulating iiode to a homogeneous axial guide field

The induct'on Linac accelerator research program 4uitable for :he collective focusing 3.., and ience

at Zornell Lniversity has two main elements: efficient transoort if :he beam. We have found :hat

Ii) A studv of the physics .f a high :crrent proton it is Important :o minimize the radial return mag-

>onfuc:ion linac and, netic field crossed )y the beam af:er extraction fro.

-i) An investigation of :echniquas for :he temporal the diode. ixverinental observations ade, ising

iodulatlon of the beam energy and current. carbon activation techniques, show an increase in the

:he first problem under investigation is the effi- beam transport efficiency when the beam does not have

::ent generatIon of a ltikiloanoere, tegavolt to cross lagnetic field lines. Similar resul:s have

procon beam in a magnetically Insulated diode, and been found in other studies at Cornell where :he

its :ransoor: over length scales commensurate 4ith effect nf the return flell on the beam scatterin.

:he empioyment if a multi-cavity accelerator. angle of the procons has been -easured. and found :o

The second aspect of our inveselgaton deals increase raoiily n propagation through the return

i:h :he autoacceleratlon of an electron beam in field region tr

:ransport through a ferrite loaded induction accel- to late we save ised the new geomet- in eeries

ecator cavity. The beam return current loops the of low energy (700 keV) tests. The magnetic insula-

x rrice cores, and hence couples power from the beam tion has been found to -dork satlsfactorily although

:o a short length of transmission line. 7he system ac a significantly lower ratio of ion beam cirrent to

has been osed n 7do oifferent wdes. We have demon- total current :han that found earlier for :he uoper

s:raced :he recovery )f beam energy by -oupling the field ;eometrr system. 'leasurements at the exit

beam oower :hrough the ferrite and transmission line plane of the diode indicated that the ion current

to a oassive load at the end of the line. In addi- distribution, at :he ine kiloamoere current level,

tion we nave nade first maaure-ents of autnaccelera- had substantial i-3:,) azlmuthal asymmeres whizn

tin of the electrons in the isytem by terminatlng vsried in both -aitude and location ) sihot :o

.he transmission line in a short circuit. The energy shot basis. he !ati aiggested that both the anode

recovery miode is -if coin erible interest is it pro- turn on and the beam ieutralization ere -arzinal at

.tides a practical Uemonstration of a way :o increase the operacional levels. The less satijiact)rv

:he efficiency )f a number of collective devices such operation -av be associated with a greater degree f

as the free electron laser, asymmetry in :ne diode "%anetic insulatton field than

:n the following jactions we shall reoor that found in the original geome:rv if ig. :a. A

xoerir-encal results )btained with both levi:as. calculatlon of the radial elec:ric field associated



with a one kiloamoere unneutralized proton beam 4ost of the work described here das carried iut "with

entering the drift, tube along the axial guide fielA, a nominal 28 nsec round trip time :able. Te ferrite

shows that -he surface field it the drift tube walls ised !ad I flux swing of .025 Vsec. A 5-i <A, i'c-

,I he 'ass than 20 kl'cm. This is -rtoial for 400 kV annular ellttron beam was generated .n :he

ihe emission if :-e electrons required to ieutralize diode. The Jiode !onfizuration employed produced

he space cnarge if :he irotn heam. 't seems :hat 4.0 major diameter, ). cm ainor diameter alec:ron

Itis probably important to form a well defined beam. The beam propagation das controlled by a

virtual cathode surface capaole of oroviding all of strong axial magnetic field. The ?arameters used in

the electrons required to neutralize the proton beam this initial study were chosen so that the bean was

space charge. it would also seem desirable :o at all times fir from :he lImiting current of

increase the orocon current density so as to ensure approximately i9 A, in the short first section of

beam neutralization from the walls of :he system. drift tube. The diagnoscrcs employed in the exteri-

Failure of both of these orocesses would necessitate ments included -Pasurenents of the:

the use of an externally driven source of electrons (1) 3eam injection energy and current,

for beam neutralization. We are presently in the (ii) Time resolved thick target x-ray yield in the

process of testlng the new geometry at higher voltage forward direction,

and at greater current densities :o establish the lii) Transmission li.ne current and,

prospect tor good beam transport without the addition _ v) The sutoaccelerator gap voltage.

of external>f driven ion neutralization sources. The Pigure 3 shows data tviical of -he results found

role o4 asymmetries in the diode fields is also being for this Iystem. leoresentati:e )scilloscooe traces

showing :he sutoaccelerator gao voltaze, the trans-

Autoaccelerator Research mission line curret:, ind the x-ray monitor output
are shown in the figure for three sets of conditilons

Autoacceleration of high current electron eams rrom left to right to:

has been investigated in a number of laboratories Ui) The autoaccelerator gap shorted at the grading

6,71. In this investigation we describe research rings. In this condition we only have an x-ray out-

carried out Into the use of passive ferrite loaded put pulse. .'he accelerator gap spacing of 5 cm was

induction accelerator systems for the acceleration set to maintain the same x-ray signal with the target

and pulse shaping of electron beams. An advantage of in front of and behind the gao.

:he ferrite loaded auroaccelerator over those using (ii) The beam energy was coupled through :he ferrite

:oaxial vacuum cavities is that the flux is concen- to the transmission line, which in turn was terni-

trated in the ferrite, hence it is possible to pro- nated ti i resistive load of approximatel>,i0 )hms.

duce uniform acceleration fields on the charged (iii) The configuration is identical to that ised In

iarticles, indeoendent of :heir radial location in '10 with the exception that the transmission line is

the acceleratlng Zaps. It is also possible to make terminated in a snort circuit. :mediatelv below

tomoact svstems, and to readily change the parameters these records are traces IllstratIng the Infected

)f the system, e.g., the electrical length or the beam current and voltage.

Inpedance of the transmission line used for coupling to the resistIve load case we observe that the

teergy to and from the beam. transmission line .-urrent of about 6 kA is somewmat

The autoaccelerator system used in this work is greater than :he measured beam current, as a result
sketched in ?ig. 2. It consists of an oil insulated, of the load impeda-ce being smaller than the :harac-

ferrie loaded, cavity1 containing either 6 or 9 7K teristic impedance of the cable. The x-ray nonitor

?! ferrite cores. The cores are driven from their shows a substantial lecrease In amplitude reflecting

remranc vagnetizarion itate to saturation in the the loss of beam energy. The increase Ln the x-ray

reverse sense by the field associated with the tur- signal amplitude towards the end of the pulse 13

rent in the beam-return conductor circuit. A second- associated with reflection of the wave from the load

iry circuit links the cores, coupling a fraction of at the end of the line. 3ased on the measured beam

the 'Ieam power to a '0 ohm oil filled transmission and transmission line parameters we find :hat 4e have

line. A varietS, )f transmission line lengths have in this case recovered )ne-ouarter of :he beam energy

been used, ,aving electrical lengths corresoonding to ito the load at the end of the line. "i:h s -natced

pulse round trip :clis ranging from 17 to 35 nsec. load we have demonstrated recover-! )f more than ialf



of the beam energy. It should oe noted that these hitting the thick target following tut),cceleration.

figures for the energy recovety ;to itot indicate The change in pulse duration is apparent. 7n addi-

l~,ti o ~ e xpet to crae ~tion to the pulse duration coanging, the effect of

greater effizidne is the current is increased the pulse r~etime comared to the :ransniisitr li" e

towards :he _;mi"" vi ue or as the line imoedanceron tip im 4s vl c. Ia v re zf t

'S increased at :txed team current. auroaccelersioin it is tezessary that the rise tlie
of the pulse be short enough compared to the oroosga-

:., -lie final case illustrated we see that the

autoacceleritor gap voltage changes sign in th 'Lid- tion time on the trnUsinlne.

dle of the Dulse and that the x-ray output pulse is :t is possible to describe the results obtained

cnaracterizea bv a rapid increase to a vtalue consid-intrso asmpe rnmsinlne odln h n

erablv7 in excess of its initial amplitude. The x-ray th prm y e nrg iszu e oA'_sls

output in the latter half of the pulse is also transmission l.ine. The boundary :ondition at the

greater than :hat found in the case where the auto- a 'ata facretiuc. -i feto 6i

accelerator ;so was shorted indicating the Increaseistprdc acu en plecnelton t:h

obeameeg sarsl fteataclrro beam end of the line. This leads to a criterion tot

r-cess.- A substantial change in the :ransmission power flow from the line to the beam, namely that the

-ne current is a-so evident. -This c'crrent reaches a current pulse, reflected from the short ci-:cuit 3t

reak:ale o P.5 A, oretoano3~greter hanthethe end of the aucoaccelerator linec, exceeds 5Y)" 3f

i'et eaoj current. The large value )f the 'line the instantaneous beam :turra-it. This is seen exoceri-

:current was :ecerttined ")v current douoiinz on reflec- 1etla euto ftesteclrt ~ s
ttnto o hrtcruta h edo h ie acceleration voltage with the snort transmission lin'e

-shows data obtained with iferent compared to that found in the Longer 'line cases. The

lenthtrnsmssonline sections. In the first case time taken to reverse the sign of the autoaccelerstor

the oun tro t'ieon he lne as edued o ~gap voltage is greater than that predicted by the

osec ind i.n the iecond case it was increased to 35 Model. This is probably due to the frequency

nsec. :a hioth cases we show :he autoaccelerator ga response of the ferrite. :nclusion of a i3 asec rise

ioltge nd he xrayvf~lJ fom he lecton eamtime far the ferrite l.eads to waveforms anoroxi-natelv

consistent with the experimental results. 7.igure 5

hosthe output from the mode.I for the .15 isec

'.se, eJ~Anode transmission line. The curves showna represent the

x-ray yield end the sutoaccelerator gap voltage.

C-trace These results have been obtained using the actual

!eam current and injection iol tage waveforms and

sr iially increasing the round trio time to 50(~ ~ At 05c -r etie delng including allowanceisec.A -3re !eaile
.77 7.C*C 0i*

_ _ _ _.....

.ncducti*/* :Lnac stucdy. Fi.2 Atazlrtrschemazic diagram.
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The efficient transport of a 6.0-kA, 1. 1-MV proton beam generated in a magnetically insulated
diode and propagated along an axial magnetic field has been studied. The beam is better than 98%
charge neutral. Focusing of the beam is observed as a result of beam transport through the radial
magnetic insulation field. The application of this type of beam generation and transport system to
a high current linear induction ion accelerator is discussed.

Until recently, high current linear induction accelera- experiment 4 where the beam is ballistically focused by the
tors have been used solely to drive electron beams. ' If in- electric fields in the accelerating diodes. Note that neutraliz-
duction accelerator techniques can be applied to the genera- ing electrons can flow from the diode along field lines into
tion of mulikiloampere, multimegavolt ion beams, then the drift region.
these beams would find applications in inertial7 and field Diode voltage and current are shown in Fig. 2(a) and
reversed magnetic" confinement nuclear fusion, and neu- 2(b). The proton current is approximately 30% of the total
tron production. We examine, in this letter, a technique for diode current. X-ray pinhole pictures were taken of the
the production of such beams. Any practical device must bremsstrahlung coming from the anode, an indication of
solve several problems including (1) inhibiting electron flow electron bombardment and hence of diode uniformity. The
in the accelerating diodes so that power is primarily coupled photographs, which have insufficient contrast to permit re-
to the ions, (2) charge neutralizing the beam in the drift re- production, indicated the need for good azimuthal unifor-
gion separating acceleration gaps so that the radial electric mity in the magnetic field so that VBX B drifts do not cause
field of the non-neutral ion beam is reduced to a level which early diode closure.
allows beam propagation, and (3) radially confining the The C 2 (p,y)N 13 reaction 5 was used to determine the
heam inside the accelerator. beam profile and transport efficiency. Figure 3 shows the

In this letter we present results showing that it is possi- proton beam density at various axial positions. The propaga-
ble to satisfy the above conditions so that a multistage ion tion efficiency in the system was measured by placing four
accelerator might be developed. graphite targets at the front of the region over which propa-

The diode and drift tube configuration used in these gation was to be measured, and an x-shaped array at the
experiments is shown in Fig. 1. The coils are wound with 12- back. The transport efficiency of the beam over the first 19
gauge, 600-V insulated wire covered with fiberglass braid. cm of the experiment was only 75% due to losses to the
The turns are helically wrapped on 0.16-cm-thick stainless support struts and the proximity of the beam to the drift tube
forms, and are covered with fiberglass cloth and epoxy. The wall. However, as the beam propagates it detaches from the
turns are immediately adjacent to each other, so the helical wall, and over the last 27 cm the efficiency was 93%. In both
pitch is the wire thickness, 0.37 cm. Four 0.32-cm-thick cases the estimated accuracy of the beam transport effi-
stainless steel struts, 10 cm long at the outside edge, support ciency measurement was 10%. The losses could be reduced
the inner coil. further by increasing the spacing between the beam and the

The magnetic field produced by the coils suppresses drift tube. The losses here are much smaller than those re-
electron flow in the diode. The magnetic field lines shown in ported earlier 6 in a geometry where the ion beam had to
the figure are calculated using the program RSUPER," ap-
proximating for the penetration of the 2-ms rise time mag-
netic field into a I-cm-thick copper anode. Since electrons
are free to flow along field lines, the field lines are equipoten- "
trals and the electric field in the diode is nearly axial. The
electron emission needed to define the equipotential surfaces,.
and to produce anode flashover comes from four radial fins
attached to the support struts. At the outer edge of the fins ........
the magnetic field is 1.0 T. For a diode voltage of 1.1 MV and ..... ............
an acceleration gap of 1.3 cm this is 2.5 Bcrit,' 2 where Bcrit is . ,.. .....
the field strength required to suppress electron flow in a "--- .... ...............
planar diode. The direction of the magnetic field makes a
sharp transition downstream of the diode to an axial field of -a .. . .
value 2.1 T. Protons forming the beam are emitted from an ..............................................................

epoxy surface in the anode embedded with metal pins. The I cm
azimuthal velocity the beam acquires as a result of crossing FIG I. Diode and drift tube. (I) Anode, (2) proton emission surface, (3)
magnetic field lines, combined with the axial magnetic field, electron emission fins, 14 inner field coil, (5) outer field coil, 16) magnetic
causes a radial inward force. This differes from the Pulselac field lines, (7) support struts.
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FIG. 2.1al Diode voltage. Ib diode current. c lcapacitive electnc field moni-

tor. and idl Faraday cup. 2

propagate through the return field lines associated with the 7j..+
magnetic insulation field. I + + +

The activation results show that there is some focusing +-+ +
of the ion beam. The first protons reach the axis at about 19 + +

cm past the anode. (The single particle focal length is 23 cm.) I + 2 , , .5
However, the distribution does not come to a sharp focus, 0r (c25,

and much of the ion current continues to flow near the out- FIG. 3. Proton density as a function of radius for different axial positions:

side edge of the beam. In the region from 2.5 to 4. I cm radius (al 5 cm from anode. IN 19 cm from anode. ci 34 cm from anode, and d146
the inner field coil blocks access of electrons from the diode. cm from anode

As the beam passes through this region the space charge
produces a radial electric field. This field retards the focus- the radial electric field measured by the capacitive probe is
ing. For radii less than 2.5 cm, electrons in the diode can outward rather than inward. A confining sheath implies that
readily neutralize the ion beam. the beam region is at a negative potential with respect to the

The proton beam current, based on the carbon activa- tube walls. This cannot occur in these experiments since the
tion measurement and the pulse shape of the diode current, neutalizing electrons are emitted from a surface at ground
is 6 kA. This gives an injected current densityof 90 A/cm2 . potential.
Current due to other ions is not measured by activation pro- ThpragtodecidhrecudonivbyeCeurent ue. In a ion carbonmeasurdby activation a toa- extended to a multistage system if inner field coils, whichced ure used . In ad d itio n , carbon activation w as used to m ea- w o l ca s su t n i l b e m o s, re ot eq r d in u s -
sure the width of the beam edge. The scale length is typical of would cause substantial beam loss, are not required in subse-
the gyroradius of a proton with a transverse energy of about quent stages. An inner coil was used in the diode described
50 keV. here because the virtual cathode formed in a half cusp is

The radial electric field at the drift tube wall was also defocusing. However, additional gaps would be magnetical-
measurcd. The electric field probe' 7'' was located 25 cm ly insulated by a full cusp, and the convex equipotentials
from the anode. It consisted of a 1.3-cm-wide tube of stain- would tend to focus the beam.2'
less steel insulated from the drift wall by a 0.025-cm-thick We wish to acknowledge helpful discussions and assis-
teflon sheet 4 cm wide. The probe was shielded from beam tance from the members of the Cornell Ion Beam Laborato-
bombardment by a 1.5-cm-wide annular shim at the up- ry and our colleagues at the High Voltage Laboratory. We
stream edge of the teflon, Calculations show that this shim also wish to acknowledge the contributions made by Shi-
reduces the electric field at the probe location by 14%. The Chang Zhang to the experiments carried out as part of this
RC time constant of the detector was chosen to be much investigation. The work was supported by the Air Force Of-
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