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ECR ION SOURCE BEAMS FOR ACCELERATOR APPLICATIONS™

BRIAN RUSNAK AND WAYNE D CORNELIUS
Los Alamos Nat.onal Laboratory

Abstract

Reliable, eas:ly operated 'on sources are always .n demand for accelerator
apgplhicat.ons This paper reports on a systemat.c study of .on-beam characteristics
and opt:m:zat.on of beam qualty for production of l.ght:on beams inz . ECR
:0on source. Of particular interest:s the opt:m:zation of beam brightness
(defined as:on current d:v:ded by the square of the emittance), which s typ.cally
used as a f.qure-of-mer:t for accelerator-qual:ty beams Other areas to be
discussed nciude the measurement of beam em.ttance values the effects of
var:ous source parameters on emittances, and scaling effects from operating the
same ECR source at d.fferent frequencies

Introduct:on
The electron cyclotron resoriance (ECR) :on source has many des:rable prop-
ert:es that make :t an attractive prospect for accelerator appl:cat:ons Among
the most favorable aspects are the reliab:I:ty, reproduc:b:lity. and relative
ssmphoty of the source As aresult. a study was undertaken tc examine the
possibility of using an ECR sgurce as a high-brightness hydrogen ion source

Theory

The factthat an ECR source 1s superlative in creating high charge states of
heavy '0ns at the sub-mill:ampere :c vel 1s well accepted whether th:ssource
type can be extended 10 provide a mult:-miliampere proton beam of sufficent
guality for high-brightness applications was the genera! focus of these exper:-
ments The general approach :n the theoret.cal analysis of the ECR beam quality
'$ 10 assume that any rciation of the beam due to extraction from a soleno.d
magnet w:ll show up as a perpend:cular energy term that.ncreases the
em.ttance We used | agrang:an mechanics 1o derve the perpendicular energy
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term, whicn s
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using a previously derived equation for the em.ttance of a beam extracted
from a plasma alone.’

the perpend:cular energy can be added (simply) to the :on temperature to g:ve a
compos:te emittance

1 QT. Z.—:e'.'rf 2
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where kT s the 1on temperature. B 1s the magnet:.c \nduction in the extractor
reg:on_ristne rad.us of the aperture. and m s the 1.on mass

in this compos:te emittance, the perpendicular energy term (1) scales
inversely with the 1on mass, whereas the temperature term (2) scales mversely
with the square-root of the mass Hence, for heavy 1ons (= » 7} tr : emittance
s generally dom.nated by the temperature term (except for 1arge rad:: aper-
tures) Consequently, ata given frequency. the emittance for a heavy :on beam
shou!d be 2ss than itis for protons by the inverse square-root of the -on mas;s

To bette. relate the em:ttance to the actual mernit of the transported beam.
the concept «»f beam brightness was 'ntroduced as a quantitative measure of
beam quality The brightness isdefined as the beam current (in m:'lamperes)
d:v:ded by the product of the transverse em:ttances (equal! to the square of tre
transverse emittance for the case of cylindrically symmetric beam) This in
effect. s a measure of the transportable 1on current If the composite e trtance
Eq (3) s used in the brightness equation. with the .on currentdensity derived
from the plasma parameters.

(3]

td)

wherenisthe plasmadensity and u :sthe:on velocity at the sheath.



From Eq (5). we can derive the following :caling rules
for fixed power

w th ] IR _ {pa)
Rl » Z=r"B- 8m ixB

with s : (bbi
kT € Z°>r"B- &m p=B~!

and for fixed magnet.c f.ield.

with E» P p x pt- (7a)
with Peap poa PYE

where P_ 13 the rfdrive power required to bring the plasma density up to the
saturation level dete:mined by the electror plasma frequency

From Eq (6) we can deduce that at low B. the :on temperature domiriates the
emittance Increasing the magnet:.c field in the reg.on of the extractor tends to
enhance plasma confinement This purely geometr.c effect stems from the
increaszd magneuc flux dens:ty passing through the extraction aperture This
continement effect 3:ve> alinear relation ot brightnessto B At higher B the
perpend:.cular energy term dominates the emittance so that the brightness then
scales with the inverse of B

FromEq (7) with rfpower greater than the saturation power. the brightness
scales as the square root of the drive power because 1ons entering the sheath
have a veloaty u_ >V (kT_m) (Ref 2) Therefore beam current scales as the
square root of P because the electron temperature scales hnearly with power
For rf power less than the saturation value level_this square-root scaling
comb:nes with the linear increase of plasma density vvith power to yreld a
brightress that scales as the power ra:sed to the three halves



Exper-mental Setup

To tes: some of these «deas, we fabricated an ECR .on source and a low-
energy beam transpert and analysishine(Fig 1) The ECR scurce cons:sts of
sglers.d magnets pro..ding an ax:al magnetc field Microwave power at 10 45
GH2z sinected anally «into the source volume A samar.yrycobalt sextupole
used 10 stab.:ze the plasma n the magneticrurror corfinement geormetry 1ons
are extracted axially from the end oppos:te the raa.o-frequency (rf) feed Beam
energy srestricted to valuesunger 25 ke Thisvoltage enables us to use a freon
jackeraround the saurce volume not only 1o coo! the source but also to 1nsulate
tfrom ground The low voltage is also preferahle from safety and feasibiity
standpo:nts
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Fig 1 Sc ematccross-sest.onal view of .orsource showing solenod magners.
rt Jei,sery exraltor_sextupole and beam trarsport hine

To allow the rf power to pass through the first ECR resonance in the
ncreasing magnetic field region, the delivery wavegu:de s completely filled
with boron nitride to suppress plasma formati.on The boron nitr.de also acts as a
backstop for erectrons backstream:ng through the extractor and protects the rf
windcw, Beam parameter.za*tion «sdone with four basic tools the Faraday cup
the mass analyzer 3 the emittance scanrer ? (Fig 2) and the v.deo camera

Rasults
During nmiuial operaton of the sourie. we observed thatless beam could be
transported to the Faraday cup tharn was expected The measured o current gn
the cup wasaround 10 mA_ whre 30-40 m2 was expected We observed early on

that wwhen myulti-milhampere beams were extracted from the scurce, the
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F.g 2 Scremat.c cross-sect.onal viens of mass analyzer/em:ttance scarner
package

extractor electrodes would routinely short together. We bel.eve thiswasduc 10
tr.e high beam intensity creat:ng a sufficient number of secondary electrons that
would get trapoed 'n the E X B fields :n the extrac:or reg:on and cause muitiple
.0mzations and eventually a breakdown (Penning discharge)

Our belief was supported by the observation that the discharge would
extinguish when either the plasma density was decreased. or tne megnetc feld
was turned off

The presenz extractor des:gn has operated well enough to allow data to be
taken and analyzed Be-zause of a computer failure, acgu:ring and analyzing
emittarice data has become a ttme-consum:ing. manyal task Agaresult. only a
few measurements ha.:e been anaiyzed and are available at thistm?:

Data were obtaned on transportabie beam (related to brightness) versus rf
power and B For the case of fixed rf po aer levels the magneuc field scaling
relavons. Eq (6), appear to be supported by the data Atliow B. brightnesc scales
directly with B and at higher B, brightness goes as the inverse ofB The d.."3
shown n F.g 3 genera’ly supportthese results
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F.g 3 Exper.mertal beam currentatf.xed rfpower(P = 477 W) ccmpared ~:th
the theoret-cal scal:ngs of Eqs (6a) and I6D)

For the case where rf cower s varied at fixed B. the scalings :n Eq (7) \nd:cate
that brightness should go as rf power "o the three halves forP <€ P__ and as the
square root of power forP » P Thedata:nFig (4) reflectthisbehav.or atthe
extreme ends of the plot. but the central reg:on s not welldescribed The
discrepancy observed in the central reg.on 's most ikely caused by the fact that
before reaching the saturation dens:ty, the rf power s heat:ng the electrons that
transfer energy to the p'asma by :on:zing neutral atoms, hence :n¢reas:ng the
plasma density Therefcre, theon current scaling would fall somewhere
between the two extremes The data generally support this conclus:on by
show:ing a constant slope over the transit.on reg:on, which falis between three
ha.ves and one half The constancy of the slore also ind:cates that a trans:t:onal
mode s occurning, outside tr.e transitional mode. behav:orsdominated by the
scaling rules . :n Eq (7) After saturation s ach.eved. the rf power goes:nto
heat.ng the electrons and driving plasma waves. rather than \ntoncreas:ng
plasma density Forthisreasgn_the brightness sonty a ‘function of the pre-
skeath veloCity aiich scales as the cquare root of the electron temperature In
general the coupling of “powerinto a magnet:zed plasma s complex. and to
properly characterize the behav.or with scaling rules would D€ much more
complicated than the above analys:ssuggests However_ the abuve rules seem 1o
madel the plasma behav:or at the extremes of the pcve-ra"ge
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F.g 4 Exper.mental beam current at fixed n.agnet \nguction \nthe extrasugon
reg-on{B = 1230 G)compared A 1F the trhecret.cal scal-ngs of Eqs (7a)
and (7o)

Discussion

Extract.on of high-current proton beams from an ECR source conunues to be
chatleng:ng. The ways :n which beam formation, plasma confinement, and
beam quality are :ntertwined makes the sorting out of effects compiex Our
efforts are focused on getting the data acqu:s:t:on computer wor':ng so a more
thorough scan of emittance parameter space can be made Through thisdata. a
better determination can be made as to the effects that low extract:on energy,
h:gh beam currents, and magnetic field have on the beam emittance and. hence.
on beam br.ghtress

Another aspect to be addressed in our program s the scaling of source
parameters with frequency Assembly hasbegunona 14 5 GHz microwave
system that w:ll be used to compare freguency effects on the plasma i the
identical source volume configuration
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