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Abstract 

\Ve have reported previously on the use of a Gabor lens! (also 

referred to as a plasma or space charge lens) to focus and neu­

tralize a low enngy proton beam 2. A different lens geometry and 

a higher anode voltage have been adopted to overcome a lack of 

stability present in the previous design. \Ve report on studies in 

progress to measure the focusing properties of the Gabor lens and 
determine whether it can he used to match a 30 keY proton heam 

into a radio freqla'ncy quadrupole (RFQ) Accelerator. 

Introductiotl 

It is well known that in the transport of intense low energy 
ion beams irreversible emittance growth occurs due to the space­
charge of the beam acting on itself. One is faced with this prohlem 
in t.he matching of a space-chargp dominated heam into a radio­
freqla'ncy quadrupole (RFQ) accelerator. It is thewfore desirable 
to keep the beam space-charge neutralized in a low energy beam 

transport system (L~~BT). Perhaps the simplest way of achieving 

this is to raise the pressure in tIl(' LEBT to allow thp beam to 

ionize the background gas and form a neutralizing plasma. In 

a pulsed beam, this can lpad to a time-dependent emiltance at 
the RFQ entrance. Beam-plasma instabilities can also result. If 
the prpssure hecomes t.oo high, scattering losses occur. One IS 

therefore led to seek othpr methods of neutralizing the beam. 

Gabor lenses have been used previously to focus positive ion 
beams with energies from LO keV to 1.2 I\leV.3 ,4,5 They contain a 

dense non-neutral plasma which creates an electric field to focus 

the beam. Civen a particular bt'am charge density, one designs the 

Gahor lens to have plasma densities which are much larger. Thus 
the beam charge density is a small perturbation on the motion of 

the plasma and it is neutralized in passing through the lens. 

Published reports (see reL) of Gabor lens operation descrihe 
the excellent optical quality achievable and strong focusing. By 

strong focusing we mean the ability to focus the beam down to 

a small spot, necessary for matching into an RFQ. \Ve are there­

fore studying the focusing properties of gabor lenses to determine 

whet.her they can be used to match a 30 keY II beam into an 
HFQ. An HFQ with an inj('clion energy of 30 keY and output 

erlt'rgy of 2 l\leY is envisioned as the central component in the re­
design of th .. low energy section of the Fermilab linac. 6 As a first 
step in its development, the Gabor lens is being used to focus a 
30 keY beam from a duoplasmatron on the Fermilab ion source 

lest stand. Conditions required to focus a negative ion beam will 

be discussed below. 
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Theory of the Lens 

The first discussion of the principle of the lens was given hy Ga­
bor in his original paper, although Borries and Huska7 mt'ntioned 

the possibility of using a plasma to focus a beam in all earlier pa­

per. Later treatments were given by l\1orozov and Lebedev8 and 

ref. ,1 and 5 above. \Ve review some basic aspects of the theory 

here. 
Consider the fluid equation of motion for the electron compo­

nent of a plasma (l\lKS units) 

"pi rn'j 
(J' 

(1) 

where p - nkbT is the prpssure of the electron component, (J' is 

the plasma conductivity,j is lhe current density of the beam, and 

the other symbols have their usual meaning. We ignore the ion 
motion. Let us assume that the electrons arc cold and the charge 

density of th .. beam is small compared to t ht' plasma density n,; 
th .. n the last two tt'rms on t he right of (1) can be ignored. For an 
equilibrium to occur, the left side of (I) must vanish; thus we find 

(2) 

as the condition for equilibrium. Note that this result is inde­
pendent of the sign of the charge and the density of th .. plasma 

compont'ntj thus tht' same result is true for any other component. 

Taking the cross produc\ofBwith (2)on{'findsv, - (ExB)/B2, 
th .. familiar E x B drift. Consider now a solenoidal Acid. Since 
from (2) E J B and we have E8 0 (azimuthal symmetry) the 

magnetic flux tul)('s are electric equipolt'nlial surfaces. This sug­

gests a mdhod for fixing tIl(' potential inside the lens by placing 

electrodes within the plasma to coincidt' with surfaces of constant 

magnetic flux. In our design, shown in Fig. 1, we employ a cusp 
in the magndic field to set the potpntial on the axis to ground as 

Cabor suggested in his original paper. 

Thus to havt' an electrostatic field exist within a plasma: 

I. The plasma must be lIonneutral. 

2. There must be a magnctostatic field in the plasma. 

3. There will be an E x B drift of the plasma components. 

In the central region of tht' lens it is a good assumption t h,d 
the magnetic field is uniform and axial. Assuming the charge 

density n = Zni ne is uniform it follows from Causs's law iLnd 

the azimuthal symmetry of the charge distribution that 

(:lJ 

where r is the distance from the aXIs of the lens. "rhis linear 
variation of E with r implies a quadratic dependence of cp, the 
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Figure 1: Gabor lens with cusped magnetic field 

electrostatic potential, on r. If we place an electrode at radius R 
charged to potential \' we find that 

(4) 

Here <Po is the potential on the axis. If the on-axis magnetic field 
line is now made to <:ome into contact with a grounded conductor, 
the on-axis potential will be zero and the charge density n will be 
proportional to the electrode potpntial \'. Numprically, onp finds 

(5) 

where \' is in volts, Il in ern and n is in ern :1 \Vhen the electrode 
is charged positively (negatively), the E-field will point towards 
the axis and the lens will be focusing for positive (negative) ions. 

From (3) one finds the lion-relativistic single Jlartide equation 
of motioll, valid in any tranSV('fse plane containing the optic axis 
(paraxial approximation) 

/I 
r o. (6) 

u = (1 /2mv 2 )/ Ze is the total accelerating potential of the iOlls. 
r:quation (6) is of the same form as the equation of motion in 
the focusing plane of a quadrupole magnet, thus one finds the 

expression for the focal h'ngth as tllt'asured from the principle 
planes 

1 
7~JKsinJKL ( 7) 

where K -~ \"jU /{2 for a Gabor It'ns, Ii: IJ' / Up for a quad, 
and L is the lellgth of the lens. Note that f is independent of the 
magnitude of the charge and the momentum of the ion for the 
Gabor lens. Thus it does lIot have a lIlass dispersing effeel as a 
rnagndi(: lellS does. As a numerical example, a Gabor lens with 
Il 5 em, " 10 kV, and L - 10 etll has a focal length of 9.5 

ern for 30 ke\' protons. To obtain the same focal length for 30 

ke\' protons a 10 ern long solelloid would require a central field of 
about 5.8 kilogauss and would cunsun\{~ almost 6 k'v\' of power. 

Experimental Results 

The {'xperilll('ntal s..tu!, is shown in Fig. 2. \VI"'n first pumped 
down the lens high voltage electrode requires an outgassing period 
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Figure 2: Experimental layout for Gabor lens Measurements 

of 30 minutes to all huur before operation. If powering up from 
R vacuum state the outgassing 1wriod is much shortt'r. 'vVith the 
source on, tht' pr('ssure in th(' lens as mt'asurt'd on a nt'arby ion 
gauge is about a x 10- 6 torr. This is almost all due to hydrogen 
gas streaming out of the source. With the source off, pressures of 

10- 7 to 10 8 torr are achievable. 

A duoplasmatron is us('d to form thf' lwam of protons. Bf'am 
currents of 10ao rnA and :10 kt'V energy are pass('d through thf' 
lens. Emittance is mf'asurf'd both upstream and dowIlstream of 
the lens with two slit emittance prolws. Transmission through the 
It'ns at 30 keY is 100% up to :lO rnA. While running, thf' dischargt' 
current frum the lens allude is leos than 1 rnA at 10 kY. The two 
magnet coils are wound from solid core wire and are air-cooled. 

Typical magnet Cutrents arc lOA in the large coil and 6 A in the 

small onf'. Total power cOllsumption from the magnets and tilt' 
high voltage supply is less than 100 watts. Stable operation of 
the lens has been observed for periods of 24 hours. The maximum 
high voltage which call be applied to the anode is limitedto about 
12 kV because of sparking. This can be increased by lowering the 
background pressure. 

The raw data from the emittance probes is analyzt'd by a Mass­

comp computer. Section emittances as well as the rms emittance9 

are calculated. Alpha, beta, and gamma are cakulatt'd from the 
second momcnts of the beam using the rrIls [ormalism. \Ve see a 
growth by a factor of approximately four in the rrns and about 
three in the 90% section emittance as the beam propagates from 
the first to the second probe. This emittance growth was some­
what larger than expected. Computer simulations with a particle­
in-cell code lO show the rms t'mittance growing by a factor of thrt'e 

in the short drift between the source and the entrance to the lens 
d\l(' to the (:onversion of space-charge potentia.! energy into tralls­
verse kinetic energy of the beam particles. It is not known how 
much growth occurs in the st'C<H\d drift or whether lens aberratiolls 
are causing emittance growth. The overall length of the line (50 
ern) is fixed by the width of the vacuum chamber in the current 
dC'sign. 

An interesting experimental result is the dependence of the rms 

emittance measured at tht' second probf' Oil the focusing strength 

of the lens. A decrease by a factor of two is seen as the strength of 
the lells is increased. It should be noted that the (JO% emittance 
apl,eMS to be independent of !ens strength. \\'e also lind the 

angular distribution to b" sharply peaked at the second probe. 
The results of t he emittance measurements for several different 
anod,' voltages arc pn'sellted ill Fig. :1 and!. The emittances 
have been "norrnalizt'd" by multiplying by 1;3 which is .U08 for 
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protons at :1O ke\·. The uncertainty in the emittances is 1 %. 
\Ve have investigated til<' timt' dependence of the emittance over 

the length of the beam pulse (90 ItS). Some variation was seen in 
the emittance measured directly out of the source. The instan­

taneous DC current of t.he source varies by as much as 10% over 

the lenglh of the pulse so it is not surprising that the emittance 

changes. There was some variation on the second probe with 
time out this was expected given that the source emittance was 

changing. The neutralization time T = (nITv) I where n is the 
gas densit.y, IT t.he ionization cross section, and v the speed of the 

beam particles is about 250 JLS so one does not expect to sec gross 

variations in the emittance as measured on the second probe. 

Conclusion 

Measurements have been made on a Gabor lens at a beam en­

ergy of 30 keV and proton beam currents of 10 to 30 mAo The 

emittance is observed t.o grow by a faclor of three to four as the 
beam propagates through the beam line. No significant time de­

pendence of the emittance at the end of the beam line has been 

observed. Further study is planned to determine whether smaller 

emittances can be obtained and whether or not Cabor lenses are 

suitable focusing clements for a LEnT lo match a 30 keV 11-
beam into an RFQ. 
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Figure :1: Source emittance; a = --.77, (3 = O.IS, f,m, ~ .56, 

£90% - 0.217, I = 11 rnA. Th(' projection of the dislribution on 

the x and x' axes are shown. Units are mm and mrad. The rills 
ellipse is shown. 
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Figure 1: Uownstr('am emilta.nc('j (1 - -- .6'1, (3 

'90% = 0.629, I 'cc 17 rnA. 
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