
........ 1­-­ '_, 

. -, ..... ' .. . 

···.f·, ~ 

. ~.~'. ;-~': .. 

I 

.. :..:....... ,..~ ". 

. ........ .~..:.:..'-. 
.... ,.: 

: .~. 

'..'::="'", -­• 
. :~ 

~:. -:.t'" 

' .. 



,\'., 

-' " '. "., 

'" ;,: ,,,: ' 
.-:. 

",' " 

:,=." 

..;/"'"","J"',~--. 

, '0-,
"." '~." 

'.-., t.'.:' 

.~:" . 

"~ =~. -'-...:~,...,-~~-

I . 

ref. .. ,,~ 

.-., \' 
'.c 

:.. , .ft •.. " 

,r' •. -: 

~ .... 
I • .....~ ~. . ~~' 

i<·~·::{>.r:·~· .' 
" 

.~. 

"'''..;. .. 
~'./ ....;.-_ ..... ' •. . " ___'_~'-W 

- ~ ... -



.f 

Introduction 

The difficulty in matching of high-intensity ion beams from ion sources 
to a subsequent accelerator structure increases when the beam energy is 
low because'of the effects of space charge forces. Matching section usu­
ally includes some combination of electrostatic and magnetic lenses. The 
increasing of the extraction potential can be required [1]. In the case of a. 
laser ion source, which produces highly charged heavy ions, the typical ion 
current can easily reach 1 A [2] with ion current densities, j ~ 10 mA/cm2• 

Compensation of the ion beam space charge by injecting electrons can 
help to solve this problem [3) .. 

This paper describes an expe.rimental investigation of the space charge 
compensationof an ion beam, extracted from a laser produced pla.~ma., 

and its transport over a distance of 3 m. 

Experiments 

Ion beam space charge C()I1.lp(~llsation is achicved by injediug electrons 
whkh reduces t.he iou SI,.Lce charge density throughout thc beam. 

The d(~ctron (~llergy sprm\.d should. be as small as possible and the 
d(~dr(m vdocity along the iou l)t'am dire«:tion should he approximately 
the SaUl(~ as th.· iou vt'locit.y. The. ek'drous should be injcct(.~l as close 
<1..-; possible to tIlt' output electrode of the ext.raction system and O\'cr a 
time at lea.-;t as long us t.he duration of tIlt! iOIl current pulse. One source 
of dcdrons is a tht'fllliol1k cathod.'. Pure tungsten cathodes can give 
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electron current densities up to 14 A/cm2 with continuQus operation over 
several tens of hours [4]. 

The arrangement WJed for the experiments is shown in Fig. 1. 
. Shown· in this Figure are:- 1) the Sodium· Chloride vacuum window 

which passes the .Infra-red beam from a TEA CO2 laser; 2) the target, 
which is a tantalum cylinder, diameter 30 mnl, th~t can be rotated around 
a vertical axis from outside the tank; 3) a focusing mirror; 4) an insulating 
tube between the target chamber and the extraction chamber; 5) and 6) 
the extraction electrodes, the electrode 7) is at a negative potential and 
the target chamber is at +50 kV. The.aperture of the extraction system 
is 3 em; 8) the thermiowc cathode. Downstream of the extraction tank 
is an electrostatic lens, 9), and a. Faraday cup to measure the ion c~ 

[5]. The Faraday cup includes the aperture, 10), two grids, 11), 12) and a 
copper plate 13). A laser power density of 2.1012 .J·cm-2 can be obtained 
at the target. 

The electron source consists of a thermionic cathode in the form of a 
200 p.m diameter tungsten wire together with a nega.tive grid positioned· 
between the extraction system and the cathode. Two configurations of 
the heated wire were.used and are shown in Fig. 2. The two configura.­
tions give different electron density distributions. For the first, Fig. 2 (a); 
the distribution is approximately uniform· and the potential difference be­
tween neighbouring elements of the wire gives a component of electric field 
perpendicular to the beam direction at the thermionic cathode structure. 
This field gives rise to electron velocities corresponding to an energy of 
about 10 eV with a considerable variation over the ion beam cross-section. 
For the second configuration, Fig. 2 (b), the electron density was peaked 
with a maximum on the ion beam axis while the electron velocities per­
pendicular to the a...~is were lower and had a smaller spread over the ion 
beam cross-section. 

The wires were heated "With a pulsed current generator for 1 s. This 
period was determined by the time required for the cathode to reach a 
steady eI"..llSS10Il rate. Plllsf' shapes for the heating current, thermionic 
current and the laser trigger are shown in Fig. 3. 

The role of the ncg;ative grid near the C'lcctron emitter is to prevent 
electrons rerurnillg ~.O rhe exrrc.:.ction regiou. 

Theg;ri{l~ [)laced iu frout of dt<: faraday cup prt'w!lt ciectrons, arriving 
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with the ions, from entering the collector a.., well as tra.pping secondary 
electrons generated inside the c·up. Since the grid transparency is high, the 
secondary electrons from grid nearest the final collector can be neglected. 

The Faraday cup was first placpd directl~· following the extraction sys­

~ tern and the mea....ur<~d ion current is shown in Fig. 4. The ion beam 
contains many charge states. According to time of flight analyses of the 
charge states and energies [5], the 100 mA current shown for ~he first 
spike is due to highly charged ions with average charge state, Z ~ 20, 
corresponding to a current density, j ~ 10 mA . cm-2

. 

The Faraday cup was then positioned as in Fig, 1. The current. W~ 

first maximized by varying the spacing betw~en the extraction electrodes, 
within a range of 0.5 to 5.5 crn, keeping the extraction voltage constant. 
The current for the first spike, which is for ions with the higher c.harge 
states, was larger with the spacing between 4 and 5 em, while th(' current 
at later times wa.." rel..blced. This can be cA-pla.incd b~' the peculiarities of 
ion beam extraction from pla.."ma when there is a wide ranges of chargt..'S 
and energies. A value for the gap spacing of 4 ern '''as chosen for the rest 
of the experiments. 

The negative grid potential was varied in the rauge zero t.o -2 kV. 
Transmission for the high charge state iOIlS improved as the grid potential 
was movedmya.y from zero, with t.he best results being obtained ill the 
range of -1 to -2 kV. 

The potential of the electrostatic lells "'as changed owr a range' zero 
to +30 kV. The transport of ions was optimal \\'ith the electrostatic lens 
potential at 20 kV. 

Ion current signals fr~m tIlt: Faraday ('up are shown in Figs. 5 and 6. 
In fig. 5 tLl: t.hl!rmiouic sOllree is off whill~ ill Fig. 6 it is OIl, 

The ion currents for th(~ higber dJ<lrgl~ state ions, an:rag<'d 0\"('[ sevcral 
St!rics of mea.'iur(~ml~11t4'i, with diff(~fl'Ut, sdtiugs for tIl<' transport dl·tucuts 
(thermionic cathode, c}ectrostatic lells and lll·gclt.iw pOiTllfial h"rid). arc 
pr(~seIlt('d in Tahh· 1. Hl'fC:, tIll' fin..r column indi('atl's the poteutial on tlIt' 
negativc grid; the s<.'{~()lHI, wlH'thcr or not tlw cat.hode is hC<-tt(,ll: the third 
~in~s til(' d('clFostatie lens poteutia} the' fourt.h iudil:atl·s thl' cathode I1sed 
alld t.he fifth contains t he CutT(~llt Illl'<lsllit'd in t.he far.ada.'; cup, 

As C'Ul h(~ sec'n, tlH'lwst tnlllsport for hi~h charge !o.t'lll..' ions is uhtaiu(·d 
wi r.h ion healH spac'l' dwrgc~ nnupnlsat.ioll. Au jI1("re'a~(" in iun lH'cuU cur­
rellt, h~' il farlnr llf 5, is ~aiHcd with th(' fin.. t lWilted win' eoufigllratiou 
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Table I: High charge state ion currents for different transport element 
settings 

Vg , kV Heating Ue cathode I,mA 
0 - 0 1 & 2 0.2 

-1.5 - 0 1&2 0.6 
-1.5 + 0 1 1.0 
-1.5 + 0 2 5.0 

0 - +20 1 &2 0.6 
-1.5 - +20 1&2 0.8 
-1.5 + +20 1 1.2 , 
-1.5 + +20 2 I 1.5 

(Fig. 2 (a)), while a factor of 25 is obtained ",,'ith the second configura­
tion (Fig. 2 (b)). The negative potential on the grid improves the beam 
transport for the higher charge state ions by a factor of 3. 

The utility of the electrostatic lens is more difficult to quantify. Its 
effect with space charge compensation is due to combination of its ability 
to focus the beam while at the same time interfering with the transport 
of eledrons past it. When it is on, it improves the ion beam trans.port 
compared with that of the uncompensated beam, but, for the second con­
figuration, the best result is obtained with the lens turned off. It should be 
noted, in this case, that it was necessary to allow an interval of a few min­
utes between laser shots in order to obtain stable operation. This would 
seem to be connected with the slow cooling of thermionic cathode in the 
vacuum which results in a non-reproducible temperature profilealong the 
length of the heated wire, with resultant changes to the electron density 
clistribution over the ion beam cross-section. 

Discussion of results 

The space charge force for the neutralized beam can be estimated in the 
following way. In the electrostatic limit, the electric potential in a beam 
of charged particles can be fou.c.d by solving the Poisson equation [6]. For 
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a cylindrical beam with uniform charge density, that is otherwise in free 
space, the potential change with radiu~ can be \\"I'itten as: 

R 

U(R) - U(O) = f Erdr = poR2/(4€o) (1) 
. 0 

where	 r is the radial coordinate, 

R is the radial position in the beam, and 

Po is the charge density.. 

Here, variations along z, the longitudinal coordina.te) have been neglected.. 
Taking into account the relation for the total ion beam current, J: 

(2) 

where ro is the beam radius. 
The expression for radial potential well is: 

U(ro) - U(O) = I I(41r' Vz • EO) (3) 

or 

. (4) 

where v~ = J2Et l M. 
E. is	 the ion energy, and 

M. is the ion mass. 

If the ion energy is measurNl in electron volts and the ma..~s in a.m.u this 
becomes: 

(U(ro) - U(O») =6.5.105
• I ·IA1.IE•. (5) 

An ion buut.i! creates a three dimensional potential \\'ell for elcctrollS,' 
the depth being defined in the abo\-e equations. Electrons can be captured 
in this well and move with the ion bunch, compensating its space charge 
field. 
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IT the thermal velocities of the electrons are sufficiently high, some 
electrons will leave the· trap and there will be only a partial compensa~ 

tiOD. The minimum value of the residual uncompensated potential, can be 
estimated, according to [7J, as: 

AUmin ~ 1 
2IkT 

e 
~ Vie 

(6) 

where I is the total current of ion beam, 

Vi is the ion velocity, and 

Te IS the electron temperature. 

An uncompensated ion beam, with the ions initially moving in parallel 
paths, diverges due to the beam's radial electric field. The distance I for 
which the beam radius goes from TO to r for ion group with average charge 
state Z is given by [6J: 

J(T/ro) = 88· (AJi/me)I/4/1/2U;;'J/4(l/ro)' 77~!'~ (7) 
. /~ 

where Ali is the ion mass. 

rrLe 1S the electron mass, 

I is the total current of ion beam) 

Uex i~ the extraction voltage, 

ro is the initial radius of ion beam, 

r 18 the radius of ion beam after a distance 1 and 

f(r/ro) Z8 the Dawson integral function. 

The average charge state for iOll group under consideratioli is d.efined 
as: 

- LZZ·JZz= ---- (8)
~zIz 

where [z is the current for charge state Z. Equ.7 is valid if ions energy is 
given by the eA-pression Ez = Z . Fa. \Ve now apply these results to the 
ion beam used in the experiments. 

Using this equation 'with the f[illo'win~ parameters for a beam of tan­
talum ions ,·iz. I = 110 mAo Z ~ 2U f.~L ex = ,j0 kV, i\ll = 181 a.m.u., 



TO::::: 1.5 cmand 1= 310 em, the value 20 is found for f(r/To) and from a 
table of this function the ratio r/ro is approximately 70. It would there­
fore be expected that the ratio of the currents in the Faraday cup and 
that extracted should be 2 . 10-4 . However: experimentally this value wa.<; 

found to be 2 . 10-3 . The difference between the experimental and caku­
lated values can partly be attl'ibuted t.o the initial beam focussing dUl'ing 
extraction and by partial compensation of ion beam space charge by elec­
trons released from the electrode or created by collisions with molecules of 
the residual gas. 

\Ve ·can estimate the depth of the potential well for an uncompensated 
ion beam from equ. 5, where E i is replaced by the average ion energy, 
Ei :::::2 ,UU' 

We consider the first peak of ion beam current. This is known to hav£' 
an average charge state of approximately 20 -[5]. Then U(TO) - U(O) ~ 

1 kV for Z ~ 20 and It ~ 110 mA.. It follows that the grid shield­
ing the extracting system from electrons must be at a negative potential, 
Vg ~ -1 kV. 

We can use equ. 6 to estimate the minimum value of the residual un­
compensated potential well as defined by the electron velocity spread. The 
tungsten thermionic cathode surface needs a temperature of 27000K [4} to 
produce a thermionic current density of 1 A.·cm-2 , about the current used 
in the experiments. This corrcspouds to au elcctron temperat.ure of 0.2 eV 
and gi\~cs a v'clIue of approximat.dy 20 eV for ~Urnif&" This is equivalent 
to the pott~ntial well for an uncompellsated ion current of 1min ~ 2.3 mAo 
Using equ. 7 again we find that such a beam would have an increase in 
racliu..; by a fador of 6,5 and that the ratio of Faraday cup and ext.rd.Ct(~d 
currents would be approximately 2.10-3 compared with the wt'asurcd val­
ue of 5 . 10-2 • Smne dis<~repancy hdwc<'Il the (~xp('rimelltal and estimated 
valUl~s is to be exp(~d('d a."i explailH.~cl earlier. 

The iqflucnce of the ncg-ativc putt·uti ...l grid on the spreading of the 
ion beam in th(~ abs(~ne(~ of the injected ..ledrons is well known [8]. It is 
related to the prcs('tlCt~ of dedrons coming from tbt· vacuum duulllwr walls 
ami th~ residual ':;_1.'1. Thcsl' <'1t~droJ1s flow into tIl{! ('xtractioll system and 
!<'avc t.he iou bea.m if t.lH'rC' is llO m~gativc pot.('ntial ou the grid ot lwrwise 
they art' capt\tf(~d hy t.he ion Ill'tUll t'!<'ctrie fit'ld pilrtia.n~· compcllloiutillg its 
space cha.rg(' aud d('cl"t'asiIlR tIl(' spr('adillg of tIlt' ion b.'aIu. 



8 

From these results we can determine some of the properties of an elec­
tron source for achieving good space charge compensation; As can be seen 
from equ. 6, thedectrons should have a low temperature. Secondary elec­
trons emitted by ion impact on solid surfaces have effective temperatures 
greater than a few eV [9] and therefore should not be expected to lead to 
a high degree of compensation. . 

The source should supply electrons with low velocities in the radial 
direction and velocities in the longitudinal direction nearly equal to the ion 
velocity. For tantalum ions with average charge state ~. 20 and extracted 
at 50 kV, the appropriate longitudinalvelocity corresponds to an electron 
energy of 3 eV. 

Furthermore, there is the question of the timing of the electron emission 
with respect to the arrival of the ion beam. In the experiments described 
here, the thermionic .cathode emits electrons bef~re the arrival of the ions 
at the cathode. This could lead to undesirable oscillations of electrons 
along the ion beam axis. However, the potential changes of the thermionic 
cathode over the ion beam cross-section is small (I"V 10 eV, ), and does 
not give a large electrons energy spread. on the ion beam cross-section. It 
would be possible to heat the cathode for a period about that of the ion 
beam pulse duration and timed so that the ion beam passed the cathode 
while it was emitting [10}. This would reduce undesirable oscillations of 
the electrons along the ion beam axis. However, the potential variation 
along the thermionic cathode in this case will be a few hundred volts and 
could lead to an undesirably large electron energy spread over ion beam 
cross-section. The best system could be decided by further experiments. 
Problems arise in experiments described here because there are changes 
occurring in the beam potential as its spreads and as a result of. further 
electrons coming from the electrodes and walls the apertures and walls of 
the vacuum chamber due to ions being lost on thE-m. A further effect that 
might need to be considered is ion recombination due to t.he presence of 
the electrons (see Appendix). 

We can summarize the discussion by referring to the following points 
relating to improvements for future experiments: 

1.	 Improvement in the construction of the thermionic cathode so as to 
give a better uniformity of the electron density and energies, in the 
range of 1 to 10 eV, at the cathode. 
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2.	 Determination of the effect on beam spreading with diJl'erent rates 
of heating the thermionic catho(le. 

3.	 Determination of recombination losses. 

4.	 Measurement. of iOD beam emittance for different degrees of space 
charge compensation. 

5.	 The determination of changes in ion beam density in the focal plane 
of the extraction system with space charge compensation. 

The possibility of using a space charge compensation system for match­
ing a laser ion source to an operational accelerators (15) requires the de­
velopment thermionic cathode capable of operating with a repetition rate 
of about 1 Hz and producing an ion beam with stable properties. 
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Appendix 

Let us estimate the rates of the recombination processes for the con­
sidered ion beam. 

1.	 Dielectronic recombination [11],[12]: 

Nft Z3/2z.1/2 
Ro ~ 6 .10-10 Z rl/ z e-zzrr• (em3 • c-1),

2 

where Nzis the number of bounding electrons, Zz is the ionization 
potential of ion with charge state Z in eV, ~ is the electron tem" 
perature in eV. . . 



For ions Ta+20: Nk"J 10, l z ~ 526 eV and for Te ~ 0.2 eV: 

It is n~gligible. 

Rd will be maximum for Te = !Iz. Rd(Te = jIz) ~ 3.10- 5 

c-1I· 

2. Photorccombination· f13J: 

-13 Z2
Rph =2·10 172 

Te 

For ions Ta+20: 

R"h ~ 2 . 10-9 

3. Three-body re<:ombination {14]: 

For high compensatIOn de~r<.'e rLe ~ TLi. 

Let 1l.~ ,nn"lder thf.~ most' nangcrous" case for the n~cornhillationlosses 
of hi~hly charged iOtis. \Ve will consider that the df~USjty of partid($ into 
the ion beam with !'pare dmrge compc'llsation docsn't d(~cr('a.<;(~ eluring th(~ 

time of its spreading. 
The current density of ion beam: 

) ::: .~ == 10-2 A./em"!. (l =n.lA; T =1.5cm)
S 

j =n..eZtJi 

.; . • 'I 
ni = _'!..-.= 3 . 10' c~l1I -, . 

eZvj 

Then: Ra, ~ 4.10- 13 crn3 . c- l 
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Let us define the rate of recombination for which the considerable part 
of ions (with charge state Z) (~ 50% ) will changes its charge state to 
Z-l. 

NT ~ n,.Vtf, 

where: NT i& the total number of recombined ions with charge state Z, 
n .. is the n~mber of recombined ions with charge state Z into the unit 
volume for unit time, V is the "volume" of the ion beaui into space, if 
is the time of flight of ions with charge state Z into the beam with space 
charge compensation. 

where: R is the recombination rate for ions with charge state Z, 1li, ne is 
the densities of ions and electrons. 

The total number of ions Ta+20 into the beam: 

Nz ~. IZ::Z ~ 1.7.1010 (I ~ 100 mA; ~t ~ 0.5 ps).' 

Let us consider the most "dangerous" case for the recombination loSses 
of highly charged ions. We will consider that the density of particles moo 
the ion beam with space charge compensation doesn't decrease during the 
time of its. spreading. 

Then the "volume" of the ion beam into a space: 

Vi =Szvzatz ~ 4.10-4 
. m3(vz ~'l08 ~,r ~ 1'.5 em, Ati ~ 0.5 p.8).

c 

Tune of flight of ions to Fa.radey cup:
 

·4 . . em
 
tf = - =3 IlS (If =3 m,vz ~ 10 -).

Vz C 

Then: n~ =N;IV· tl ~ 1013 (.m- 3 • c-1 (N! =O.5Nz ). 
The rate of rec~mbination for ions with charge state Z, for which the 

half of ions v.ill recombine: 

Rd, RpR , Rth <: RO, so the essential recombination losses of highly charged 
ions don't take place for ion beams with space charge compensation by 
thermoelectrons. 
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laser 1 
--+ 2 o_.al 

nD em 

58 0IhIl 

Figure 1: Experimental Layout.	 1 - NaCI window, 2 - target, 3 - fo­
cusing mirror, 4 - insulating tube, 5 
and 6 - extraction electrods, 7 - neg­
ative potential grid, 8 - thermionic 
cathode, 9 - electrostatic lens, 10 ­
input aperture of collector, 11 and 
12 - grids, 13 -copper plate. 

...	 bJ 
J1. 28 Amp. - 20 V 

JL '''''Anap.-.csv 

Figure 2; Thermionic cathode configurations 
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Figure 3: (a) Heating current; (b) Thermionic current; (c) Laser trigger 

Figure 4: Faraday cup signal at the exit of the extraction system (channel 
No.1) 
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Figure 5: Ion current signal without compensation 

I AC1Juhltlons 
~. n 

Figure G: I~m (:Uffcut signa.l wi th COlUp('llsal.ion 
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