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SOITu:Jaire 

La focalisation ces premieres sec
tions des accelerateurs lineaires a ions 
lourds peut etre obtenue s~ns l'aide de 
grilles ou de quadrupoles map,netiques, 
en utilisant des tubes de Elisse~ent dont 
les extrpmit~s ont des formes appropriees. 
r:ous ctudions th60rique~ent Ie ~ouve~ent 
des ions dans une structure dont les tu
bes de flisse~ent dont prolonges par deux 
"doigts" dia~ctralement opposes. i~ous 
montrons ainsi qu'il est possible d'assu
rer si~ultanc~ent la stabilite axiale et 
la stabilite radiale du faisceau. Naus 
avans ~esurc Ie spectre d'enerr,ie et Ie 
rende~ent en courant de cette nouvelle 
structure en utilisant un modele ~ basse 
cnergie (200 keV). Les rcsultats sont 
tres intcressants : Ie rendement en cou
rant est de 20 % apres 21 tubes de plis
sement, et il depasse 60 % lorsqu'on 
ut ilise un "rassembleur". Ces resultats 
sont en bon accord avec la theorie et 
montrent qu'un acccl~rateur autofocalis~ 
peut etre realis~ par cette methode • On 
donne ensuite les rfsultats theoriques 
relatifs J. une machine "en vraie prandeur" 
(iniecteur du cyclotron ~ enerr,ievaria
ble-d'Orsay) : tensions de claqua~e, tra
jectoires, acceptance. En conclusion cet
te methode presente des caract~ristiques 
tres int6ressantes, et peut etre emDloyee 
pour rcaliser les premieres sections des 
accelerateurs J. ions lourds. 

i'lbstract 

The focusin~ of the first sections 
of heavy ion linear accelerators may be 
achieved 0itha~t the use of ~rids or ma
gnetic quadrupoles by employing convenien
tly ended drift tubes. The ion motion is 
theoretically studied in a structure 
usin~ drift tubes which are lengthened by 
two diametrically opposite "fingers". 'de 
show that it is possible to ensure simul
taneously radial and axial stabilities of 
the beam • UsinG a low energy model 
(200 keV) energy spectrum and current 

* Cet article reSume la these de Doctorat 
eS Sciences Physiques, soutenue Ie 12 ~ai 
1'366;1 la l'aculte des Sciences d'Orsay. 

(N° d' enre?,istrement CfJRS T-18. 400). 

yield of this new structure have been mea
sured. Experimental results are very in
teresting : current yield is as hiBh as 
20 %, for a 21 drift tubes linac, and it 
rises above 60 % bv usinp a bunchinp de
vice. These results are In good agr~e'Ilent 
with the theory, and the construction of 
self focused linacs see"lS to be Dossible 
with this method. Theoretical results con
cerning breakdown voltages, trajectories, 
acceptance, obtained in an real case 
(injector of the variable enersy cyclo
tron in Orsay) are ~iven. We conclude 
that this new method has many attractive 
features and may be employed successfully 
to design the first sections of heavy ion 
linacs. 

Introduct ion 

The problem of focusing of heavy 
ion linacs has been yet solved by the use 
of grids fitted at the entrance of the 
drift tubes. This method, havinc a rather 
poor efficiency, soon becomes inade~uate 
if high current beans have to be accele
rated because of the excessive heating of 
the Grids. 

lie are stUdying from a theoret ical 
point of view the ouadrunole self focu
sing method whichconsist~ in modifyinr the 
shape of the drift tubes ends. These now 
have the form of electric auadrupoles di
rectly supplied by the P.F. field itself. 
The geOMetry we are speakin~ about nay be 
realised with drift tubes lengthened by 
two diametrically opposite "finBers" (fic. 
1). The calculation of many trajectories 
in such a structure shows us that it is 
possible to simultaneously ensure both 
radial and axial stahilities of the ion 
beam. 

This new focus ins method has been 
experimented on a low ener~y model of the 
Sloan-Lawrence type. In fact the current 
yield of a classical narhine (without any 
focusinG device) and that of the self fo:" 
cused structure have been compared in order 
to complete our theoret ical invest ir.at iOllS. 
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1. Tr~jectories Calculation 

a) - ~~r~~~~~!~!i~~_~f_!~~_fi~!~_i~_!~~ 

~~~~~~~i~~_g~2~' 

'\ccordin,; to tlle LaplAce's equa
tion (valid [or low freauencies used for 
heavv ion linacs), the ~otential function 
V(r,e,?) !'lay be written as a double 
fourier's series expansion: 

It> (~) (0:') mTT~ CO~n e 
L 

Jz is the axis of the accelerator, I' is 
the distance from the dxis and e the azi
<luthal anq,le. 

L is the len~~th and 2a is the interior 
diarleter of one drift tube, m,n are in
te~ers, and In is ~he ~odified Bessel 
funct ion of the nt hordeI'. 

The coefficients i\r;Jn depend on the 
shaDe of the potent ial funct ion on the 
surface of the cylinder r = a. 

',Je aSSU!'le the potent ial funct ion 
on the surface I' = a to have the shape 
indicated on FiC. 2. This representation 
see:~s to be rather accurctte if "fin~ers" 
are longer thar. saps. On the contrary, 
if the len,gth of the ;:;ap is not very dif
ferent from the lenrth of the finger an 
experi~ental checking is necessary. r.lec
trolytic tank provides an accurate con
trol · .. :hich Sl101IS that the ilssur;Jed func
tion and the real one have the same 
form. 

T]-,e "finEers" dnd the drift tube 
bore have the same dia!'leter in order to 
have very little hiLh order l:erms in the 
~ expansion (analogy with an electrosta
tic quadrupole, in which the ideal hy
oerbolic cross-section of electrodes is 
~eplaced jy a circular one). 

The coefficients i\rln may be ob
tained by expa~din~ the function shown 
in Fi;,:. 2 in ct double rourier' s series. 
Cne obtains 
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We assume tlhlt every ~ap 1S charac
terized by two radial impulses Ll. r(8=O) 
and II r( A= 90 0 ) defined in the tHO planes 
of 'luadrupolar syn1T'1etry. The axial !'lotion 
is also defined by the two impulses 

!::. £(8=0) andll £ (1'1=90°) ; € is the abs
cissa shift (f = z-zs, Zs is the abscissa_ 
of the synchronous particle). 

The radial equation of Motion 

mr 

!'lay be expanded in a double 
and £ 

series in I' 

.. (A-.)[ dEr rn i" = e ."5 I /, w t r 'Po r ~ ~ E 

£2 d"fr -a1.E... ] 
~- __ ~£r __ + ... "",.0 

2. J~'" drd">. ~",2s 

Inte~rating on tfle lenGth of one drift 
tube (half period of the R.r. field) and 
assuming the quant ities I' and £ varyinp 
slishtly in this interval (thin-lens ap
proximation), one gets the radial i~Julse 
t:s r. 

The c:uantitics dEr/;:}r ,dE"'/d~ 
••••••• are obtained in the form of a dou
ble rourier's expansion. For exa~rlc 

,/ (mn,') 
:0 - L I A~---~~ 

m ~ In (m~") 

dE,. 
L 

According to the properties of the Bessel 
functions In, their successive derivati
ves and to the sYrlmetries of the function 
r.(r,z), one shows that the only terns 
which do not vanish are obtained for n=O 
and n=2. 

Thus 

(T is the period of the R.F. field) 

The radial impulse ~; is conposed of 
two separate terMS Po and P2 obtained 
respectively for n=O(rotational symme
try) and n=2 (nuadrupolar synmetry). The 
former Po may be easily calculated, ac
cording to the orthogonal properties of 
the trigonometric fUnctions. One finds 
that the m=l term only remains and one 
finally r;ets 
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Po is the classical defocusinG impulse 
due to the transit ti~e effect. The lat
ter term P2 is obtained by a different 
way: in the interval (0-T/2) we have 
expanded in a Fourier's series the ex
pression sin w t 

sin wt = (1_ I, 

Thus P 2 has the for~ on an expansion the 
terms of "Ihich rapidly decrease. Takinr; 
account of the two first terms, one Rets 
finally : 

P = + ~ r COS(¢"rc,cp)~ (Ac2 _ A;~) 
2 - n, a L ,"", v 

Pewritin,i. Po and P2, it follows: (the 
time unit is here T/2) 

eV in the mean enerCy of the particle 
crossing the gap. 

The defocusin8 impulses Po de
crease as Vm/V and the quadrupolar ones 
P2 may be held constant all alone the 
accelerator (t,nalogy \-lith a ~ai3netic 
quadrupole focused accelerator). Iven at 
the beginning of the accelerator the con
dit ion P2» Po may be easily satisfied 
(for instance by choosing the following 
numerical values of parameters : 9 IL=. 25 
g = 2h , V~/V =.5) and it seems possible 
to ensure the beam stability all alon2 
the structure. 

The calculation of axial motion 
is made in the same way. The axial im
pulse /j £ is composed of two terms 
the circular term and the quadrupolar 
term, but one shows that the former is 
the most important (the mechanism of 
axial bunching is not very altered by 
the presence of "finp,ers" at the end of 
the drift tubes). 

Calculation of complete trajecto
ries in a real accelerator has been made 
with the aid of an electronic digital 
computer b~ using th~ previous expres
sions of 6 £ and 6 r • The results show 
that a complete stability of the beam 
may be achieved by this method. 

2. The 700 keV model 

According to the previous results 
a 10vl enerCy accelerator "1odel has been 
constructed. lie+ ions are accelerated 
fron the 15 ke'/ in"iection energy to an 
output enerzy of 700 keV. The structure, 
of the Sloan-La\~ence type, is composed 
of 21 drift tubes whose lenr;ths and posi
tions are adjustable. Operating frequency 
is 20 Mcls and the entire lenp,th of the 
machine is 1.15 m, the first drift tube 
havine 23.08 mm lone, the last havin r 

80. 57 m~. The bore diaCicter is lC El"l a.r.d 
the in~ection anerture is 6 mm in order 
to all;w an exn~nsion of the radial size 
of the beam (a~ it happens in every oua
drupole svstem). aiL and 9lh ratios have 
the'respe;tive values .25 and 2. 

The in4ection apparatus consists 
of a standard "cluoplas~atI'ur:" ion SO-clrce 
followed by an extraction electrode. The 
beam is then focused by an electrostatic 
lens and possibly bunched before enterin~ 
the injection pupil of the accelerator. 

The a?paratus is clesisned to ~ea
sure the current yield of various struc
tures. Two movable Faraday cups one at 
the entrance of the structure, one at the 
exit are used to achieve the input and 
output current r.leasurenents. ,Arran:e:1ents 
are"made to avoid the ~istakinp, influence 
of secondary electrons. 

We have studied the current yield 
of the self focusin~ acceleratina struc
ture in terms of the R.r. acceleratin~ 
volta~e. The curve is displayed on an os
cilloscope (fii~. 3) Ly amplitude moclula
tinr; the R.r. oscillator. For low values 
of R. F. voltaC'.e there is no accelerating 
mechanism and then no synchronous parti
cle. Thus the output current is null. 
lilien the synchronous phase ¢o is equal 
to zero the output current appears and 
becomes ~reater and ~reater.as the phase 
acceptance (approxi:nately 3 ~o) does. In 
case of larGer synchronous phase an~les 
the defocusinp effect of circular i"lfUl
ses Po (proportional to sin ~o) beco~es 
important and the output current decrea
ses. Photor;raph of fif'o 3 shows the va
riation of the output current with res
pect to the R.F. accelerating voltase. 
Input current is kept constant at a va
lue of 200 pA. The opti~u:n yield of this 
structure is equal to 70 % as it is shown 
by the oscilloscope nicture. 

A similar structure (71 drift tu
bes, input IS keV, output 700 keV) wi
thout any focusinr, device (cylindrical 
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drift tuhes with plane ends) has been 
tested. '\'ie have found approximately 2-4% 
for the yield value. This result demons
trates the very interesting properties 
of a self focused linac. 

According to the following measu
rements we have found the optimum value 
of ~o to be equal to -26°. Thus the or
der of magnitude of the phase acceptance 
(3 $0) is 78°. Frol:! this value and the 
optimum current yield one shows that it 
is only the axial mot ion which li'!lits the 
output' beam current. lie nay notice that 
our model simulates high current accele
rators in which space charse phenomena 
can occur. 

The operation of our linac comple
ted oy a buncher seenS to be very inte
resting because the current yield is har
dly dependent on the radial motion. The 
buncher device is a sin81e gritted drift 
tube situated 30 cm from the input aper
ture and supplied by a R.F. voltage. This 
latter and the main R.F. field are syn
cl.ronous. Amplitude and phase of the bun
cher voltage may be adjusted. The own 
current transmission yield of the buncher 
is only 66% (when the linac is at opti
mun operation) because of the unfavoura
ble influence of the bunching field on 
the radial motion of the beam before en
tering the accelerator. FiS. 4 shows the 
buncher influence : the current yield may 
be magnified about 3 tines (55%) • Taking 
into account the own buncher transmission 
the current yield of the linac structure 
reaches near 80 %, which is a very noti
ceable value. 

An electrostat ic enersy analyser 
has ~iven us the possibility of studying 
the output energy spectrum. ~e have com
pared the spectra obtained in the case 
of a classical drift tube nachine (wi
thout any focusing device) and in the 
case of our own self focused linac. In 
the latter case one sharp peak (width 
about 10 keV) has only been found at the 
calculated enerGY' On the contrary, in 
the case of a classical linac many dif
ferent dcceleratin~ processes can occur 
and tl1e output spectrum is more compli
cated : one finds, in addition to the 
200 keV peak many other discrete peaks 
at lower energies. 

fhese T'leasure.':lents have been 
achieved ',lith the aid of an original and 

very sDTIple apparatus. The primary ion 
beam falls on an aluminiun target which 
emits secondary electrons. These are cap
tured by an electrode placed in front of 
the target and supplied by a P.F. voltape. 
This voltage, at 20 Mcls frequency ~as a 
variable phase compared to the main F.F. 
acceleratinfc field in order to achieve a 
synchronous detection of the secondary 
electron beam. 

Photop:raph of Fir,. 5 shows the 
electron current (vlhich is proportional 
to the primary ion bunch intensity) and 
the sinusoidal reference volta8e. From 
this we can measure the phase shift bet
vleen the ion bunch and the crest of the 
wave. ;'le find the value -25° for the opti
mum output current. 

3. A real case : The injection linac for 
the varlable energy cyclotron In Orsay 

List of parameters of the heavy 
ion lindc planned at the cyclotron depart
ment of the Insti tut du T,ddiuCl in Orsay 
is given below : 

Structure : Sloan-La~rence 

e llil = 1 to .125 
output energy : 1 ieV/nucleon 
Frequency : 20-25 'Ie Is 
R.F. voltafe across gaps: 100-400 kV 
Naximurn injection volta~e : 150 kV 
~aximulil el~ctric field ~drnissible in any 
point : 100 kV/cm 
Bore diameter of drift tubes : 2 - 4 c~ 
Total length : 9 lil 

\Ie suggest to transpose to this accelera
tor the previous results concerninp the 
self focusing structures. An important 
problem \Ihich has been hitherto avoided 
is the breakdoyn volta~e in the ~aDs. 

a) - An estination of the naxinun electric 

The calculation of the exact field 
mapping in one gap fitted Hith "finr,ers" 
seens to be rather difficult. But it is 
not necessary to know the entire field 
repartition : vIe can notice that the maxi
nUlil field value certainly occurs on the 
ends of the fingers ('de r:ive to them a 
spherical shape). As a first approxima
tion we can assune that breakdown, if it 
occurs, would take place between the ends 
of two consecutive "fingers". Thus it 
seems reasonable to otta in the 111aximuTTI 
electric field in one gap by calculating 
the field between two spherical electro
des supplied by the potentials + ~a/2 and 
-Vm/2. This problem is very simple : the 
fi~ld expression is obtained by the clas-
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sical method of 
ve done for the 
lowing values 
one finds : 

charge images. As we ha
model we choose the fol-
9/L = .25, 3/h = 2. Thus 

I = 1.1 V la m m 

E lS the maximum electric field. 
m 

b) - Parameters of the structure 

The bore radius of drift tubes 
being limited, the restrictive condition 
upon the maximum electric field implica
tes a restrictive condition upon the ma
ximum voltage Vm• One finds approxima
tely Vm < 200 keV. According to the varia
tion of VmOOO kV < Vm < 400 kV) the ma
chine has to be separated in two sections, 
the former ODD kV < Vm < 200 kV) being 
self focused and the latter (Vm < 200 kV) 
being focused by any conventional device 
(i.e. magnetic quadrupoles). 

~ve assume the maximum electric 
field to be constant in every gap except 
for the first four gaps in which the 
field is lower. Owing to the shape of the 
"fingers", the condition a < L/4 always 
must be satisfied (if not the spherical 
end of the finger would be truncated). 
We assume that Vm is varying linearly 
with respect to the number of the gap 
and the synchronous phase being _26° as 
in our model. 1,le are now able to calcu
late successive lengths of the drift 
tubes by the following relations : 

!;'W= e cos ¢o V-", Son Ttg/2L ~ ith/L 
Trg/ZL Io(n:o/L) 

Fig. 6 shows the calculated parameters 
of this structure. The energy gain is 
given in the case of acceleration of 
Ke++ ions (elm = .1). We notice that the 
total length of this part of the machine 
is not very different from the length of 
a machine focused with magnetic quadrupo
les. The mean accelerating field is 
1.1 MV/m. 

We have calculated many trajec
tories through this first section of the 
machine with respect to the injection 
parameters : radius r and phase shift 
t:. If • Fig. 7 shows two typical trajecto
ries. These are useful only if the radius 
r is always lower than the bore radius a, 
and if the phase shift does not become 
too large (6'f < 90° for example). 

For each quadrupole symmetry plane, 
one finds an acceptance area in the 
(r, 6<f ) inj plane. The important couplinc 
terms betvleen axial and radial mot ions 
give an asymmetric shape to the acceptan
ce diagram (Fig. 8). If the injection 
aperture is e~ual to the interior diameter 
of the first drift tube (2.5cm) the calcu
lated current transmission yield would be 
about 13 % (,tlithout any bunching device). 

At the exit of the first section, 
the magnetic quadrupole focusing is ra
ther easy to improve. \')e have calculated 
the minL~um field gradient (after Tenr) 
and have found 6.1 Tim (610 G/cm). The 
first quadrupole of this second section 
has 11. 5 em long, and we think that no 
important technological difficulty 'dill 
arise in this section. 

Conclusion 

We have first shown theoretically 
and then by experiment on a 1m, energy 
model that it is possible to achieve si
multaneously the radial and the axiill 
stabilities of the ion beam. We think 
thilt this is the first experimental study 
of self focusing in heavy ion linacs. Fur
thermore we have calculated a real machi
ne and shown that this new structure is 
able to compete with grid focused machi
nes, especially for high current accele
rators. 
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DIXUSSION 

D. BOU~)SARD, Orsay 

SLUY'TI2,S, BN1: How far is this system practical 
for~liffercnt machines and different intensities? 
You have to calculate your quadrupole shapes for 
each intensity. 

BOUSSARJl: '1'hi:o syrtem is a low-intensity ac
celerator, but the in~iection voltage is quite 
~lall. If I transpose the intensity which I have 
in my model to a real machine--for instance, in 
the Hanchester machine--the intensity corresponds 
to about 10 rnA (in,jection intensity), which is not 
ven' small. 

SLUYTERS: So the desi8n is for a certain inten
sity, which remains a rather inflexible solution. 

BOUSSARD: I think that the order of magnitude of 
in,iected currents in a heavy-ion machine is rather 
sm~ll, and space charr;e effects are not taken into 
account in the trajectories calculations. 

O~·A, Yale: I think my question is somewhat re
lated to the first question. One advantage of a 
quadrupole focusing system, I believe, is its 
flexibility. If required, you can change the 
polarities and you can change the field gradient. 
Generally speaking, a real machine never works 
like a designed machine. ~bat kind of a flexi
bility can you introduce in thi.r focusing system? 

BOUSSJLRD: I think that self-focused machines are 
not to be compared with magnetic quadrupole fo
cused machines, but with grid-focused machines, 
in which there is obviously no flexibility. 

[TADLER, Heidelberg: What is acceptance of your 
accelerator at the input? 

BOUSSARD: I have calculated many tra,jectories to 
determine the acceptance. Because the radial and 
axial motions are very much coupled, the accep
tance depends Simultaneously on the radial dimen
sions and axial position. The diagram we see is 
the pro,jection of the six-dimension acceptance 
diagrrun on the (r,6¢) plane. The phase acceptance 
here is about 80°, for the optim~~ synchronous 
phase which we have found, _26°. The shape of the 
(liagram is clearly asymmetric becam:e of the im
portant coupling terms between the two axial and 
radial motions. For the other plane of symmetry 
we find another diagram like this. 

Fig. 1. Drift tubes 
lengthened 
with "fingers". 

SEPTlER, Orsay: In answer to the preceding ques
tion, I want to mention the following point: It 
seems that such a structure is the one most practi-
cal for heavy ions. For very heavy ions the drift
tube lengths in the first section are very short, 
and it seems very difficult to put magnetic quad
rupole in the tubes. Another possibility is to 
focus by grids. In order to compare the perfor
mance of both focusing systems, our system is now 
tested with grids. The transition factor is only 
10-12% with grids, compared to 20% with the self
focused accelerator. 

BOUSSARD: The output spectrum is more complicated 
in the case of a grid-focused machine and contains 
many peaks at various energies. 

VAN STEENBERGEN, BNL: With relationship to the 
fixed electrostatic quadrupole focusing as dis
cussed here, I would like to mention that at BNL, 
similar approaches have been explored with respect 
to magnetic quadrupole focusing in the BNL linac. 
Dr. Blewett and others have investigated the pos
sibility of permanent magnetic quadrupoles. This 
was never executed. At a later stage, however, we 
studied the possibility of operating the BNLlinac 
in a practical fashion by having only a very 
limited degree of quadrupole focusing adjustment. 
It appeared quite practical, instead of having 64 
quadrupole pair ad,justments, to fix approximately 
60 of the quadrupole pair current values, keeping 
only the remaining four ad,justable. Therefore, 
possibly fixed electrostatic quadrupole focusing, 
complimented by adjustable magnetic quadrupole 
focusing in small sections, might provide a prac
tical approach to proton-linac transverse focus
ing at somewhat higher beam currents than you re
ferred to. 

STADLER: Can you tell us something about the 
radial acceptance? 

BOUSSARD: Radial acceptance is defined by the 
fact that radial amplitudes have to be less than 
the drift-tube bore. \Ie have found that with a 
10-mm drift-tube bore and an in,iection aperture of 
6 mm, there are almost no radial losses of parti
cles. With these parameters the entire current is 
transmitted, and the ultimate yield is 201~. If we 
in,ject the input current in a diameter of 10 mm, 
for instance, the output yield current falls to 
13%, without the bunching. 
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Fig. 7. Typical tra.iectories (radial motion and axial motion): 
(a) the first gap is focusing; (b) the first gap is 
defocusing. 
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Fig. 8. Acceptance diagram (the dotted line represents the first drift tube aperture): (a) 
the first gap is focusing; (b) the first gap is defocusing. 
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