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AN INCREASSE OF THE TNTWENAL BEAM CURRINT OF THE
JINR SYNCHRO-CYCLOTRON BY ADDITIONAL BLELTHOS! %“ "OCUSING

V.I. Danilov, 1.5. ZBnchevieh, B.N. Marchenko,

E.A. Poiferov, AN. bafonov, A.V. Shestev

Limitation of the current of lons belng accelerated in the
synchro-cyclotron under optimar ion capture conditions in acceleration
and in the absence of phase losses In the acceleration process is malinly
dependent on the defocusing action of the space charge of the ion bunch
in the 29- 30 cm diameber region surrcunding the ion source. The presence
of & large spsce charge Ls explained by the Tact that at a comparsatively
low accelerating voltage <Uacc < 20 ¥V) and in the absence of & slit systen,
che beam radius is exitended in very short steps of approximately 1 i

1 0

LG radia

o

of the first revolution not exceeding 3 mm, which makes it

o
w

impossible to use closed-type lon sources

In the central region the forces of Coulemb lon scattering in the
beam prove to ve considerably greater than the focusing forces, which are
due to the decrease of the megnetic Field along the radius. As a result,
the vertical stability of the beam is disturbed and considerable particle
Losses arise, until the beam reaches the region where the defocusing forces
of the space charge, which decrease as a result of the particle losses and
the increase in volume occupled by the beam, become less than the magnetic

focusing forces wiich grow with the radius.

In order to cut down pariicle losses and thareby to increase ths

beam current, 1t is necessary Lo inerease near the centre of the acoelerator
the forces wihich focus the beam in the vertical direction. To increase

the magnetic focusing forces, 1t is necessary to ensure a further decrease

oft the

agrietic field zlong the radius, since the magnetic focusing Torces

are propertional to n, whers
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ig the nor~unilormity factor ol the magnetic field. Date are avall
concerning the increazse in the besn current of the 18L-inch synchio-
cyclotron at Berkeley by further decreasing the megnetic fieldg)v However,
with the large aperture of the JINR synchro-cyclotron chamber, namely &0 cm,
the increase of n for small radii up to r = 10 + 15 on iz made difficult
by the actual design of the ion source. Installing on the cover plates

the chamber iron shims of dimensions Ah = 2.5 om, 4r = 5.7 com and

oy © 174 cm did not lead to an increases of current, as a noiliceable
increase of n begins with radil bigger than » = 11 + 12 om. Besides that
& change of n leads to & change in the initdial phase conditions, since the

ad

Ireguency range of the sccelerating voltage, at whichn particles are capiw
B - - o ] . --‘1 T

for acceleration, depends on the decrease of the magnetic field >q Thus,

when the vertical focusing near the centre is increased by greatly reducing

the magnetic field, 1t 1s necessary to find again the oplimum capturse

conditions and in accordances with them to correct the frequency programms
of the aynechro-cyclotron.

Vertical beam focusing at small redii can also ve increased by
creating sround the lon source an electrostatlic field with iis vertlcal
intensity components directed towards the median planec. Thug, for examole,
focusing action in the vertical directlon can be caused by an electrostatic
Field, wnich 1s formed by the negative voltage put into the dee Tor lmprov-
ing the cperalion of the r.f. generator. Keller, Fidecare and Barbier
have given approximate calculations of the focusing action of a negative
voltage on the dee in the CERN synchro~cyclotroh3 . In these calcoulations
the influence of the lon-source column on the field distribution is not taken
into sccount, since in the CERN synchro-cyclotron the scurce only works

during lon capture. In tnis case the focusing sction s maximum &t the

.\

cantre of the accelerator and decreases towards zero when r = 12 + 135 om.

However, the dependence of the focusing action of the negative
volbage suppliied to the des on the radlus in the JINR synchro-cyelotron
is of a slightly different nature. since the dist y # the alectric
A5 060 @ siigacly cizlerent navure, since wne distribution of the electric

fleld of the dee in the centrsl region is strongly infiuenced by the plasna
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column of the icon source, which exists during the emtire acceleration period 7.
As a result of this, the focusing action of the shift dees not reach maximum
in the cewtre of the machine, but falls to sero at the wplasme Limit of the

arc discharge. The effect of the negative voltage applied toe the dees on
the intensity of the proton beanm in the JINR synchro-cyclotron is shown

in Flg. 1.

In the JINR synchre-cyclotron the absence of a counter-dee frame
creates favourable possibilities Tor the formation of an additional slectro-

static field, foeusing the beam in the vertical direction.

To create an additionel elecirostatic field with a vertical
intensity component in the central regilon two semi-~circular electrodss were
used, placed against the dee symmetrically in relation to the medisn plane.
When supplying them with negative voltage, en electrostatic field is Tormed

in the space between the dee and the electrodes around the lon sourcs column.

This field has a focusing action, analogeus te the action of the negative
voltage on the dee.  The shape of the additional electrostatic fieid was

studied by simulating in an electrolytic bath the central part of the

) 41
accelerating chawber with the dee, the ion source and the focusing electrodes /.
For this purpose it was assumed that the plasma column of the lon source is

under the earth potential.

Figure 2 shows the distribution of the potentisl in the median
plane ol the synchro-cyclotron near the centre; 1.7 kV negative voltage is
supplied to the dee and 12.5 KV to the electrodes. Te find the vertical
components of the additional electrostatic field, measurements of the depend-
ence of the potential on z were carried out in an electroiytic bath, with a
co-ordinate grid for several values of the orbit radius r and the szimuth @,

)

reckoned from the perpendicular running from the centre towards the dee 7.

Hy

The vertical forces were calculated with the formula;

®» {I\ (I)} Zo- O MLE‘-’.—-‘E)
7 »

dxz
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where u(z,7,%) = the dependence of the potential on the distance to the
median plane for the values v and ¢, given by the co-ordinate grid.

Plgure % shows graphs of the additional focusing forces acting on the
protons at a distance of 4.5 c¢m from the median plane when 12.5 ¥V negative
voltage is suppliedf to the electrodaes. For that purpose the electrodes
are situated at a distance of 15 em from the centre of the accelerator.

70- 80% and ¢ = 280~

1

Paaks on the curves in the region of the azimuth &
I o £l - g I LI O [, Lo I N - 2. o e - x - " 3 ]
2907 for the radii of the orbits, beginning with r = 10 cm, are explained
by the effect of the dee on the shape of the electrostatic field, since in
the regilon of these azimuths the orbits cut the edge of the dee. The dip

2l B o - fa - = b - - E 0 - - g s
of the Tocusing force around the azimuth ¢ = 180° for r = ik com is due
to the orbits entering the defocusing region of the additional electrostatic
v L1 A e 4 I -l ug_u 3 WRLE . L o AN wr be s

field.

The vertical forces of the additional electrostatic field, averaged
at the azimuth and depending on the orbit radius, are shown in Fig. i.
It should be noted that the effect of the first harmonic of the focusing
forces, as is shown by the estinmates made, may be disregarded. For com—
parlson, a greph is also drawn in Flg. L of the magnetic focusing forces,

acting on protons at the same distance from the medlan plane.

Additional focusing forces, exceeding magnetic forces in small
radil, reduce the divergence of the beam in the vertical direction under
the action of the Coulomb scatitering forces. As a result there is an
increase in the number of particles reaching the radli, where the sum of
the additional electrostatic Torces and the magnetic focusing forces exceeds

-

the Covlomb scattering forces. At radii grealer than 1% em the additional
electrostatic field has & defocusing effect on the beam, as can be seen in

Pig. 4. However, at these radii ths magnetic Tocusing forces are consider-
ably preater than the elsctrostatic, and the vertical étability of the beanm

i o

iz not affected.
The layout of the focusing electrodes in the scceleration chamber
1is shown din Wig. 5, and a pholopgraph of it is given in Fig. b, Tie electrodes

are placed against the des. They are firmly fastened with the aild of



steatite insulators to plates which are connected to carriages. The
carriages can be moved perpendicularly to the edges of the dee along guides
attached to the cover plates of the chamber. The plates, the carriages
and the guides are made of aluminium alloy (duraluminium). The distance
between the eleoctrodes can be altered by means of the screws fixiﬁg the
carriages to the plates. The movabie parts of the screen can be moved in
a vertical direction and serxve fo shaps the focusing electrostatic field
in the space between the dee and the focusing electredes. TFigure 5 gives
the characteristic dirvection of iwe lines of force - one from the dee to
the elscitrodes, the other from the scrsen to the elesctroedes - when negalive
voltage 1s supplied to the slecirodes. Condensors with a total capacity
of 0.0%1 microfarad at Uﬁper&ting = 27 ¥V sarth the electrodes at r.f. voltage.
The conastruction of the fasitening of the condensors between the plates and
the electroies allows them te be quickly replaced in the event of their
failure, which is essential from the point of view of minimum radiztion of
the operating stafl, The voltage is fed to the focusing ¢lectrodes by
means of two feeders with gquartz-tube insulation placed inside the chenber.
The top and bottom electrodes have separste lead-ins to the vacuum chamber
through gteatite insulators.

Experimental relationships, obtailned from examination of the focus~
ing device, confirm the existence of the limiting action of the space charge

on the internal beam current in the synchro-gyclotron.

Figure 7 shows the dependence of the'?roton bean intensity at the
final radius on the focusing voltage Uf at varicus flow rates of hydrogen
fed to the ion source at zerc arc voltage. In the JINR synchro-cyclotron
& cold cathode ion source is used. When a small guantity of gas 1s suppliled,
the majority of the ions that have besn formed are captured for acceleration.
Since the value of the space charge 1s not hlgh and its scatterdng effect
1s smail, the relative incresse of the beam current as a result of the sction
of the focusing field of the electrodes is small. A sharn decrease in the

beam intensity for the case of & gas flow rate of % om”/min with an increase

of U, is sxplained by the fact that the ion source stops working at zero are

voltage. Witk the increass in the quantity of hydrogen fed to the ion



source there is an increase in the total number of lons and, conssquently,

“bhe number of protons captursd Tov acceleration, and in the charge density

o

of' the bean. The additional beam

current is inereased when & negative

a0

voltage is supplied to the electrodes since the inereased besm density
leads Lo sn increase in the defocusing action of the space charge. At the

same tlme a higher voltage on the focusing electrodes is reguired in this

1)

case to compensate 1s process 1s contirued

[ R - I EF o e s ny
or the defocusd forces. T

h

£

until, owing to the increased density of the gas in the central region of

i

the accelerator, losses caused Dy scattering on the gas result in a reduc-

tion of the besn cuwrrent. The maximun current increase, owing to {ocusing .

13

at varicus gas Flow rates, is shown in percenitages on the curves of Fig. 7.

Mgure 8 gives similar dependences, where the are voltage of the

ion seurce is chosen as an.additional parameter. The dependence of the

intensity on the arc voltages is fairly wesk.

The dependence of the sity at the fMnal radiug on the

for various the aceelerating volltage supplied

Toousing vol o

i
vo the dee is shown in Fig. 9. Tt can be seen that when the amvlitude of
the accelerating voltage is small, the focusing action of the boostar
glectrodes is swall, since in this case too, because of the smail number

stion, the charge density in the beam is

protons captured for acoelss

and in practice it dees not lead to beam losses dus to Coulomb

acaﬁtering forces. With the increase in the accelerailing vollege the charge
density in the besm rises and current losses owing to Coulomd scattering can
be offset by clectrostatic focusing. The relative intensity ilnorease
through the action of electrostatic focusing is indicated on the appropriaie
curves.  With the rise in the acceleraiing voitage the relative intensity
increase becores greater, and the maximum shifts towards large values of

the Tocusing voltage.

dependence of the beam current on the focusing

Flgure 10 gives

fed to the electrodes at various values of the negative voliage

Uﬁ o the des. 1% can be seon that with the rise of Ud the optimum snifts
e vaiues of Ufc The relative risze in dntensity

0

Ls greater at lower valuss of Uﬁa At zero focusing veoltage clectrostatle
L

stive voltage on the dee.

srested by ne




As a oomsequence of the altereation in the dlrsction of the
vertical electrostatic forces, by supplying reversed polarity {(+) voltage
to the electrodes, the bean current is lowered. Figure 11 shows the
dependence of tne proton current at a radius of 60 cm on the value and
sign of the volitage fed to the focusing elecirodes. It should be noted
that with positive polarity an accelerator operation stability can be
attained in the reduced intensity operating conditions reguired for some
experiments. Before this method was used, reduced inlensity was obtained
through decreasing the accelerating voltage and gas flow rate, and any
considerabie decrease (more than 100 times) in beam current was limited by

the unstable operation of the ion socurce.

Flpure 12 shows the dependence of the proton beam Lﬂubnoltv on
g L >

&
te

the focusing voltuge for several distances between the edge ofuz ¢ and the
focusing elecirodes. The rise in beam current with the increase of the gap
between the dee and the electrodes is commected with the extension of the
focusing region (see Pig. 5). The voltage growth, at which the beam current
is maximum, is also regular - the value of the vertical component of the

a0

electrostatic fisld density reguired for focusing must remein consiant.

When the gap is increased, this is obitalned by increasing the voliage.

The presence of the optimum focusing effect due to the voltage valiue U,
i

is connected with the effect on the charged particle beam of the horizental
component of the electrostatic field, which causes orbit drift. This leads
Lo losses at fhe beginning of the accelervation of the particles making
larger radisl phase oscillations. It is kmown that the freguencies at
which these particles can be capiured are nesr the uppsr limit of the
capture Ifreguency rangei). ¥easvrement of the capture time in relation

to Uf s produced by means of gradually cutting of T the frequency programme
on the higher frequency side, effectively shows that with an increase in

U.. bthe upper 1imit of the capiture Prequency range is moved bowards the

EX
lower freguencies (sce Plg. 13). The lower 1limit also moves slightly

Lowa lower freyuenciles, since particles, which before were lost

bacause the energy was received too guickly {i.e. the phase velocity was too
. % - " - . - o . - R

high); acquire smaller phase veloelty as & result of arift and precession,

and 4o noet escape from the acceleration process. The reducticon of capture
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time which is obscrved when Uf increazes {see Pig. 1) is mainly due to

iosses of particles which produce larger radial phese oselllations The

v

cuErent begause of the increase in verticel focusing when bﬁ incresssn,

preveils at ithe ocgluvlng gver the logses of partlicles which ars captured

¢ the stability region, and the bean initensity grows.

[

near the upper limit of
With further increase of U,, increasing losses of particles with large
Ao

radial phase oscillation amplitude cause reduced bheam current.
The infiuence of the focusing voltage on the time structure of
the particle beam ls shown in Fig. 15. From this fipgure it can be seen

that the pulse duraticon ¢f the beam al the finsl radlus increzses by aiproxi~

mabaly 20

The change in the ure of the lines of foree, ending on the

‘] o

screens, explains the dependence of the focusing action of the device on the

. the electrodes and the screens. The influence of the gap between

3

the screens and the edge of the focusing electrodes on the beam curcent is

ghown in Flg. 16,

On the basis of the theoretical end experimental resesrch carried

cut, the aperture of the focusing slectrodes was chosen egual Lo the aporture

o

tha dea, Taliing invo consideratlon the need for stable and prolonged

<3

opaeration of snd the electrodes

s

the device, the gap between the screen

glactrodes 170 mm.

G

was made 30 mm, and the distance fron the dee ©to the
In these condltions the maximum current value is resched at U, = - 13 kV,
i
In this way, as a result of the increase of the focusing forces
in the cantral region of the accelerator, the beam current at the final
radius rose from 1.1- 1.2 to 2.1~ 2.3 pA.
I conclusion the authors wish to expross t“cxr gratitude to senior

L.

technicians Voi. Ivanov and Yu V. ¥aximov for the construction of the 30 kV

o bl

rectliier, to designer I. Xh. Nosdrin, and to K.A. Balcher, the Head of the

mechanical oi the Leborsatory for Huclesr Provlems, for thelr great

e

ort on the development and construction of the focusing cevice, and also

to G.1. Selivanov, Chif engineer of the labowyabory, for his greal assistance

. S R T T SR
o its dnstallation.
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Dependence of proton current al a 60 cm radius on the polarity
of the focusing voltage when the distance of the electrodes from

the ceatre ia 50 mm and 100 mm.

Dependence of proton-beam intensilty on the focusing voltage U,

when the distance between the edge of the dec and the focusing

glectrodes is 100, 150 and 200 mm.

Dependence of intensity on the delay in switching on acceleration

'

oA

voltage ot various values of the voliage supplied to the foousing

Y

clectrodes.

&

Devendence of capture time (at a level of 954 intensity) on the
focusing voltage U,.
h

3

Infivence of the focusing voltage on the time structure of the

particle beam at final radius. 1 Uf = 0, 2 Uf = 10 kY.
Dependence of proton beam intensity on the focusing voltage U,
when distance bebween the electrodes end the screens is 15, 30

angd 60 mm.
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