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CENTER~REGION GEOMETRY OF
THE BERKELEY 88-INCH CYCLOTRON

i—Ia.na A. Willax and Alper A. Garren
'Lawrence Radiation Labpratory
University of California
Berkeley, California

April 16, 1962

ABSTRACT
In order to determine the proper poeition of the dee edge, ion source,
puller, an'd beam-defining clipper with respect to the magnet center, meas-

urements of the structure of the electric field in the surroundings of the ion

source were made with a half-scale model in an electrolytic tank. The ac-

celeration process during the first three revolutions was studied for different

' 'vgeomettiea and starting phases, by a graphical approximation method for orbit

- plotting. A more detailed atudy was then made to determine initial conditions -

such as orbit«center &istribhtion, energy spread, axial focusing, and energy
bunching~as functions of the center geometry and starting phase. By increasing
the pagticle pathllength during the first half revolution approximately 20 deg-
achieved by azimuthal displacement of the a'aurcev-géod results were obtained,

The ion-start location was finally determined s0 as to bring the beam close to

an equuibriurn orbit at 10 in., radius, This was done with an orbit code,

modified to take account of the increased transit time through the acceleration
gap of smaller radii. Some experimental results of changes in the cyclotron

beam quality, caused by'changea in the ion-starting conditions,are presented.
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CENTER -REGION GEOMETRY OF
THE BERKELEY 88-INCH CYCLOTRON ¢

Hans A. Willaxttand Alper A. Garren
Lawrence Radiation Laboratory:
University of California
Berkeley, California

April 26, 1962

1. Introduction

For efficient extraction of the beam from an izochronous cyclotron,
| | 1-4
).

Any practical beam-extraction device based on the electrostatic, magnetic,

a good quality of the internal beam is required at the extraction radius

or regenerative principle effectively accepts only a rather 'liizaited area of the
radial and axial phase space. A high relstive particle density in this phase
space range is deaixahle.. .Among the parameters tthixth aaf!éct tﬁe particle
distribution in the axial and radial phase sg:ace during the whole acce_lergtion
procees, we ,ai'e to congider those which eountexract: the beam-focusing forces,
au_ch.é.a space~charge effects or parturbatiaﬁa?'ldn the magnetic field, A closer
consideratibn of the starting coﬁd;uons of the ionsg, and a quantative b-evja'luation
of the effects of the electric field on the low~energy partiéles near the ion source,
seamé especial_ly important. It is believed that the radial and axial phase space
proper for extraction from the fnachiné can alreadybgeﬁmd to a certain extent
at the machine center, and can be filled with a relstively large number of
‘particles by an appropriate choice of the starting conditions.

Many experime'ntera_z) observed phenomena on cyclotron beams that are

related to the starting conditions or the influence of the electric field in the

/

+ Work done under the auspices of the U.S, Atomic Energy Commission.
11 Permanent address: Swies Federal Institute of Technology, Zurich,
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cente:; of a cyclotron. Theoretical investigations of foéusing effects and phasé-
bunching effects were made by Gohehs). Tinta"'), K_oﬁr'ad?). Reiaera). and
others under somewhat idealized asgumptions of the electric-field configuration
near the ion source, Thoae aeaumptiona allowed a clear mathematical treat-
“ment, and are justified for symmetrical geometries with two deeé or dee and
‘dumry-~dee conﬁguratimm.' | |

The Bs;inch cyclotron was designed for a single dee, and, if possible,
we wanted to eliminate a dummy dee in order to provide more flexibility for
the ion-gource position, and easy accielss to the machine center for probes, etc.
We made a study of the electric field conﬁgmﬁeﬁ in the accaleré.tion gap for
a single~dee geoinetry and for a dee and dummy-dee configuration. The study

was based on an analog method with conductivity 'pa.pétg).

and investigations

about the electric field geometry around the ion source on a half-scale model

.i:_xf an electrolytic tank, Fhase and orbit«center ‘mmching effects were evaluated
for the firet three particle revolutions by using a geometrical orbit-approximation

methodl?).

The proper range of starting'phaaen. could be estimated from nu-
merical evaluation of the el&ct.ric focusing forces during the first'.aia gap cross-
ings, | '

We found that in our case a diimmy dee is not needed if the ion source
can be used in combination with a p;xnér electrode pret-tudmg from the dee.
" The lack of a dummy dee even increases the axial focusing properties, besides
offering full flexibility for positioning of the ion source with respect to the
magnet center for different magnetic ﬁeid levels and di-fferent'charggwto-masa
ratios of the particles. _ |

In order to incréue the electric mﬂ focusing during the initial few
revolutions in a region where no magnetic focusing could be expected, the

path length during the first half revolution was increased by approximately
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- 20 deg, in accordance with a proposal by Smith“

). The phase lag could be
compensated by a magnetic field cone, XZ) which also carried the magnetic
. focwsiag out to a radiusg qf approximately 6 in., | w‘hérg the field flutter becomes
effective. ' ' |

In o;‘der. to eatiméte the phase‘-aéceptance range of an axially and radiaily_
- well-behaved beam, as well as ;heveou';-ce -output etii.cii«elmsy'i the initial accel-
araticn process beéween_ ion<source opening and puller -él_ecttode was studied
more carefully. From these studies the proper configuration of the puller
eléctrode. ite poaition, and the positioxi of thé ion source could be derive#. A
final correction was made i# order to make the x%iaé_'t févarable starting orbit
#oincide with an equilibrium orbit at 10 in.'.magnvet radius, This correction
_entailed ‘do;cele'raticvm computations from 10 in inwat‘_dﬁ which used the actual
‘m?agnetic field and an empirically derived trmitéthne &ctér_ for the energy
gain at smaller radii. ’

A s-éries of xxieaéuremen'ts of the radial and axial beam behavior fai
different starting geometries wéa made with é‘pa’rti'cleo at 11.7 kG during pre-
liminary Operatibn of the 88-inch cyclotron, The resulte show that the cyclotron
beam quality can be largely affected by the ion-source pull&r geometry, The
effects observed are in general in agreement with thaoretieﬁl predictions, and .

confirm the assumptions made for the evaluation of the beam starting conditions,

2. Measurements of the Electric Field in the Vicinity of the lon Source

The éhape of the electric field acroes thé dee gap was measured in an
undisturbed region by applying the analog method with conductivity paperq).
Figure la shows the equipotential lines in a vertio;al:cjzross section ﬁcroasvthe
dee gaﬁ for a single dee, and fig. 1b for a dee and dummy;dea configuration,

In fig, 2a comparison is made of the fall-off of the electric potential in both
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were a.pprcximated from earlier preliminary investigations
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cases, Figure 2b shows the horizental components of the electric field strength
in the median plane, and fig, 2¢ the vertical cammnéutw at a diatmce of 1/ 4

in, from fhe median plane. The numsrical qmtities a.ra based on maximum
- dee voltage of 70 kV - The relatiomhipa shown are vali& beyond a distauce of

about 5 {n, from a fielé«parturmng object, such as the ion source or the puller.
The asymmetry with respect to the center of the aceeleration gap is obvious;
hawover it is not so d;atinct when a dummy dee is prasant.

To investigate the configuration of the electric fleld around the source,

| a threa-diménsianal haliQGcalﬁ model of the physical structure in the center

region was used for measurements in an é;léetroiyﬂc tank, The equipotentiai :

lines were xheaaured'in a conventional 'way"at the surface of the electrolyte;

~ this surface repreaentad the median plane, The poaitimbff source and puller

m) Resulte are

shown in figs.3d and b. The results for a proposed single-dee az;dva dee and

dummyedee configuraiinn are shown in figs 3b and ¢, The perturbation of the

électric field, caused by the ion-source being at ground potential, and by thc

‘pmi:a-uaion of the puller beyond the doe,is aaymmatrical in thesa cases, In

order to show the relationship between extension of ghe perturbation and the
expected beam path, the firet balf mvolutiéu of deut‘erpno at ;6, 5"kG. extracted
with a frplf&ge of 70 kV, | is indicﬁ_ted apﬁrﬁ:ﬂmately {n the _‘gr,vapha. It canbe
demonsgrated that, with the configurations present, the usmptm of Miorm
fields acrose the acceleration gap is cértainly not justified for the first fow.

' beam revolutions. The particles spend a large fraction of the rf cyclg'in an
-electric field of varying directione. The time-of«flight véffect i differs markedly

at each gap. Especially in the case of a single pviler rod, as shown in fig. 4
a rather strong effect of phase bunching, aceompanied by diamrtion of the radial
beams gquality, can be expectedm). (Thu effect is a result of the strong orbit

orthogonal forces of the electric fleld on the low-energy jons).
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Since good' radial beam quality was more desirable than a strong phase-
bunching effect, | the puller conﬁéurati.on of ig. 3 seemed satisfactory; all |
further investigations &ere -#t_mcentzated on such a geometry, In thie config-
uration the influence of the electric fleld ceases rather abruptly once the par-
ticles bave passed the puller slit. By the time the particles have passed
through the low-electric-field region which follows the slit, the r{ phase has
changed. Nevertheless, the transit-time effect, xe‘stdﬁng in a relative decrease
of energy gaiix per gap cross, has to be taken into account for the firet few

revolutions.

3. Particle Acceleration on the First Turns

“First invastxgations of the acceleration process affectmg the innermost
revolutions were ma.de for particles with a charge»to»maaa ratio of 1/ 2 with
m). We used a radiallv
constant magnetic field of 16.5 kG and the accelexating electric ﬁem as meas-
ured i{n the eiectrolytic tenk under the assumption of 70-kV dee vai&xge. In
this analog method of orbit construction, the acceleration of ions in the extended
alcctrié field was simulated by a step-by-step xﬁorhentum gain for each 30 deg
of the rfl cycle, where the "rf £:"equency was taken to be equal to the cyclotron
frequency e ﬂ-— X H. A rather accurate evaluauan of particle location.
particle energy, and apparent center of motion a8 & function of tlme was possible.
By applying this method to ions with diﬂerem atarting phases«guch as 30 deg |
leading, in phase, or 30 deg iagging-it wasg podsible to estimate the behavior
of an expected beam pulse, its phase bunching, and ite energy or center bunching.

The results over the firet th:ée_wiroluﬁom Ia.r a single dece and a dee
and dummy-dee configuration are shown in fig. 5 The anticipated radial width
of a beam pulse consisting of particles with starting phases .fmm +30 deg {leading)
to -30 deg (lagging) is shaded in this figure. Naticaéble in ﬁg. 5 are the large
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radial extent of the beam pulee after 1/2 + n revolutions and its radial con-
centration on the rear side of the ion source, as mn as overlapping beam
regions. Also indicated are the beam pulse sh;pe and the ap_parcnt orbit

‘centers of the particles after the third revolution, | o o |

‘ i“or a quantitative evu.lugtién, of the two dee canﬁgﬁraticm. one can'
compare the energy spread, the center spread, and the phase spread of the
. puise after the ion have left the region of the §leetrie~ﬁeld perturbation near
the ion source. In our cage this is apprmdmate& after the third rqvoluﬁoxi.
The values obtained for the two configuration are iisted in table 1.

Table 1

Beam pnlse parametera after tbird revolution

Starting phase Single dee Dee+ dummy dae

f +30 deg(leading) 395 keV 409 keV
Energy % 0 deg(in phase) 361 keV 3 keV
| o -30deg(lagging) 256 keV 301 keV _
Aversgemmrgy i3 _338keV 368 keV
 Energy epread | 139 keV 368 keV
Center spread o 02 in, 0.3 in,

Phase contraction 7 ' = § deg =10 deg
(60 deg initial pulse width) ' . : ' _

With regard te’ particle motion cloge to the median plane, it does not seem.

| necessary to provide a duﬁzmy dee in this case, Aé a ;comparisoa of the listed
beam pulee parameters shows, the relative decrease of the anergy spread
obtainable with a dummy dee is emall, Thera is even indication of a somewhat
larger apread of orbit centers with a dummy dee present, The relative phase

concentration is small in both geometries.
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Evaluation of the olcctrlc axial focusing properties leads here to remﬂta
in favor of a single-dee geometry. Thie can be explained by the fact that in the
single-dee geometry the electric axial focusing is larger after 1/ 2 +n reve
olutions because of the aaymmet,ry in the vertical component of tho electric
field. After each full revolution the particles pass through a §ery similar
axial fleld configuration in both cases. This configuration is largely atfected
by the vertical shape of the ion source and puller.

Note that the essential energy gain per gap crose is diminished by the
-time«-of-ﬁight effect, For numerical orbit computations with a digita.l computer, |
where one wants to idealize the acceleration process by a step momentum gain
at the center of the dee gap,\ a trmft--tixifze fa.cta;r'f(R) for the energy gain_ per
gap cross has been derived from the graphical orbit studies, With this ideal-

. ization the energy gain during the frst few gap croasings can be expressed
by &e=q- f(R)Ujcos (ut-¢), for bartielea in a phase range fz;qm 436 deg
to -3.0 deg. The transit-time factor is shown in fig. é as a function of 'radi_,us.
The as'.ymmetry for thé gap crossings south and north is obvious,

In order to obtain information about the influence of the perturbed |
electric field on the radial beam behavior during the first few revolutions, an
orbit study wase made for two particlea with a starting angular divergence cor-
responding, to + 1/8 in. radial amplitude, as shown in fig, 7. No severe dis-
tortion could be noticed, | |

For closer iaveatigvaticn of the electric axial focusing near the center,
the dee gaps wére considered as electricai lenses that change their optical
coeificient of refrmction according to the time variation of the electric field.
Particle trajectories with an original vertical displacement of 20,25 in, were
computed nhmeﬂcally for starting phases of +30, 0, and -30 deg. From the
amgulgr deviation at each gap cro ssing, the equivalgnt axial betatron frequency

Vatel could be evaiuated. Figure 8 shows the values of 'szel forz the first
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three revolutions, ad derived in this manner. Since the electric axial focusing
drops rather fast with increasing radius, tﬁe magnetic axial focusing h'aa to be
brought close to the center. In the 88-inch cyclotron the magnetic field flutter
‘becomes effective at radii larger than 6 in,; therefore, -'it aeelma-d feasible to
provide axial focusing in the transition region by _a r&dially falling ﬁ“eld. Es-
sentially, it was believed‘thath the axial focusing in the region out to 6 in. should
be high becauée .of‘ possible 'apace-chargen effects at higher beam in;ensities.
12)’

This cone could simultaneously corixpensgte for a phase lag on the order of 10

Therefore, a rathér steep center cone of the magnetic field was proposed

to 20 dgg-necessa:y for strong electric axial heﬁsing at the first 3 revolutions.
Iix fig. 8 we also show the magnetic axial focusing term reesulting from this

i;aeld cone. In this mé;nner a good transition in axial tdcuciug caﬁ be obtained
for particles with phases smaller than s%S deg aﬁ the first hal{ revolution; the
optionsl conditioﬁs are obtainable for ions with a ph@oc lag of = 20 deg at the

first revolution,

4, Computation of the Proper Ion-éource Loc@ti‘on%

For proper location of the ion source and t:he' fon puller we try to Imee‘t

these requirements: 7 »

a. The source has to he placed so that it aje'étn particles with a high
output eificiency' into a rf pixa.se range, vw’here axial electric focusing
takes place at the first th;-ee revolutions.

b. The energy spread of the beam pulse accepted by the cyclotron
should be small compared to the initial energy gain.

¢. The spread of orbit centers for particles of the accepted pulse
should not be larger than the optimal radial beam amplitude, in this
case + 1/8 in. . ‘

d. The apparent orbit center of the beam pulse should coincide with
the magnet center, once the beam reaches a symetricai electric

field configuration and a symmetrical magnetic field.
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Since ﬁm machine is alsa‘deaigtned to accelerate heavy ions to different energies,
‘all these requirements have to be met for different e/m, different magnetic .
field levels, ‘an‘d different accelaration_voltagu!

| For a prediction of the ion’ séurce and 15\1110: location we used an Rey:
coordinate system with the origin at the source slit, as indicated in fig. 9.
The x-y system is rotated with respect to the cyclotron c-oordinat# system
#'~y' by an angle y, and has a certain dioplaconieat from the magnét center
which should be defined by the magnitudes a, b, and Y, the initial dibplacement
of the orbit center {fig. 9). From the equations of particle motion in the m.edian

plane in the x-y coordinate system

- N | | R .7 v
*e= {Ex(x. ¥) cos (ut-g) +y B (x, v)} ' |
_ (1)
‘ ” e . V .
y== {Eylx. y) cos {ut-¢) ~ x B (x, v)} .
' for the initial accéleratioﬁ one can derive eqs. (2), (3), and (4), asanihing:

a, The rf frequency.cormapanda'to the cyelotron frequency at the
. cénﬁ&xrﬁeld. . |
b. The particles, being acc'eler‘ated Srazi; zero velbciﬁr atx,y=0,
pass through a uniform electric ﬂﬁld which has no y component,
and which ceases at the puller slit, ‘. _
e. The niagneti& field is uniform ih the i'ange of the first half revolution.

d. Space charge effect can be neglected for the motion in the median

plane,
X(ut, &)
e E : " )
x(t, &) = --—-%{sin¢;0_9£n wt+utsinfut-dg)l, - (@)

Smw
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"k, b
 eE,” T , e
Y{t, ‘2’0) = ‘-éT{BiMO+ 313(@""@0” » 3)
: mw S
Afat, ¢)
. eET, , , P
€ft, dg) = —mmes {{sin@ocosoﬁsin(axwo)fwtcoo(ax-@(’.)} ‘
: - 8m W : R SV

+{ ain@oainm*@‘pm{“%e)}l 2 } ’
o ' _ (4) :
where

Eg = maximum electric field strength,
$g = starting pbase (@6 >0 = leading, ép < 0= lagging).

~Considering the accuracy with which one wants to determine the location of
a particle x, its initial displacement of the center oi‘ motion Y, aad its initial .
energy ¢ at the pullqi slit, these assumptions seem to be justified.

‘Under the assumption of & uniform aloctéi\e, field, E S'HOI d coa(é:tsd&a)..
which'points into the x direction only, the appagent center of partiéle motion
during the acceler#;iqn process between source slit and pu‘lier slit i'emaina_ on
the y axis (fig. 9). It freezes at ?. once the particle passes through the puller
slit into a field-free region at point P. At this point the fon has the energy ¢
and describes an arc around Y, with the radius R, which corresponds to the
particle momentum and the magnetic field present, until the particle again
reaches a region of ac-celération. ‘Equatiom(S). {6), and (7) shgw the relationship

for d, Y, aﬁd € in practical units.

- 2.288
ie .

A T T
d 'y -\/Uo \/'x;('r.tbo) (cm)A | (5)
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e n(‘r;, .
Y= ‘.‘%’ Ry Ug x(meg)  (em) . (6)
remsud, 2 S |
€= g;—-z-.—-;z—- ¢ ’A {A(T: @0) +x{r, ¢0’ } (RQV) ’ . ‘7’
A |

wheré | _
Bi o zmo'chrmm magnetic field of the machine center, in kilogauss,
Uo = x?xaximum dee voltage, in kilovelts,
A = atomic weight of particle,
q = number of charge units,

7 = transit-time angle,

- For a given puller- distance d, both the initial energy and the initial
orbit center for an ion at P are functions of the applied voltage Uy the
charge —to-mass ratio a/A, ‘the starting phase '¢0'. and the t:anséired phase
‘change (utp), which shall be called transit phase angle 7. For a given q/A
at a certain magnetic fleld and an e::iatiixg geametr} and voltage, Y and ¢ are
functioﬁs of the starting phase ¢9 dnly. as long aa.apacq-chuge effects
remain emall. Figure 10 shows the expected initial energy gain ¢ and the
-initial orbit center coordinate Y as functions of the starting phase ¢,, and
also a8 functiona of the phaae at the pu.ller slit *P‘ for two cases of a distinct
ion-gomrce to puller diatance-—corraaponding to a trmit_ phase angle of ©20
and =60 deg. The i-ela.zionahips were computed for a pérticle?n in a magnetic
- field of 11,7 kG, The dee-voltage Uo waa 36 kV; ¢ a.nd Y are plotted relative
to the maximal values ¢_ = 72 keVand Y =3.13 cm. |
Note that in fig. 10a and ¢ both the c-and Y curves are asymmetrical

with respect to the zero starting phase, Lata«uta.rting particles obviously
experience a larger spread in initial energy gﬁin andin their center distribution
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than particles starting before the electric field reaches ite maximum.

An p,ccépeable beam pulse in our case shou;d noi have a rélﬁti§e center
- spread or energy spread in excess of wﬁ 15% Therefore one has to select
a group of particles starting from the source at leading phaﬁe, as indicated in
fig. 10 by the sections A and B. The rangé of starting phaaea for a useful
 beam pulse shifts more towards the leading side as the dintance between the
source and puller becomes larger, i. e., a8 the transit time becomes hrger.
Thie also means that the axial electric focunmg hetween ion source and puller
becomes worse with increasing distance,

| Furthermore, since the source éxtracfion efficiency depends on the

! 3), beam intensity decreases

extracting field approximately to the 5/ 2 power
" rapidly with increasing distance between the source and the puller. The ratio
of the expectéd beam intensities for our two eMples are indicated by the
shaded areas A and B in fig. 10e. It aeéms very deéirahle to bring the puller

‘as close to the source as aparking limitations will permit. For axial focusing
| between source and puller it is neceaaary to prdvide adequate vertical components
of the electric field close to the source slit, where the particlee apcnd a large
fraction of the transit time. We believed tha.t a combination of space «~charge
: effacts of the moving plasma boundariee could be important for the axial
focusing at the initial acceleration. However. at the time of our éeuign studies
these effects were not explored sufficiently to make well-based assumptiona for
a theoretical treatment; ii difficulties, related to these phenomena. arige at
high intensities, it is possible to experimentally develop a éatisfying vertical
ion-source and puller geometry under actual sxtraction eonditiona

In order to pass the selected beam pulde into the most favorable phase

range in the cyclotron, for example, 20 deg lagging after the first half revolutidn.

one has to bring the ion source and puller arrangement farther away {rom the
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dee—wan, if necessary, beyond the cetxter:ai the acceleration gap, as indicatéd
in ﬁg. 10. Therg is a limit, 'hoquet; since thé whalé configuration of the
a’lectric field around the source changes .'with this geometty and could become
}. too aaymmetric.ﬁ This would prwent the appareut center of particle motion
from moving towards the magnet center during the next t'ew revolutions. The
Velectric field perturbation, created by the source and puller configuration,
" together with the configuration ,e.f the magnetic fleld near the cone de_finés,
in a final m‘é.nner, the diaplacément and rotation of the x, y coordina(e system
- with respect to the cyclotron coordinate syatcm_i' ~y'. Thus ‘the magnitudes

" aand b, and the rotation angle vy, in fig. 9 are defined by the acceleration
farther on, whereas d, Y, and 9 are givan by‘ihe initial accéleratioh between
source and puller, and the phase requirements for a radiany and axially
well-focused beam pulse.

We have tried to strike a balance in this quite-delicate interrelationship
of physical magnitudes. The source -to-puner diatanca in the 88-4nch cyclotron
corresponds to a trangit-time phnse angle of about 30 deg. The center of the
well-accepted beam pulse should have a phase 1@3 of 20 deg at the line of
symmetry. This means that the puller face had to come out of the dee lip even
beyond the line of symmetry, whereas the face of the source had to be removed-
from/;}:slar face by = 0.3 in. In a first approximation the orbit behavior near
the eox_z_rée was calculated with the geometric appro:dmétion methods mentioned
above, taking into account the actual electric and maﬁnctic fleld shape out té
® 3 in. radiue. For this calculation the rotation of the source was. such as to
bring the initial orbit center onto the line of symmetiy. v.'l‘he requirement of
aiarting the orbits in such a way that they would match an equilibrium orbit at
10 in, radius necessitated more cmnp\:tér calculations. In this calculation,

particles were decelerated from 10 in, radius using a modified orbit code.
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The real magnetic ﬁeld ehape and the electric tramit-—timo effect, as £ormer1y
derived and a8 ahown in fig. 7 were taken into account. The goal of these in
vestigations was to meet the line cf symmetry at point P of the puller slit with
the correct energy and the correct phase lag. It was achieved after a sma,ll
number of iteratione of starting puaameters for the computations. A slight
correction in the rotation of the x-y ‘coordinate aystem towards amaller y was
necessary, For o particles at 11.7 kG and 36-kV dee voltage, the following
magnitudes are valid: Y = 1.25in,, a = 0,28in., b=0.2 1n., vy = 11 deg,
9 = 25 deg.

In one case the ions have to pass the Ve ® 3/ 3 resonance at about 5 in,

radius 14

). However, as computer ealculaticmu show, the radial bea.m distortion
is not severe ae 1ong as the initial amplituda of the betatron oscillation remains

‘pnthe order of # 1/4 in,

- 5, Center Geometry

Figure 11 shows the locations of the eo:r_iponenté in the cyclotron center,
arranged for Operitio& with o partiélea at a central isochronous field of 11.67
kG and 36-kV dee voltage. This ariadgomént also cor:eslﬁon&s to deuterone at
a central {sochronous field of 16.5 kG and 70-kV dee voitage . | Figure 11 indicates ‘-
the firat five revolutions of a particle centered in the beam pulse as derived
from computer calculations and geémeﬁric orbit plotting (dots) \mder the ab»

sumption of a realistic magnetic ﬁeld The end pos!tion of the probes is shown,

5.1 ION SOURCE AND PULLER -

The whole center geometry, consisting of ién source, puuer and defining
slit is adjustable for different charge-to-mass ratios of the ions, different
ma.gnauc field levels, and differant acceleration voltagea. For this purpose the
ion source can be placed anywhaere within the space as marked by the four end

15, 16

positions (dashed éirclea) ). The sonrce can be rotated 360 cieg about its

vertical axis, The puller ie easuy exchangeable and can be moved over the
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whole range of the possible ion-gource locations, Tke ion-source face has a
| cutback, as indicated i_n ﬁ‘ig.' 11, for achievement of rathe_.r good axial focusing
ét the initial accéleration betwean source and puller. The vertical height of
the puller slit is large énoﬁgh to provide a slight Aasymmétry effect on the ver~
- tical component of the electric fleld. Thus the ‘paftieles should experience more
focusing force during the first third of path length between source and puller than
defocusing force during the last part oi initial aecelékatiog. _

Figure 12 shows a photograph of the prééen& puller device. It consists
of a solid carbon piece, which has good rf contact with t'he' dee. In order to
provide a more uniform electiic field in the gap a 1/ é— in, tantalum rod is
mounted at the side, where lé\v-anérgy ions would tend to strike.

For the ion source and puller, speciﬂ care w‘as taken to provide
- symmetry with reai:act to the midplane, Even slight asymmetry of the electric
Iield in the v;'sx-tical directi’en.l 'eapec_ially during the initial.acceleraﬁ&m and the
firat gap crcsaixig certainly had .to be avoided, ' |

5.2 BEAM-DEFINING SYSTEM _ ;

In general one cannot avoid having p&rticles with an improper starting
phase, and therefore a rather large radial an&.axiﬂ betatron amplitude, ac-
cepted by the cyclotroh. They are aceeléra&ed to a certain energy where they
either are last by defocusing effects or are shﬂ&éd into a decelerating phase.

In order to keep the beam clean &oin the Beginxﬁng,' an adjustable
beam-defining device will be used at a location within the dee where no further
perturbation of the electric field would be caused (fig. 11). This device will
pérmit clipping of particles with wrong phé.ses or large radial betatron é.m-—
plitudes, without interfering withthe well-behaved beam. The defining slit |
conaibts .of two wb.ter-ceoled tantalum rods which can be meved.radially ei_ther

simultaneously or with réspect to each other. Thus any beam orbit from the |
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first reaolution on outward can be aifeeted. either by passing through the
proper alit. or by being acraped on the outside and inside.

6. Experimental Rcaulta

During the first period of preliminary’ operatioms with a pa.rtielee at
11.7 kG ). it was possible to check the inﬂhanca of Ehapges in the starting
conditicns on the beam quality. The defining alit was not yet usable,
| . The three probes, equally apaced in asimuth (see m 11), could each
be arranged to pick up current on three separate electrodes, The#e electrodes
‘have a radial extension of 1-1/2 in. and a vertical height of 1/2 in, each and
are mounted sbove one another. The probes could alao be used to measure
‘beam current oai a radial increment of 1/ 16 in. while the rest of the pickup
Vevleet‘rodes m the radia.l direction were covered 'by a shie_ld. ~ Thus it was possible
to determine the beam ceaterit_xg. aa well as the radial and axial beam amplitu&es.
as functions of the radius. | .
The ionnaou:-rce and puller were set at theoretically predetermined posi-

tions, then tﬁe radial beam curreat distribution was measured at different dee

- -

voltiges from 2 in. on out. With the radial differential probes .it was possible
to resolve up to 50 aepa.raté revoluxiéns. These revolutions changed theirv spac-
ing_accordimg&ah changes in the dee volmgg'. Figure 13 io a perspective view 1 .
of the center region out td 12 in, _radiuéx cmeﬁt distributions as m@a_aured on '
the dee area probe and the target ueé. probe, are shown here as reliefs. The .
pickup elements in this éaae were of 1/16+in, radial width and 1/2-in. axial N
extent, centered in the medﬁn pi-ane. The acceleration veltage was set at a | ‘ N
dee-voltage meter reading of 36 kV. The meter had been caiibrated at lov}er | : ; 4
N

~ .

voltages. ) b

The turn<to-turn separation is distinct out to 12 in. radine;, 44 separaté \

revolutions can be noticed in this case, The average turn spacing is somewhat

T e
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larger than anticipated, iixdicating that the dee volf-,ége might actually be about
10% higher than the reading on the meter, | _

The apparent center of motion forvthe firat. 15 rgf’calutians’ was found to
be within £0.] in, from the predicted locations. The é‘hue ac'c'ept_an'c‘e’ of the
beam pulse coréeamnda. approximately to the anticipated #alue of 30 deg, as
the beam width atthe ﬁrst-' fow revolutions indicates. )

At about § in, radius; close to the v, 3/3 tesoWe. the radial
current denaity drops to a minimumz however, it increases again at larger
~radil. A elight axial blowup was also noticeable iix this regieu”). During the
acceleration from 8 to 12 in. radius, & slow diapla.c-em_eni of the apparent center
of motion takes place in this case. Fér the forty-fourth revolution the apparent
center of motion has shifee;i 6-.6 in. lto the northeast, 'I"l;xis_éff'eét is probably
due to the accelépation occurring in a high magnetic field at the north g@p and
in a low ma'gnetic field at the south gap. v, is apprmdmately 1.01, which

| leada toa clockwi@e precesaion of the orbit centers. |
| A At larger radif the beam centering cauld be meamred by shadow meas-~
urements with all three probes.' The sharpness gmd shape of the current cutoff
obse:rved in these ahadow experithe éive information about the distribution
of the radial amplitnde in the beam., The relative probe paaitiona at the cutoff
allow us to evaluate the center displacement. We noticed that good beam quality
near the cyclotron center did not necessarily lead to high radial beam qua.lity
at larger radii. Quality of the beam was found to be largely &epemi’aht on the
dee voltage, | |

Figure 14a and b shows resulte of k&sadow measurements at 22 in, radius
~ for two ibn-sau:ce locations, corresyéndiﬁg to 36+ and 50-kV theoretical ex-
traction voltage; the measurements were ﬁxade at a dee voltage of 36 kV and

45 kV (meter-reading). For the lower voltage the coherent radial amplitude,
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i.e., center dwplacement. is approximately 0.3 and 0.5 in ‘whereas the
radial amplitude remains =# 1/8 in, for both fon-source locations, The

| higher dee voltage seems to act bofh tinﬁea like a first harmoﬁié on the order
of 10G m both bases,' displacing the beam center Ly = 1.5 in. and incregsing
~ the radial amplitude to = % 0.5 in, | : '

Figure 14b ahowa the effect on the radia.l bea.m quality at 27 in. radius
of a change in the rotation of. the source. The radial betatron amplitude can
be increased from~=% 1/8 in, at y = 11 deg to= & 0.9 in. at y z* 20 deg, The
pomtion of the puller remained the same for both meaauremants. |

‘The effect of a cha.nge in the ion-source azimuth 8, (fig. 9) is indicated
in fig 15, Two extreme poaitiona were inveatigated In Gase A the ion-source
slit was set close to the gap miﬁale line, correapondiag to a 9 of -5 deg, In
Case B the source was moved farther away from the dee. corresponding to
a 9 of - 30 deg 'I‘he aource-to-puller diata.nce was kept the same in both
cases-equivalent to a transit phaae angle of = 30 deg.

'In fig. 15a the total beam currents are given as a function of the radius,
Figure 15b .shows.the currents that were picked ﬁp in an axial interval between
1/4 and 3/4 in. above and below the median plane. Figure 15¢c shows the
i-elative current on the.ﬁpper and lower electrodes éb functions of the radius.
The total bearn drops rapidly with incréﬁaing radius in both Case A and Case
B. | However, the axial focusing appears to be much better at an ion-source
azimuth of 8,= - Bovdeg than in the case of 95=-«5de'g'_-éo is indicated in ﬁg.
- 15tzanid ¢c. At a radius of 10in, the relative amount of beam measured on the
pickup electrodes above and below the median plane is lar,gef by a factor of
‘two when the source comes closer to the gap middle line. This result confirms
that an appreciable phase lag during the ﬁrét few re§olutions contributes ef-

fectively to the overall axial focusing of the beam,
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The fast drop of the total current in Case A and Case B In fig. lSa-
via partly related to phase loss. In the case of 8 sﬁ - S‘dég we also observed
that a relatively large.ft.actiyqa of _thé total beam~on the order of 20% -~was |
spilling out radially along the hﬂl_a. starting from about 5 to 6 i:i._ radius, _

| For normal starti_zig conditions with §_ = - 25 deg the beam current
picked up by the upper and lower electrodes is on the order of 10% and ceases
completely aftﬁr 15 to 20 in. radius. In this case the tbtal .'beuzh current stays
practically constant from 15 to 38 in. radius. The ia.di‘ally spilling beam was,
in the case of a particles at 11.7 i.cG,. praéticaily not néticea._t:le, and certainly
smaller than 1%. |

Finally, an experiment should be mentioned, in:which tixq 'iéx; equrceb
had been tilted accidentally by about 2 to 3 deg with respect to the vert;cal ’
axis. In this case the beam consisted of two components, ona'with,a, large
céhgrent' axial amplitude of wO.»S in. 'Photograph'u;.w-ete taken of the beam. spot
on a quartz plate which could be moved fadially. Figure 16 ;hows a time-
exposure photograph taken while the quartz prpbe nﬁoved from 23.4 to 4.1 in,
radius., It stopped for a few seconds at 18.8, 14.4, and 10,2 ii:.. Separate
beam revolutions can be noticed between 4 and 10 in. radius, The medulation .
of the axial beam oscillation fréquenc_:‘y vat larger radii can be explained by
visually comparing interference of two beam bpots ha\'ringva'lightly diffe-rent
oscillation frequencies., This is the case when the two beam componenta have
a different phase relationship in the cyclotron_. These results show clearly
that, £oi good beam quality, thevvertical alignment of the components in the
machine center is also of great importance.

We believe that the experimental results mentioned here and observed
oh other occasions 17) indicate that our assumptions for the hyout atﬁdien of
the cycl'otron. center region are juﬁtiﬁed, at least for smaller beam intensities. |
With the geometry and parameters present a beams on the order of §0 to 100pA

have been obtainable.
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FIGURE CAPTIONS

Fig. 1. Equipoi;ential lines in a vertical cross adction.
{a) Witli a single dee. | ‘
(b) With a dee and a dummy dee, 7
{(The numbers near the e‘qi;ipotential lines".lndieate percent of dee voltage. )
Fig. 2. Poﬁentia.l and electric field acroes the accelex;ation gap, with and -
without a dummy dee.
- (a) Electric potential i‘n the median plane.
{(b) Horizontal compénem oi’ the elecfric fieid in tﬁe median ;'sla.ne;‘
70-kV dee voltage,
(¢c) Vertical component of the electric field 0.25 in. above and below
the median plane; 70 -kV dee voltage. |

Fig. 3. Egquipotential lines in the media.n plane near the source and puller;
as measured in the electrolytic tank, o |

(a) Sl?etch of the puller,

(b) Single-dee geometry.

(c) Dee and dummy-dee geometry.
(The numbers near the eqﬁipq_tential lines indicate percent of dée voltage. )
Eig. 4, Equip§tential lines in the median plane, as measured in the elecﬁrolytic_
tank for a single dee and a puller post. (The numbers near the equipotential
lines indicate percent of dee voltage. ) |
Fig. 5. Geometric orbit study for {a) a single dee and (B) a dee and dummy-dee
configuration

'Procedure for orbit plotting:

Step-by-step momenturn gain each 30 deg.
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Basic parameters:

Magnetic field H = const = 16.5 kG
Mass to charge ratio %'z 2 (deuterons)
Frequency o =w, =12.7 Mc/sec

o° 70 kV

Dee voltage U _
(The apparent centers of motion after the third revolution are marked. The

" numbers at both ends of the equipotential lines indicate percent of dee voltage. )

Fig. 6. Transit-time factor for idealized step acceleration at the center of the

gap, as derived from the geometric orbit study.

Fig. 7. Geometric orbit ttudf for pai*tit’:‘les with an initial divergence cor-
responding to & l/ 8 in. radial amplitude for a single-dee cénﬁgurétion. Basic
parameters and procedures as in Fig. 8, '- {The :iumbetq at both endsg of the

 equipotential lines indicate percent of dee voltage. )

Fig. 8. Electric and magnetic axial focnsing terms for a single-dee configuration,

_ 2
- Values for Vs el

. - _ .2
through the first three revolutions. The curve of Y2 mag

are derived from numerical integration of the beam trajectories
-coriesponda to the

field shape ﬁsed‘ for a particles at 11.67 kG.
Fig.' 9. Schematic of the ion starting conditions.

f*ig. 10a, b, c,d. Relative initial energy gain and initia.i deordinatlaa of the
center of motioxi as functions ‘of the starting phase and the phase at the puller
slit. _ | ' _ »

e. Areas A and B are indicati‘v}é of the intensity in a beam pme of

an initial center spread of less than 1/16 in, | |

f. Relationship of starting trajectories for particles with :‘max‘.imum

energy gain (Rm) and particles s’tartihg in phase ®Rg).
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Case A: Transit-time angle 'r‘3 = 20 deg [for the particlea starting in

phase (bg = 0 deg)].
Case B: Transit-time angle To = 40 dag (for the particles atarzing in
phaae)
Parameters: a p@*ticles.
B = 11.67 kG,
U, = 36'kv.- |

Fig. 11, Schematic drawing of the center geometry in the cyciétzon.
Shawn are a proposal position for the defining slit,together with’ possible

: poaition changes of one tantalum bar with respect to the other.

Fig. 12. The puller face as geen from the jon source, (The vertical free
space within the puller is 1/2 in.) |

Fig. 13. Perspective view of the center .reigic.m out to 12 in radius, with

' first four compﬁted revolutions and reliefs of the a~beam current distribution
as measured v th the dee area probe {left) and deflector i:ea probe (right).
The pz‘édicted (G) and apparent (x) eente&s .of motion for the gecond and
forty-fourth revolutions are shown. |

Parameters: | |

BO ie
£ = 8.98 Mc/sec, R N
. :

= 11.67 kG,

0o = 3_6 KV,



~26- | UCRL-10071

" Fig. 14. Radial shadoﬁv measurements at 22- and 27-in. probe radius for
' different starting conditions. B o
' ,(5,) Ion-source position for Uo s 36 kV; dee §oltage 56 kV and 45kV
(meter values). o
(b) Ion-source position for U, = 50 kV; dee voltage 36 kV and 45 kV
(meter values). | | o - | ,
(¢) Ion-sour_ce posgition for Ug = 36 kV; dee .vclt.ag'e’ 36 ‘kV (meter valuoa_).
 Source ré‘tagio.n angle y= .Il and 20 deg, .

Fig. 15. Total and axial beam distribution for two asimuthal values of

that vbere deliberately set so as to deviau from the theorétieal-.
Case A: Ion source and puller moved azlmuthally towarda» center of
gap, O g =5 deg. Case .B:' Jon source moved azimutkany to where
_65-: - 30 deg. | | | : |
(a) Total current vs radius,
{(b) Current on upper and lower pickup electrode (1/4 in. €fzl€ 3/4in.).

{(¢) Relative current on upper and lower electrodes.

Fig. 16. Beam pattern shown by a quartz probe 1/16 by 15/8 by 15/8 in,,
-moved from 23.4 to 4.1 in. radius and stopped at 18.8, 14.4, and 10.2 in.

radius, | | o

(Beam current about 5 pA; ion source. tilted f:oz:; vertiéal axis by approx 3 dcg..)
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