Lawrence Berkeley National Laboratory
Recent Work

Title
OPTICS OF THE AXIAL INJECTION LINE FOR THE 88-INCH CYCLOTRON

Permalink
https://escholarship.org/uc/item/57m4g90mx

Author
Resmini, F.

Publication Date
1968-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/57m4g0mx
https://escholarship.org
http://www.cdlib.org/

’ (Li.?‘-:’;‘
RECEIVED
LAWRENCE
RADIATION LABOR‘\TORY
NOV 1 11968 .

LIBRARY AND

UCRL-18442

R

University of California

Ernest O. Lawrence
Radiation Laboratory

DOCUMENTS SECTl%N

\.

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call
Tech. Info. Division, Ext. 5545

A

OPTICS OF THE AXIAL INJECTION LINE FOR THE 88-INCH CYCLOTRON

)
&

o

F. Resmini

September 1968

Berkeley, California

g,

<hh&( - 142/



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government, While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-
7

’\.:/_l'

o UCRL-184k42
~UC-28 .Particle Accel.
and High Volt. Mach.
- TID-4500 (52nd Ed. )

UNIVERSITY OF CALIFORNIA ' ' '

Lawrence Radiation Laboratory
-Berkeley, California

AEC Contract No. W-ThO5-eng-u8"

_ OPTICS. OF THE AXTAL INJECTION LINE FOR THE 88-INCH CYCLOTRON . - |

F. Resmini ' _ p

September 1968



Printed in the United States of America
Available from
. Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65



-1- | UCRL-~184L2

OPTICS OF THE AXTAL INJECTION LINE FOR THE 88-INCH CYCLOTRON
F. Resmini*
Lawrence Radiation Laboratory
University of California

Berkeley, California

August 1968

INTRODUCTION

A new axial injection beaﬁ trénsport 1ine has been designed for the
88-inch cyclotron. The old linel’used electrostatic quadrupolé doubletflensés
with-a 3.0 cm apérture.f Thevnew line uses electrostafic quadrupole triﬁlet
lenses'wifh a 7.3 cm aperture and has beeﬁ‘designed'with more emphasis on
efficient beam optics. |

‘We plan td use several external ion SOﬁrces with_this,new line: " The
most important,inifiélly, will bé a polarized ﬁroton aﬁd deuteron source now
under construction. Also a duopiasmatron SOurce‘has been built and tested.

It will provide proton beams to study the beam optics of the line and the cy-

-clotron acceptance.

I. DESIGN CRITERIA
The new axial injection line for the 88" cyclotron haé been designed
to satisfy the féllowing requireﬁehts. The line shoﬁld have:
a) A good overall transmissioh,efficienéy, within the una&didable'geémetricai-

constraints, of the beams'deliVered by the polarized ion source.

On leave of absence from University of Milan, Milano, Italy.

com
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b) A reasonable range of matching bet&een the phase space characteristics of

the external sources and thevsupposed eyelotron acceptaﬁce; A high»degree.ef ' f
flexibility is desirable because of the many beems eventually avaiiable for !
injection and the lack of precise information about the real cyclotren acceptahce.

'c) Acceptance of beams of small emlttance, dellvered by convent10nal sources,

but with high d.c. intensities, in excess of several hundred mlcroamps.. This

calls for compensating the related space charge effects end extra;aperture for

the 1enses;

'a) Eﬁougﬁ space between the 1enses in order to accomodate: deflecting plates
for-pulsed beam.operetion; various monitoring equipment, in order to coﬁtrol

~the beam behayior along the.linej a suitable buncher;?»in\order to ﬁatch_the

:narrew R.F,'phase ecceptance Qf the cyclotren. These'requireﬁents Wiil‘be

 discussed in-a quantitative way in connection with the beam optics.

B II. DESCRIPTION OF THE LINE

' The total diStance, Fig. 1;tbetween the cyclotron medianiplane and
‘the upper starting point of . the line is M.h‘meters. 'Beemstdelivered by the
- polarized ion seﬁrce and the dueplasmatron.test source (or ahy'dther source
available iﬁ-the fﬁture) ere supposed t0 betfecused at the starting'point.t
That is, suitable optical systems:have_to'be provided with‘eseh sourée_in
-order to meet this initial requirementQ .' —_ . o v'. A

The duoplasmatron 1on source is pos1t10ned at 90° w1th respect to the'.- Q,
' 1n3ect10n line and - the beam transfer is thus obtained by means of a 90 bendlng
magnet,.w1th uniform field. Wedge vert1ca1 focusing is obtained at the magnet.
entrance aha exit.edges,vwhich are 26° from normal.to the beam line. The

polarized ion source is placed directly in 1line with the injection line.
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The optical elements. of the injection line are three electrostatic
guadrupole triplets, positioned as igdicated in Fig. 1. Th¢ component quad-~
rupoles of each triplet have 7.3 cn apertufe, a length of 18 cm, and are
separated by 3 cm (Fig. 2). The poles are machined to a curvature radius of
4.15 cm with centers 7.8 cm off axis, which is the best approximation5 to the
ideal hyperbolic surface. The aperture chosen is almost the largest one com-
patible with the dimensions of the hole in the.magnet yoke in agreement with
point (c) of page 2. Triplets have been selected, instead of doubiets, because
of the great flexibility of the system with respect to the matching requireménts,
as will be épparent later, and their easy use as astigmatic optical élements.

Sets of collimators are provided within every triplet, as indicated‘
in détail in ¥Fig. 2, in order to avoid beam losses on the quadrupoles them-
selves. -The sets at the éntrance_and exit of every triplet have an aperture
of 50 mm, while those in between the quadrupoles have apertufes of 60 mm. _The
beam currents possibly dumped on each collimator can be read independently.

Two deflecting piates, at 90° to each other, are provided for beam
steering. The upstream one, DO in Fig. 1, is supposed to be used in the
future for beam pulsing. For that reason a coilimator'of variable aperture
ig set at the waist position determined by the first triplet, in order to dump
on it the swepf'away beam.  The deflecting plates are.l5 cm long, with a gap
of 6 cm, and are 9.5 cm wide. .

The buncher, as referred to in’a previous report,e Will be placed

_between the two last triplets as close to the median plane as possible.

Three sets of monitoring equipment are provided, positioned at:

&) the starting point of the line, b)_the downstream waist produced by the
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fifst tripiet, c) at a distance of 30 cm downstream.from the second triplet.
This position does not correspond necessarily to a waist because of the varying
focal position requiréd by the different matching combinations.

Each set comprises: motor driven X-Y double scanning wires for precise
measurement and recording of the beam sﬁape on a storage oscilloscope; an
aluminum oxide 'plate for visual beam spot control, and a Faraday cup for total
beam intensity measurements and>transmission efficiency tests. Both the
aluminum oxide and the Fafaday cup are remotely controlled for‘éperating con-

venience.

ITI. BEAM OPTICS

Notations and Definitions

In treating not only simple beam transfer, but also the problem of
matching_thé external sources to fhe cyclotron acceptance, it is convenient
to refer to the phase space representation. The two phase spaces.(x,x')land
(y,y'), afe associated with the beam, travelling aiong the z-axis. Thevunits
used hefe for position (x and y) and divergence (x' and y') are mm and mrad.
In what followé, and in the line geometrical arrangément, the x-z plane is
defined parallel to the Dee edge in the center of the cyclotron. Also the
polarities of the quadrupoles are so chosen that the motion in the x-z plane
geherally corresponds in a triplet to the sequence DFD (defocusing-focusing-
defocusing), and FDF for fhe y-z plane. |

The beam is at a waist, aldng a drift 1engfh, when the representative
ellipses ih,phase space are upright? i.e., their axes ccincidé with x,x' (y,y")

axes. The waist positions for the two phase spaces do not necessarily coin-

[ YN
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cide along the line.: However, when this héppens, the beam there has the
minimum size.

For the purpose of discussing the matching requirements we shall
despribe the beam, at a waist, ﬁhrough the charaéteristié length of the phase
space ellipses, defined as X = xo/x'O and X = yo/y'O where the subscripts
(O)_refer-to the corresponding semiaxis of the ellipses, taken at fhe waist.
The advantage of describing the beam in this way comes from two argﬁments:

1) The strengths of the lenses, for a given energy beam and a fixed fype of -
beam transfer and matching depend only upon the initial X's. 2) The treatment
of the optics is done independently of the wvalue of the Beam emittance, which

enters thus only in transmission efficiency considerations.

Matching Requirements

Many possible solutions have been developed for the line and a sub-
stantial computing effort has been aimed toward predicting the quadrupole

strengths, studying the flexibility of the line and evaluating the trans-

‘mission efficiencies.

A rather wide range of matching requirements to be satisfied has
been chosen. The beams delivered both by the polarized ion source and the
duoplasmatron test source are expected to have cylindrical symmetry around

the'z—akis, so that the initial characteristic lengths X .

and X are
) _ v

,in
suppdsed to be equal.

The range of values Xin for>Which optics calculations:have”been_per-
formed is between 0.05 and 0.5, thus including a typical value neasured for

the duoplasmatron source (0.5): and what is expected for the polarized ion

source (0.1 =~ 0.25). It might be appropriate to note, at this point, that

¢
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a variation of 10 in the Xin like the one considered here, means for a fixed
emittance beam a variation of"JiO = 3.16 in the spot'size, thus allowing a

real large eXcursion in what can be accepted by the line, and easing somewhat

R

the requirements on the dptical system of each individual source.

From the point of view of matching the cyclotron.acceptance, only
fairly broad.limits can be stated at present. Conéequently we look for a high
~ degree of flexibility both on the waists to be obtained and their poSitioh
with.respect to the median plané. Previous calculations of the trajectories
through the hole 1ensLL héve indicated that a distance around 10 - 15 cm from

the median plane and an X = 0.2 or so could be adequate. For the present

fin
study two extreme positions, namely 5 cm and 15 cm away from the médian plane
ha&e been selected, and optics solution developed accordingly. As far as the
range of Xfin- is concerned solutions are available for the following values:
0.1, 0.2, 0.3. Of course any intermediate or even lower value can be easily
obtained and will probably be tried during the early tests of the line, when
an empirical optimization will be done.

The emittances taken into account for the evaluation of transmission

1

efficlencies vary between 200 and 1000 mm mrad.

Computing Methods

The problem of finding the conditions under Which walst-to-waist
transfer can be obtained with a set of friplets, or doublets, and determining (
the strengths of the 1enses is not entirely trivial, due to the typical ” {,,
multiplicity of the solutions. A graphical method, described in another
édnnection,5 hgs been used with remarkable success; préviding quadrupole

strength estimates generally closer than * 2% to the true values.
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The program ”TRANSPORT”6 which essentially performs the transfer

‘ L
matrix calculations and tracks the beam envelope along the line has then been

‘used in order to refine the graphical estimates and get the magnifications

with high éccuracy. Direct use of "TRANSPORT" for the study of waist-to-waist

transfer with one or two'triplets and without the availability of close guesses

has proved generally unsuccessful, or extremely time consuming.

The results of the calculations presented here are exact, under the

-assumption of an ideal quadrupole field. No attempt has been made so far to

take into account the poséible aberrations of tﬁe system, which should, however,
be small for most beams, due to the quadrupole geometry chosen. Aiso, the
actual system performance, when cénéidered in its entirety from the injection
into the cyclotron_to the beam extraction is so much affected by othér hard-
to-control factors that an éberration study would not be very realistic at the

present time.

Optical Solutions

From the point of view of beam optics the bperation of the system is
so devised that the desired flexibility is obtained by varying the parameters
of the minimum number of lenses. As will be shown later, two triplets,if
broperly positioned, can spot the required waists over the previously mentioned
range of downstream distances (5 = 15 cm from the median plane). Consequently
the first upstrean triplet, TO in Fig. 1, will be used only to pérform a -
symmetric tranSfér of the beam, operating with a magnification eQual to unity
in both the x-z and y-z pianesQ | |

The distance between the upstream (downstream) waist and the physical

“edge of the first (3rd) quadrupole of triplet TO is 40 em. Since the total
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length of the triplet is 60 cm, this unit provides a convenient transfer over

a total length of 1.40 meters. As in all other triplets, the two outer quad-

L

rupoles are edqually excited, because it has been found that independent ex-

N

citatiqn does not imprové sighificantly the flexibility of‘the system.

The required voltagesvfor’the quadrupblés are given in Fig. 3, as a
funqtion'of Xin’ for é protén energy of 1kaeV, the scaling law being obviously
linear with energy for electrostatic quadrupoles. The total potential differ-
ence between the elements of a quadrupole is plotted, rather than the more con-
ventional (+,-) voltage of each element with respect to ground, because in our

System‘each gquadrupole singlet will be excited with a single power supply.

T? is the center element and TO

0
parallel.

represents the two outer elements connected in

It is apparent from Fig. 3 that the variation in voltages for different
‘Xin is quite large. These settings are the same>for any optical solution dis-
cussed here, because only‘ﬁhe triplets Tl and T2 are used for matching purposes.

It is seen in Fig. 1 that-Tl and TE are 110 cm apart. The upstream

waist, produced by T, is at 40 ecm from T., while the ultimate dowmstream

0 1
" waist is between 40 and 30 cm‘from Tg. The 1ast two values correspond £o a
| diétance respectively of 5 and 15 em from the cyc}otron median plane. The
. corresponding solutions to the beam optics are labeled 1 and 2. Any inter—
mediate waist position caﬁ easily be determined from the knowledge of these 2
'.sgigtions. - | _ -
Recalling the matéhing requirements stated at page 5 each one of the

solutions 1 and 2 contains three subcases: A, B, C, corresponding respectively

0 X, = 0.3,.0.2, 0.1 and calculated for a range 0.05 < X, < 0.5.
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When these solutions are fepresented on a (Xin’ X ) plane we have

fin

a diagram like the one in Fig. 4. There each caée A, B, C, forms a straight

‘line, both for the radial and the axial planes.

1 and T2 are inverted to one

another. That is, the sequence for the x-z.plane motion is DFD in Tl and FDF

The polarities of the quadrupoles of T

“in Tg, and the opposite for the y-z motion.. For the purpose of matching

aloné, the available range of transformations would be as wide in an equal
pdlaritiés set-up (i.e., the DGD-DFD and FﬁF-FDF sequences) but the arrange-
ment above provides generally better overall transmission efficiencies and
has thus been adopted.

The strengths of the quadrupoles needed for solution 1 and 2 are
represented in Figs. 5 and 6, wifh self—ekplanatory notation for the'subcases

A, B, and C. BSolutions with intermediate X values, for any Xin in the

fin .

range here conéidered, can be determined interpolating between the given

_graphs. It might be worthwhile to note that only a small (typically between‘

2% and 4%) variation in the quadrupole voltages is needed to shift from one
solution to another,‘as far as a given Xp;,, oOr a given downstfeam_position
is concerned. That calls in turn for a good stabilization of the power
supplies down to say 0.1%.

1 2

y-y' phasge spaces do not necessarily coincide, nor do they have the same

The intermediate waist positions between T, and T, for the x-x' and

characteristics. The waists are, however, equal and at the same position

downstream from Tl' For the sake of example_fypical beam enﬁeiopes are

plotted in Fig. 7 for the Xin and X values shown. The last remark which

fin

shguld e made is that while the presént solutions.are developed for
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r,fin = Xﬁ,fin’ it is completely possible to vary, for a given initial beam,

the Xfin in one plane, say the'radial, while keeping the other one constant.

This feature, for which appropriate solutions can be easily wbrked out, could

—.
#

be imporfant in the process of empirical optimization of the line.
J .

Transmission Efficiencies

.The overall transmission effiéiencies for the line have been evaluated,
using the ﬁrogram "PRANSPORT" for determining the beam envelopes in the various
solutions. The results are plotted in Fig. 8, for the solutions 1A, 1B, 1C,
and beam emittances between 200 and 1000 mm mrad, as a function of Xih' It
can be seen that even for quite large emittance beams, like 600 - 800 mm mrad,
the transmission is generally éatisfaétory, ranging between 50 and'loo%° The ‘
corresponding values fér the set of solutions 2 are significaﬁtly close to the
one presented here and would add nothiﬁg to the description of the line per-
formance.'

The results of Fig. 8 point out'that‘the‘initial beam shaping is
important in determining the,transmission, if the beam emittance is apprec-
iably higher than 400 mm mrad, and if this is the case it is quite desirabie

to have Xin values highef than 0.15 or so.

IV. FINAL REMARKS
‘From the complex of reéults.presented here the trénsfer line for the ‘ {\
gg" cyélotron appears to meet the design specifications and to allow a very ' S
good degree of flexibility in its performance. The apefture limits imposed |
by the size of the magnet yoke hole do not influence dramatically the overall

transmission, for reasonable injected beams.
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The performance of the line with high intensity beams whcre space

charge forces are important is being investigated with further calculations.

Preliminary results indicate that currents in excess of 800 micro-
amp for 10 KeV protons can be transmitted and focused with the desired phase

space characteristics. The full results will be available soon.
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at 5 cm from the cyclotron median plane (Solution 1, 10 keV
protons).
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Xpsy = 043 (1a), 0.2 (1B), 0.1 (1C) and final waist p081t10n

at 5 em from the cyclotron median plane. (Solutlon 1, lO keV
protons). :
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protons ).
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800 and 1000 mm mrad over a range of X;, and Xpip velues. Final
waist position at 5 cm from the cyclotron median plane (Solution 1).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





