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HEAVY ION INJECTION FROM TANDEMS INTO AN | SOCHRONOUS CYCLOTRON

M.J. LeVine and C. Chasmen®
Brookhaven Natlonei Laboratory, Upton, Naw York 11973 USA
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A jesign has been realized for tne Injection of heavy
.on beams generated by the BNL 3-stage tandem facll!ity
nto a proposed isochronous cyclotron., The tendem
oeams are bunched into 19 R.F. phase ($0.% nsec) in
+wo stages. The beam s then Injected Into the
cyclotron through a valfey, past g hiit, and into the
next v31 ey on to & stripper foll. Oniy a single
steerar |s required to maka *rajectory corrections for
the ditferent beams. Two schromsts sre used to ragulaste
the tandem potential snd to provide phase control. A
‘inai sectlon of the Injection optics provides matching
ot transverse phasz space to the acceptance of the
cyclotron. The calculations use realistic tandem
emittances and magnetic fields for ths cyciotron based
an measurements with s model magner.

The proposed BNL cyciotron

Srookhaven National Lsboratory proposes to bulld s
cyclotrcn addition to the enisting 3-stage tandem Van
de Grastf facitity, This agdition will provide & |arge
variety ot heavy ion beams will range up to 150
VMev/=mu for 1ight heavy lons and up to 16 MeV/amu for
uranium, with energy resolution of 4 x 104 (£/€).
The proposed cyclotron is a d4-hill, room temperatyre,
iscchronous mechine, with radiys R=240 cm. Beams from
thae present tandem faciiity will be bunched ang
injected into the cyciotron, where they wili be
stripped &nd accelerated. The layout of the proposed
sacility is shown In Fig. 1. The subject of this paper
's the bunching andg preperation of tandem beems for
injection. Other ezspects ot the cyclot-on design are
giscussad elsewhere.!

Energy [ imitations imposed by injectlon

or  A30, injection consliderstions play a major rofe
n determining *he maximum enargy which can be
accelerated for each ‘on species. Saveral strongly
~+crgependent considerations sre involved: The
combined etticiency of the tandem and cyclotren

strippers was requirad to exceed 1¥. Cherge state
ylelds are caicuiated foliowing Betz.¢ The voitages of
the two tandems have teen |imited to ~5.5 MV ang +13.5
MY. Finatly, atl of the besms must originate from 2
single pcint outside the cyclotron with a single
steerer mzking minor correctlions (£19) to the injection
trajectory te match It to the tlrst equilibrium orbit.

Cheracteristica of some typicat beems are given In
Table 1, The stripper moves radially over s total
distance of 27 cm and 5O szimuthaily (see Fig. 2),

Bunching

Bunching of the beam must to produce besm pulses
corresponaing to 19 of RF phase (st = 0.3-0.5 nsec).
This wli| resuit [n a pulse tength contridution to
snergy resolution of 1.3 x 104 for the extracted team,
while yleiding & negi{igibie contridbution to radiai
smeering of orbifs st the exvraction redlus.

Bunching occcurs in twd gtages. Primary bunching will
take place after the bemm leaves the tandem source and
wil! produce pulses 1-2 nsec in Tength at the output of
the tandem. Further bunching takas plece at the
rebuncher, midway betwean the tandem and the cyclotren,
producing bunches of the required length st the
stripper in the cyclotron,

A separated functlon two-harmonic buncher will pe
empicyey as primsery huncher. These bunchers have been
describag in detel! by Miiner3 and have been shown to
bunch 83 much as 70 percent of ¢he DC beam.

In order to minimize the growth of fongitudinal phase
spece due to energy stragg!ing at *he tandem stripper,
the time tocus wili be lccated et the stripper. Most
of the time spread at the repuncher occurs cdue *0 *ha
energy straggling 2rising from the jas stripper in the
tandem terminali. This cnergy streggl ing has been
estimated based on tho measurements ot Scnmigt-B8cking
and Hernyng3.
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Fig. 1.

Layout of the proposed facility.
0 (dipole), O (quadrupvie), S (siit), and R {rebuncher).

[njection system alements are



INJECTION ORSITS

Injection trajectories are 1llustrated for
oxygen beams (8 and 150 Mev/amu) as well as
for & 16 MeV/amu uranium beam.

Fig. 2.

The rebuncher is a tuned cavity sith Impressed
potential raves of up to 12 k¥snsec (Tabie 1). The
enerjy mcdulation {ntroduced by the rebuncher is
“vpicaliy 3 x 1072 ot the beam enerqgy. Other
contribytions to the besm energy spreed must be kapt to
-C.1 ot the rebuncher modulation; energy stadliity of
*ng *andems of apout 9 x 104 I3 theretore required.

Not oniy must the bunch iength be kept to the
rclerances notad above, but the bunch centroid Is

sud ject to equally stringent requirements with respect
to *he PF pnagse. Refarively minor potentlal
redistribyticns in the tandem coluen cen result in
centroid shifts of tens of nanoseconds.’ It is
therafors essential to detect and correct such shites
in crder to guarantee that the beam produced by the
ceciotran is of uniformiy high quallity.

'n crcer t0 achieve this, magnetic phase snalysis I3
amplioyed. Secause & properiy phased beem enters fhe
-ebuncher at a zerg-crossing of *he Impressed
octential, a phese error resyits in zn energy shiftt in
“~e mean energy ot the dbeam {ollowing the rebuncher.
These errcre are sensed bv the si|its of *he mamestum
angIysis system follc-lng the rebuncher; ra8- :1iting
arrcr signals cen be used to moGulgte the
pre-acceleration potential or to chenge the phase of
tae primary buncher. Details or the dhase ansiysis
system are presenteqg below.

njec?lon optics (k=330)

The purpgse ct the injection optics Is to match the
cutput phase space of the tandems to the cyclotron
acceptance at the stripper. The emitrance of the
+2ndem varies slightly (see Table 1} from cne beam to
anather, but the focussing proper+lies of the cyclotron
tigld crossed by the injected pesm vary wildly for
gitferent beams. Thus the injection aptlics must
ccmpensate for this varistion, presenting a spot on the
cvctotron stripper whose dimensions gre approximately
the same (2 mm x 3 mm) tor ail desms,

Determination of the tocussing preperties of the
cyciotron for the injected beems was made: Realistic
fietds were generated by sc2iing from model megnet
measurements’, inciuding contributions from the 27 trim
coiis. Trajectcries were calcyiated for a centrai ray

and tor il rays c1sp-aces -or tne centrrl roy la
%,0,y,8, using & version o} ‘he code GOULING suirably
moditled for this purpose. The !0 rays chosen allowed
tne determination ot the sttects on longitudingt and
transverse phase spece and permitted tha monitoring of
second-order effects.

The most compl icated sspec?, howsver, arises from
longttudinel phase spece (E-t) considerastfons. The
design goa! here is to pressnt s beam on the stripper
foll whose time spreed corresponds to no mere than $10
or RF phase: all path length gitterences must not
exceed 1.6mm for The most stringent case, 23EU st
2.5MeV/amu. Since path length dffferances Iin the
bending magnats requlred for ansrgy and phese analysis
can smount to 2 cm, these dispersive elements must be
careful |y compensated by othor bends.

Finaily, et two pleces In the Injection system, the
rebuncher and the cyctotron stripper, the transverse
and longlitudins! phase space mus? be decoupled.
Otherwise, odjustments to the rebuncher would degrade
the focussing, and vice verso,

The injection optics consists of tour gistinc*® sectlions
(Fig. 1): energy analysis (52-Q7), phese analysis
(Q8-410), dispersion matching (Q11-Q13), 2nd matching
lens (Q14). The flrst two sectfons are Independsnt of
the beam Injected. The third sectlon ccmpensates for
peth tength gifferences witnin the cycl!otron and the
meteching lens compansates for the focussing propert!as
ot the cyclotron. The Injection system degins at the
tandem opject stits, S2,

Usa ot 2 bending magnet always results In 8 coupling of
the longitudinal (E-t) and transverse (x-8) plares of
the besm phase space, i.e., Ryg,Rzq,Rs5y,R82 # 0, where
R 1s the transport matrix and *he im4ices !,...,6 stand
for x,8,y,0.1,5 (TRANSPORT notation'Vi. The retet!en
between the path !length edements Re; = {ilx) and Regy =
(£19) ang the dispersion slements Ryg = (x18) ang Rog =
(818) is given by Rets. 11,12, In order to uncoupis
the longitudinal and transverse planes, i.e., *o obtain
Rgy = Rep = 0, it is nacessary to have Ryg = Ryg = 0
(achrematic conditlan),

A convenient way to achieve this is by expioiting the
canceiletions Inherent in mirror symmetric systems.!?
It & second banding magnet foiiows the tirst, symmetric
about s focus 'n the horizontal plane between *her, ong
achleves Ryg = 0. If, in aadition, a quadrupdie |ens
IS placed !n the symmetry plane, Ryg * 0 can de
achieved 83 we!). Thiq is the basls for the
echromatic systems which ars ysed otensively in +*hg
Injection system. The symmetry required extends cnly
over +he region where dispersion is nonzero: *he
lenses precading *he first and following the second
bendng element are not part of the schromat and are
used to control transverse phase spece. 3

The energy anelysis achromat consists ot two 4%0 pends.
The first bend (02) provides enerqgy analysis siits (53)
tor tandem energy contral and ramaoval of unwanted
Cherge states. At thig point D/M = 2,75 cm/S. with a
Spot size of 1.5 mm at the object sil+ (52}, p/ap =
1835 at 53, which corresponds to an energy control
cepab!iity!4 of one part In 12000 using logerfthmic
currant smpl!fiers. Thig is zdequate for our needs

( E/E 3 x 174y, Betwaen the two 490 bends is a Z0m
long l-triplet array (04-00) wnich reproducas the deem
from siit S3 with magnitication Mg = -1, thus altowing
the subsequent asymmetric bend (D3) to cancel matrix
element (x15) arising trom the preceding bending
section. The quadrupole singiot Q2 allows (918] *to pe
set to zero: the elements of importance here, (2ix) ang
(t16) are path zero. Hence the longituginal ang
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transverse components of phase space ore decoupled et
the rebuncher, whers a focus exists In born hor!zontei
ang vertical directions as well,

.1n order to retain adequate centrol of the y envelope
ot the baam further dovnstresm, the y angular

magn: tication has been kepT smaii ar the cost of glving
up exact achromaticity. In particuler, the matrix
etement (¢lx) 0.54. The corresponding pulse fength,
Q.6mm, Is still wali within design tolerance.

The 20m long 2-triplet srray which forms the
intermediare section of the energy snalysis schromat,
is 8 symmetric array of symmetric tripiets, so that
four independent parzmeters are avallsble to guarentee
diegonal transport metrices In both the x-8 and y-é
pianes, The symmetry of the array guarantees that M|
= M, st (unlty magnificetion) Is a possible
so1ution.

The phase achromat provides momentum analysis
capabilities 8t slit 54 which will control the phase of
*he buncheg beam with respect to the cyclotren RF.
Since D4 2nd 0S5 bend in the same direction, the
intermegiate inverting section found in the energy
achromat is not required here.

The dispersicn matching section consists of two
symmetric 40° bends, D6 and O7. - The vartation (n
Jispersive elements due to the cyclotron (s compensatad
rere. An Iintermedlzte horlizontsl focus exists near the
symmetry plane. |[f the focus were at the symmetry
prane, (L1§) = 0. Agjusting the x-focus disp!lacement
frem +*he symmetry piane as wei! as adjusting the
quad-upole pair Q12 allows adjustmant of the aiements
2.x) and (218) aver the necessary range wlthout
attecting the transversz ‘ocussing substantlaslly,

The *ingt section consisting of fow qusdrupoles (Q14)
cerforms two tasks. Not only are erect el llipses
roduced in x-9 and y-# &t the stripper, but the matrix
olement (2 ix) is cancelied by *nis settion, since it
becomes increasingly difficult te control further
upstream,

Zecause the varicus desm ftranspor? sections presented

here wii: be tuned separateiy, It wouid be advantageous
to have sach of Tthe sectlons completely independent of
the orner; |.2., the submatrices for x-8 and y-¢ should
be disgonei for esch sect'on. This has been
approximetely achieved for eech sectlion. Atthough the
osf-diagonal elements Ry3z and Ry eére not zero, they
are sufficlentty small (-1) so that buitdup of angular
spreed s unimportent, and coupling batween sections is
negt igibie.

The computer code TRANSFORT!O was used extensiveiy (n
carrying out the deslgn caiculations.
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Some characteristics of eight deams for which detailed injection calculations have been carried out.

Taple 1,
Mean
Rebuncher Emittance Ang.

E/A £ X r Energy Energy Rebuncher Before Scatt.

Mev Tinj  MeVe e inj q 8(240cm) RF Harmonic Straggl]‘nq Modulation Amplitude Foild+3 in Foi13d
ion amy (Mev) amy "1 (em) Tf  (kG) (MHZ) Number (xe¥)' (keV/nsec) («v)  (mm-mrad) (mrad)
%3 150 35,0 140 2 1.0 8 15.3 2020 2 10.3 4.8 127 2.62- 0.35
% 3.9 3.0 322 2 5.6 S5 5.4 155 6 7.3 7.0 1 sder 1.3
Wi 100 88.0 210 5 3.0 21 17.6 17.08 2 0.1 113.3 106 1.207 n.a
50., 5.0 3.2 63 4 57.9 10 8.0 20.52 10 1.9 10.5 10 318 1.15
=T 51 1435 225 9 35.8 N 173 18.97 3 4.8 160.5 75 .94t 0.38
a5 18.3 13 4 a9.0 11 13.0 172.19 10 12.3 .2 3 2.76n 0.36
¢, 15 135.3 320 10 44.7 33 17.4  i4.5§ 3 29.2 107.1 58 9.2 0.63
SB,5: 200 00 % 43.3 11 174 1458 10 12.9 5.2 3 2.1 9.2
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