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DESIGNING SELF-NATCHING LINACS*

R. S. Hills, K. R. Crandall, andJ. A. Farrell, AT-1, MS-H1317
Los Alamos N8tlonal L8borctory, Los Alams, M R7545

$unsnary

The prtsent trend In Ion-llnac design Is to begin
with a radio-frequency quadruple (RF ) llnac follwed

!by one or mare drift-tube llnac (DTL tanks In which
permanent.+n~ net quadruples ere used for transverse
focusing. !he lack Of adjustable @kIIHItS (ktIObS)
strongly suggests that one should seek linac designs
with Intertank matching solutions that are Insensltlve
to beam currents and emdttances, whfch ?an be accmn-
pllsherl if there are no sharp dlsconttnuttles In the
focusing properties along the entire linac.

In this paper, we present guidelines for llnac
design and describe techniques for longitudinal as w1l
as tranverse matching between tanks. For a wtde range
of beam currents and emittances, a behm matched at the
entrance to the RFCJ should remain well matched through-
out the entire lfnac.

Introduction

The objective is to find matching solutions be-
tween the RFQ and the DTL and between DTL tanks that
are insensitive to beam current and amlttance. Ue
hypothesize this will be possible, provided adjacent
structures ?nd the matching region between have slmflar
values for their avaraga focusing strengths. If this
hypotheses ts true, the analygls can be done wfthout
considering the space-charge forces. Then the solu-
tions in tha longitudinal and transverse planes are
essentially independent, but they must be compatible.
14atching must be considered when deslgnlng the entire
linac system. Thare %hould bt no Itrge dlscontinulties
In focusing properties, which often means that the lnl-
tlal accelerating gradlcnt tn the DTL must be lowered
to reduce the longltudlmal focusing stren ;h to be com-

1patlble with the f~nal RFQ focus~ng. A so, obteinlng
Iongitudtnal r:tchlng Behetn tanks may require us to
make changes in the geometry of the end cells,

In the dl$custlon that follows. wa will make use
of same well-known beam-dynamic% properties. The
matched elllpse parameters (s, S, and y) for a periodic
Structura are obtainad from the transfer matrfn for one
pertod:
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whero u IS the phase advance for c~t portod, and
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The beam m~y be represented in o phhs lone by a
beam matrin
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18 the betm mctrln 4t one location is
beam matrtn at -ny other locttlon is chtatnod
trtnsfer matrix between thq two locations:
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where RT is the transBose 6f R.

Equatton (3) IS equivalent to
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thtchlng Betw?:en RFQ and DTL

Typical matched condltlon$ at the output of anRFQ
and at the Input to the RTL are shown schematically in
Fig. 1, Note the transverse ellipses at the exit of
~T~RFQ, A, are slmllar to those at midcell, C, In the

This similarity suggests that th% dls+ance be-
twe& A and Bshouldbe approximately (n+ l/2)8A. If
no additional quadrupolm are to be used, n should be
zero. A longl!udinal match requires a waist-to-waist
transfer between A and B or D.

Ftg. 1. Schemattc representation of match ohase maces
at end of RFQ (A), and at midquad (B and D)
and gap (C) in DTL.

@Isverse M5tChlItQ

Referrfng to Fig. 1, the matched elltotes @t
A In the two trdnsvurst planes have the same 0’s anti
y’s and equal and omoslte a’s. At C the matched
ellipses have these saw characterl%tlcs, althnugh not
nctessartly the same values,

Ignoring the effect of the accelerstinq gaps
on the transverse nmtion, a DTL cen be approximated by
a sequence of drifts and thin lenses having
alternating gradients. By constructing th~ transfrr
matrtces for one period, one can show thst tfie matched
condlltons at th@ point m~duay between lwlsrtl of focal
length f satisfy th@ condft~on

Jxl+l.f ,
Vg

(5)

as well as ax “ -aY, I]” m fry, and YM ‘ Yy, sugqestfnq

thmt trmsvers~match~ng between thell;q ond DTL should
b?.nte Mvanced Reiearch ProJec~s Aaancv. and Bmllln- tie ~iwltfied If the ratios QIY are the sa~ at A



Let Al denote the distance from A (where ax ‘ -aY

= al, 13x= By= EiI, andyx ■ Yy= YI) to athln lens

having focal length f. When space-charge forces are
Ignored, y remains constant throughout any drift
space. Let us calculate values of f and II that make
YX ■ Yy= Y2 in tire drift space followlng the lens.

After transforming the ellipses through a drift fol-
lowed by a thin lens,

Yx m G1/f2 +2(1 - &l/f)a]/f + (1 - E1/f)2Y1 : (6)

Yy= B1/f2 + 2(1 +E1/f)Ll,/f + (1 + ll/f)*yl . (7)

Foryx = Yy.

+“-? ‘ (8)

The focal strength of the lens Is determined by this
ratio regardless o? what value Is wanted for y2. The
drift length R1 determines the va’lueof y2:

y~” Y,(l +Y;t:)h; ● (9)

Therefore, to obtain a specified y2, the drift length
must be

‘~km 9
(lo)

From th~ symmetry of the sltuatlon one can show,
by going backward from the point at which ax ● -aY
■ s2, that the focal strength of the lens must be

Y2
;“?$ ‘ (11)

and the drift length t2 from this point to the lmns is

1 J “--gaz-,
V~ y22 “ (12)

Comparlnfl Eq. (8) with Eq. (11), w? must have *l/T,

■c12/y2 for transformations of this type to be possible.

Longitudinal 14atchinq

we need a transfer matrlu R that transforms an up-
ri ht olllpse charactkrtzed by Ill to another upright
?1 ipse with 132:

i :%1”’[:L1’T● ’13)
Thrae match~nq options aro

10 to adjust the RF~ to nmvo the waist at A
downstream;

2. to adjust thu ftrst cell of the DTL to
move the waist at B up~tream;

3. to use t hunchcr cavity between A and B.

Wt havo bgqn unable tO find a satisfactory SOlu-
tton for OptIon 1, Anyth~ng WQ dld to mov. the Ion i-

?tudinal waist downstr~am mad. a transver~g nr.etchd f-
ficult or i~osstble. Optton 2 ts tucctssful with
rtgld conttrafnts and Is dtscussod lattr.
dlscussod bolw, makas It ocshr to ftnd lon~~$!n~~
matches C

‘T
Sttblo Wth tran8v@r8m solut{ons and a!sb

allDws smal cneray thlfts.

Consider amatchtng section with a drift L
1’

foi-
lowed by an rfgao or buncher followed by adrft E2.
The rf gap is represented by a thin lens having a fo-
cusing strength

2mEoT sln$s

;“- 22 .
moc B y

The transfer matrix for this matching

[

1- ~/f t,+ Ez - k1&2/f
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section Is

m (i5)

The waist-to-waist transformation requires

f’ +R12R221131 ‘o ,‘11R21 1 (lb)

and

R:l~l +

Puttln
L2, an %

f32, and

R:2/Bl = 1/> . (1!)

the elements of tne R-matri# in terms of LI,
f, and solving for LI and .L2 In terms of Bl,

f:

L, ●f(l -qB) # (18)

L2 ■ f(l - q/B) , (lQ)

whzre Bm
r

~m.

and ,Zy.Hl-
f

These equations imply certain restrictions:

1 . f2 ~ 13,n2 because c12 cannot be negative:

2. O~qB~ 1 because L, cannot be negatfve;

3. O~q/B 51 becau9Q t? cannot be ne9ative.

For any oractfcal buncher f{tld that results in a

focal strength f2~fill12, solutfons can be found forll

and t
!’

Fr~m this ranqc of soluttons, #e choose One
th6t s comoatlbl~ wlkh a transwrse solution, and has
ar average focusing strength thbt IS mldwby between
those In theRFQ andDTL.

Option 7 requires shifting theualst from posltlon
B to position A (s@e Ftg. lJ by modifying the focusing
strenqth in the first gap, Thn fccusln~ stronyth de-
pends on E T sin t

1
and {s mst easily than ed by dis-

placing t e gap to change $~, Ir, Eqt (18! and (19),
L1 IS now th~ distance hatw~en A ar,dtho dtsDlaCed 9c3,
bnd 12 ft the dlstence between the gap and D. A phase
shtft A4 doflnos both L2 and focusing stren~th I/f.
For ony glvm A& one can calculat+ t2 by

T&l12=(1 -A )nM2 :20)

and f from tq. (14), than use Eq. (19) to solve for
01, whfch spot~ftes th~ size of the watst at A. If
ill Is not th? correct valut, modtfy M tmt!l tho
correct valuh is found, ~f posglble. Then 11 Is
calculated from Eo. (lq). If E Is net c~atlble

Iwith a trtntverse matchlrq solut am, utth mchtnkal
con~tr~lnt~, or wtth avtrm focusfna constraints.



There are obvious limitations on how much #~ can
be mdlfied. Also, for option 2 to work EI must be
larger than 12, Iwlyil,g 13z >131, which can Le seen by

dlvldlng Eq. (18] by Eq. (19). Consequently, EoTmust
be less than it would otherwise need h? be so thet tne
focusing strength is “’fiuced. The synchronous phase
cannot be used for th ,mpose without reducing the
phase acceptance.

Matching Betw~ln DTL Tanks

We are limiting our solutions to designs thdt have
small dlscontlnuities In fccuslng strengths in all
planes, and to those with tntertank spacings about
equal to 13A. Huiiicurrent transverse so?utions car
be obtained when the distance is any Integer of t3A, but
longitudinal matching without a bunther is limlted to
shorter distances.

Transverse Matching

If the quadruple strengths In the two tanks are
tha same, and if the quadruple periodlcity has been
retained, ● Ie transverse beams will be matched. The
two end quads in each tank csn be adjL’sted to find
a solution for ~hmt any differences in foc~slng
Strengtpbh?ween Lark:. ?bwever, unless thediscantl-
nuit

!
,s :ti:m;I (we found a lC” change to be accept-

able , the srlutlon will not be valfd for a widt range
of currents and emitta~:es. A matching code (such as
TRACE 3-D) can be used to find optimum quadruple gra-
dients for th~ four end quads for any spcclfic design.

MW@fnal Hatchlwt

Lonlltudinal matching can be accomplished by
changing the synchronous phase in the end cell in each
tank. .{eferrlng to Fig. 2, the object is to find a
waist-to-waist transfer between A and E. The wal$ts
nonsally occuring at B and D aye moved into the inter-
tank spaca to coincide at C. The procedure is as de-
$Cr!bed for Option 2 In the RFQto DTL matching, enc~pt
tl~at :vS uSC both end calls and work towards the middle.
The sizeof the waist at C and Its precise locatlon are
free parameters. The constraints are that the distance
betwean A and O Is specified and that the waist Dro-
duced at C by the upstream cell is the same size as
that produced at C by the downstream cell,

TANK N TANK NoI

s’=
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Fig. 2.

The

Longitl.dinal matching between DTL tanks.
Solid lines show normal drift tubes and phase
profiles. Dashed lines show modified drift
tubes and resulting change in phase p,;i’lle.

synchronous phase iII a cell is shifted by
making one drift tube longer and the other shorterg
thereby displacing the accelerating gap. Because ‘the
length of the call remains at approximately 81, the
quad spacing is preserved.

Results of a Test Ca;e

He have used these t?chnlques successfully In the
w~~design of a 353MHz llnac capable of accelerating

, The matchin~ solutions were satisfactory for
all currents from O to lDDmA, If longitudinal match-
ing IS not used, the longitudinal mismatch stiondevel-
ops into a transverse mismatch for high-current beams
because of the space-charge coupling.


