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BEAM TRANSPORT POSSIBILITIES OF THE LOW ENERGY BEAM TRANSPORT SYSTEM

(LEBT) OF THE NEW 50 MEV LINAC
>'<)

K, Crandall and M, Weiss

SUMMARY
The LEBT of the new 50 MeV Linac is analysed with respect

to its capability of transporting pre-injector beams of different intensi-
ties and emittances ; the situation in the transverse phase space is of
main concern.

Some formulae showing general features of triplet focusing
are derived ; they are useful for the design and assessment of limitations
of a beam transport system. The LEBT acceptance is also calculated and the
limitations indicated ; in this respect, a general focusing diagram is
presented, which, by appropriate scaling remains valid for all beams.

For the operation of LEBT, a procedure of setting the
focusing parameters is described ; it makes use of the existing beam
measuring possibilities and of the on-line beam transport program TRACE.

Some examples are given,
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1., INTRODUCTION

. . . 1) .
The purpose of this paper is the analysis of LEBT ) in

order to determine the range of preinjector beams which can be convenient-
ly transported and matched to the Linac input. In a certain sense, this
task is equivalent to the calculation of the LEBT acceptance and the
recognition of its limitations.

The problem has been approached along two lines : an analytical,
where general formulae were established giving a good insight into essential
features of triplet focusing (the first focusing elements in LEBT are quadru-

pole triplets) ; the other numerical, @ where the on-line program TRACE 2) w

as
used to compute the actual LEBT acceptance and the corresponding triplet
settings. Here it was possible to establish a general acceptance and fo-
cusing diagram, which, with an appropriate scaling remained valid for all

beams (provided the beam transport is space charge dominated). The actual
limitations on the LEBT acceptance could eventually be removed, to a certain
extent, if the need arises ; the modifications to be undertaken are briefly
outlined.

The operational aspects of LEBT are also dealt With in this
paper. It is shown how the focusing parameters can be approximately set in
a controlable way, making a combined use of beam measuring facilities and
of the on-line program TRACE,

The matching in the longitudinal plane is not treated in this

paper.

2. GENERAL FEATURES OF QUADRUPOLE TRIPLETS

In beam transport systems using triplets, the basic two
questions to be answered are :
a) what is the required focusing strength of the triplet ;
b) what is the permissible distance between triplets.

2.a) Triplets are usually used in systems where one wishes to

transport rotationally symmetric beams ; the focusing in both trans-
verse planes is then equal. Under such a condition, the maximum focusing
strength, Amax, one can in principle obtain from a symmetric tripiet
depends on the size of it ; as derived in Appendix 1, the expression

holds

A +% = const. = 0.34 , (2.1)
max
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where & 1is the distance between centres of adjacent quadrupoles, see
Fig. la. In other words, if high Amax are required, & 1is to be kept
low, which means that short quadrupoles have to be used. This is just
the opposite of what one would at first be tempted to proceed.

Short quadrupoles have a higher percentage of end
aberrations ; hence a compromise must be reached in the choice of triplets,

taking aberrations and the margin in focusing strength into account.

2.b) To transport a beam of a given size, the distance between

focusing elements must be well chosen ; if this distance exceeds a certain
value, it can happen that no matching solutions exist any more.

The problem has been analyzed in Appendix 2 on a model
consisting of two triplets spaced by a distance L (centre to centre) ;

see also Fig. 2a. In the absence of space charge, matching solutions

exist if
L < /BB , (2.2)
where Bl and 82 are the Twiss parameters of the beam at the first and

second triplet respectively.
With space charge, this expression is modified ; using

the model of Fig. 2b, one obtains the condition :

4 A
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where ASC represents the defocusing "space charge lens",

p[nt]= . el - (2.4)
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I being the beam intensity and rav the square of an average beam radius
over the distance L.
Formulae (2.3) are very useful in judging if a beam of a

given size can be transported over a distance L ; or, vice versa, given
the distance L, one can find the corresponding minimum beam sizes, which

are still allowed.
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The analytic treatment outlined in 2.a) and 2.b) is
useful in pointing to the essential properties of triplet focusing and
in assessing transfer capabilities to a beam transport system even
before one starts with detailed numerical calculations. It indicates
also what is to be undertaken in concrete cases in order to eventually

remove some acceptance limitations,

3. ACCEPTANCE OF LEBT AND FOCUSING CONSIDERATIONS

In Fig. 3 LEBT is presented schematically ; the
focusing in the unbunched beam part consists of four symmetric triplets.
After the second triplet follows a system of four-jaw apertures, APl and
AP2 ; by conditions imposed at AP1l, the beam can be limited proportionally
in divergence and diameter. The third and the fourth triplets (T3, T4)
serve to match the beam to the buncher DDHB (double drift harmonic buncher).
Once the beam has been correctly transferred to APl, beam transport compu-
tations show that it can then also be matched to the buncher. The "critical
part of LEBT thus remains the part up to APl, containing the triplets Tl and
T2.

Prior to the acceptance calculation, it will be shown that
the focusing in LEBT is space charge dominated. From the smooth envelope

4)

equation (the symbols have the usual meaning, see e.g. )

2
2 =z - L _KL _ (3.1)

and by putting the matched beam condition : ® = O, one obtains :

E? kIR? 1 I _
K=§—‘+(l+E};]=Ez—(l+kﬁg)—1<o(1+0) (3.2)

Ko is the smooth focusing without space charge, o 1is the dimensionless
space charge parameter and B8 1is the amplitude function. A convenient

formula for o 1is the following :

0= fm] —— ; (3.3)

with these units, k =1,
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Taking, as example, the usual beams in LEBT one gets :

I = 200 mA
E = 50 mm mrad o =12
B = 3m (X ¥ 12,5 mm)

As ¢ >> 1, the focusing in LEBT is strongly space charge dominated
and formula (3.2) becomes :
o I[ma]
[ [ e — (3.4)

E[mm mrad]

~
IR
Z‘
z

The focusing depends on the ratio I/E (in what follows
this ratio will always be quoted in above units) and inversely on 8.

Beams with different I/E can be transported with the same focusing, provider
B 1is changed accordingly (I/}'E2 is to be kept constant).

In Fig. 4 are shown the conditions one imposes on the beam
at APl ; they are a function of the ratio I/E only (see also 1)). With
these conditions and using TRACE, one has explored the range of input beams
which can be accepted by LEBT.

At first one has calculated a set of quadrupole strengths
for triplets Tl and T2 that produced a match at APl for a variety of
input and output conditions, see Fig. 5. The input beam was varied from
5 to 20 mm in steps of 2.5 mm and from 10 to 50 mrad in steps of 10 mrad,
with both transverse phase planes being identical ; the I/E values were
changed from 3 to 6, in steps of 1, by varying E and keeping I fixed
at 300 mA,

A very interesting result was found : for a given input
beam size and divergence, the computed settings for Tl and T2 were
essentially the same for all values of I/E. This fact can be understood
by
a) the beam transport is space charge dominated, and according to formula

~

. . . . 2
(3.4) the required focusing is the same if I/BE = I/®  does not change;
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b) the conditions imposed at APl are such that for I = const, B8
and Yy vary approximately as E_l, thus keeping X and X' roughly
the same § compare Fig. 4.

Applying now the reasoning under a) and b) for
different beam intensities, one finds that the same focusing will hold
provided the input values for & and X' wvary as Y 1/300. This fact
has also been confirmed numerically.

A consequence of the above consideration is the general
validity of the triplet settings of Fig. 5 : they do not depend on E and
are applicable for all beam intensities provided the scales on the co-
ordinate axis are /_56571 % and /—3667i ' respectively., On Fig. 6,
the quadrupole strengths are replaced by the corresponding quadrupole
currents.,

All aperture limitations were ignored when searching for
the triplet values of Fig. 5 ; they have been introduced in Fig. 7, where
they delimit, together with the no-solution region, the LEBT acceptance.

The vacuum chamber aperture d along the LEBT is not
constant, see Fig. 3. It is assumed that the beam hits the aperture limit

when

2% = 2/6 /R 2 d

/2 . - .
where X 1s the r.m.s. beam radius and & the marginal one ; the

. . . . . . 1
factor v 6 applies for a parabolic density distribution ). In TRACE

one works with a uniform density beam ("equivalent beam') having

= 2/%T

)

e

hence all the apertures d have to be scaled as

éi- > d =0.82 d
e

Aperture limitations occur at :

- middle of T1 (de/2 = 26,7 mm)

- exit of Tl (de/Z = 22,6.mm)
- input of T2 (de/2 = 27.5 mm)
- middle of T2 (de/2 = 37  mm)
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Taking, as example, the usual beams in LEBT one gets :

I = 200 mA
E = 50 mm mrad o =12
B = 3m (X £ 12.5 mm)

As o0 >> 1, the focusing in LEBT is strongly space charge dominated

and formula (3.2) becomes :

K

IR

1 -
Keo = 7 [m71] ——— . (3.4)
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~

. . . . 2
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b) the conditions imposed at APl are such that for I = const, B8
and Yy vary approximately as E—l, thus keeping X and &' roughly
the same §; compare Fig. 4.

Applying now the reasoning under a) and b) for
different beam intensities, one finds that the same focusing will hold
provided the input values for & and &' wvary as / 1/300. This fact
has also been confirmed numerically.

A consequence of the above consideration is the general
validity of the triplet settings of Fig. 5 : they do not depend on E and
are applicable for all beam intensities provided the scales on the co-
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they delimit, together with the no-solution region, the LEBT acceptance.

The vacuum chamber éperture d along the LEBT is not

constant, see Fig. 3. It is assumed that the beam hits the aperture limit

when

2% = 2/6 /<2 > d ,

/2 . - .
where X 1s the r.m.s. beam radius and & the marginal one ; the
. . . . . . 1
factor v 6 applies for a parabolic density distribution ). In TRACE

one works with a uniform density beam ("equivalent beam'") havin
y q g
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)

e
hence all the apertures d have to be scaled as
/6

4 =—->d =0.824d .
de e
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- exit of Tl (de/Z = 22.6.mm)
- input of T2 (de/z = 27.5 mm)
- middle of T2 (de/z = 37 mm)
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The limit at the middle of T2 is approached for a
300 mA beam over the entire range of acceptable input values. The limit
at entrance to T2 1is exceeded for all input conditions at currents
above 350 mA, Beams having small radii and large divergences have the
critical aperture at the exit of Tl., The middle of Tl limits the accep-
tance on the right hand side of Fig. 7. The limits shown on this figure
are for beam currents of 300 mA and 200 mA, to indicate how the acceptance
region increases as the current is decreased.

For the sake of completeness, triplet settings in the
second half of the unbunched beam section have also been calculated. The
input conditions, at AP2, depend on I/E ; the output conditions, at mid-
way between bunchers Bl and B2, are the same for all beams : % = § = 5mm,

a = 0. The results are presented in Fig. 8 (settings of T3 and T4), while
Fig. 9 shows the envelope of a typical beam.

The Table of Fig. 8, which gives the settings of T3 and
T4 for a variety of input values of I and I/E, contains more information
than that. The beam dynamics depend only on I/RE (see Eq. (3.4)); there-
fore, if one wants a smaller beam at the buncher, T3 and T4 values given for
higher currents (but same I/E) could be used. For example, suppose I = 200
and I/E = 5. Then T3 = (3.85/-3.67) and T4 = (-3.54/3.42) would produce
a 5Smm waist at the buncher. Choosing T3 and T4 values corresponding to
I =300 and I/E =5 would produce a waist at the buncher with radius
v 2007300 5mm. Choosing T3 and T4 values corresponding to I = 100 and
I/E = 5 would produce a waist with radius v 200/100-5mm. These facts
have been confirmed by computation, compare Fig. 10 to Fig. 9.

The above analysis of acceptance and of triplet settings
in the whole unbunched beam section of LEBT should contribute to have an

understandable beam transport up to the buncher,

4., POSSIBILITIES OF REMOVING LEBT ACCEPTANCE LIMITATIONS

The LEBT has been designed by assuming a certain,
reasonable range of input beam characteristics. Although these charac-
teristics are even now not known with precision (some measuring equipment
is still missing and ion source tests are going on), it seems that the
LEBT acceptance is sufficient in order to meet the design specifications

of the new linac.
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However, it is certainly interesting to analyse

briefly if and how some acceptance limitations mentioned in the previous

chapter could eventually be removed.

- The aperture limitation at mid Tl is hard to remove, but it does not
seem it will become critical ; limitations at exit of Tl and input
of T2 can be removed by increasing the vacuum chamber diameter, which
is presently smaller at these places, see Fig. 3.

- The no-solution region can be reduced by moving T2 closer to Tl (in
which case, the steering coil ST2 and the sector valve SV1 would
be installed after T2, see Fig, 3). In Fig. 11 one has indicated
how the no-solution region is decreased by approaching T2 to Tl by
250 mm.

- The beam size at mid T2 is almost entirely determined by the distance
T2-AP1l and by the conditions imposed at APl. The beam size can be
reduced by
a) moving APl closer to T2
b) reducing the distance AP1-AP2,

By moving APl 50 mm closer to T2, the beam radius at mid T2 is reduced
by approximately 2mm. A similar reduction is obtained by decreasing
the spacing between APl and AP2 from 675mm to 550 mm, thereby changing
the conditions required at APl, Fig. 12b shows the result of doing
both ; the same beam was before "just'" contained in the aperture,
see Fig., 12a., However, higher quadrupole gradients are needed in Tl and
T2 to meet the new requirements.
Some of the measures for the reduction of acceptance limi-

tations outlined above, ask for moving pieces of equipment up to 250 mm

upstream. As the length of LEBT cannot be changed, this extra space has to

be placed somewhere, In Fig, 13, three possibilities have been analysed :

1) 1increasing the distance between T4 and DDHB by 250 mm ;

2) increasing the distances between T3 and T4 and between T4 and DDHB by

100 and 150 mm, respectively ;

3) increasing the distance between T3 and T4 by 250 mm.
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The best solution, as can be seen, in the last one,
yielding smallest beam envelopes but with slightly increased quadrupole
gradients. In all cases, the beam intensity was kept at 300 mA with
I/E = 5,

At the end, the transport of high intensity beams was
computed through the unbunched beam part of the actual LEBT, by
ignoring conditions for beam intensity limitations at APl. Fig. 14
shows how the same 300 mA beam as before can be matched to the
buncher, by having now envelopes well within aperture limits everywhere
(input beam conditions : ¥ = 10 mm, X' = 30 mrad ; small input beams
have usually large envelopes at mid T2). The same focusing setting
permits also the transport of a 400 mA beam, again with I/E = 5, but

with envelopes and divergences increased « y400/300, see Fig. 15.

5. PROCEDURE FOR THE ADJUSTMENT OF FOCUSING PARAMETERS

The focusing parameters of LEBT are adjusted by a procedure
based on a combined use of beam measuring facilities and of the transport
program TRACE. According to Fig. 3, there are four triplets (unbunched
beam section) and six quadrupoles (bunching section) to be set. At the
present state of LEBT the parameter settings are more difficult to be
controlled, since several measuring devices are not installed yet, see
Fig. 3.

The only emittance measuring apparatus now in use is EM2 ;
therefore the present adjustment procedure is the following :

a) measure emittance at EM2 and intensity at IM2 and IM3 ;

b) transfer measured emittance to LEBT input by TRACE ;

c) adjust triplets Tl and T2 in order to fulfill conditions at APl
(done by the optimizing routine of TRACE) ;

d) remeasure emittance at EM2 with new settings of Tl and T2 ;

e) transfer emittance to input of T3 by TRACE ;

f) adjust triplets T3 and T4 in order to meet conditions at the buncher
DDHB (use optimizing routine of TRACE) ;

g) transfer beam by TRACE from DDHB to Linac input ; use optimising
routine to adjust quadrupoles and meet Linac input conditions (only
four out of six quadrupoles can be adjusted at a time, hence the op-
timisation has to be done in a few steps).

The points a) to f) serve to bring the beam correctly to the buncher ;
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the most important condition there is the beam size (in future checked
by the beam profile measuring device PM). The step g) matches the beam
to the linac input (in future checked by the emittance device EM3).
As example, an adjustment procedure is outlined in Figs. 16

to 25, The following comments apply :

- Fig. 16 : measured beam emittances ;

- Fig, 17 : the result of the beam transfer to LEBT input is somewhat

unrealistic, as the input beam is not rotationally symmetric (what is in

reality the case)., This discrepancy is due to accumulated errors in a

rather long beam transfer and will in future be avoided by the installation

of EMl., As far as transfer errors are concerned, there are reasons to

believe that the conversion of quadrupole currents into focusing strengths

is not absolutely correcf; how important this is can be seen from Fig. 18,

where the beam transfer to LEBT input is done by changing the focusing strength

of the outer quadrupoles of T2 and T3 by a mere 2.5%. The input beam is

now roughly rotationaly symmetric.

For the programme TRACE it can be said in general that it
gives good precision for relative adjustments ; the precision of absolute
settings drops with the length of transfer.

- Figs 19 to 22 are self explanatory.

- Figs 23 to 25 treat the matching in the bunching section, with no bunchers,
one (Bl) and two bunchers (Bl et B2) working, respectively. The third
buncher (B3) has not yet been in operation.

The focusing adjustment procedure described so far has been adopted during the

10 MeV low intensity beam tests (accelerated beams 50 mA) ; readjustments of

quadrupole gradients, undertaken during the tests, have not brought any

increase in the accelerated current., More tests are necessary in order to
assess the real validity of the procedure.

It should be noted that TRACE treats a bunched beam in an
approximative way : it is supposed that the bunch shrinks linearly between
the buncher DDHB and the Linac (justified assumption, compare l)) s the
transverse space charge force at position "s" after the buncher is then obtained

5)

by multiplying the unbunched beam force by a factor



1
I O R TR e
1 5[1 180n]
where D distance buncher-1linac
A¢ half bunch extension at Linac
n ' trapping efficiency

The emittance increase in the bunchers (except B3) is calculated

according to Refs. 5), 6); B3 is treated as a linear defocusing lens.

6. OPERATION OF LEBT - Final state

The weak point of the adjustment procedure outlined in
the previous chapter is the lack of test possibilitiés. This situation
will be improved with the installation of still miséing measuring devices.
The planned adjustment procedure will then be :

a) measure beam emittance at EMl and intensity at IM2 ;

b) transfer to LEBT input by TRACE ;

c) match to APl by TRACE (adjustment of Tl and T2) ;

d) check matching at APl by a temporary installed emittance device EM2' ;
this device will be removed after assessing a confidence degree to the
matching, Measure intensity at IM3.

d) match from APl to midway between Bl and B2 by TRACE ; check matching
at EM2 and PM and intensity at IM4 and IM5 ; introduce focusing corrections
if necessary ;

e) match from DDHB to linac input by TRACE ; check matching at EM3 and
intensity at IM6 ; use also 10 MeV measuring facilities (beam transformer
and profile device).

Note that the emittance device EM3 measures the emittance
of the total beam, whilst one is interested in the emittance of trapped
particles only. Corrections to be applied can be calculated accordingly 6),
but are not discussed in this paper.

The matching parameters at Linac input are computed by

the program LINEF 7).
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7. CONCLUSION

It was felt necessary to specify the beam transfer
possibilities of LEBT in a comprehensive way. The knowledge of its
acceptance and limitations is important for the present operation and
eventual future plans.

The review of adjustment procedures shows how focusing
parameters can be set in a controllable manner ; approximate beam envelopes
in the whole LEBT can be displayed on the screen using TRACE. Even if
focusing readjustments might become necessary, they can be carried out in
an understandable way by using measuring and computing devices.

The quality of LEBT adjustments will undergo the best
test during the systematic 10 MeV beam measurements (autumn 1977) ; some

evolution in the adjustment procedures could be expected.
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APPENDIX

MAXIMUM FOCUSING STRENGTH OF A SYMMETRIC'TRIPLET

It will be shown that a simple relation exists between the
maximum focusing strength (equal in both planes) and the length of a symmetric
triplet.

Following an analysis done by B. Montague 3); a‘symmetric
triplet composed of three thin quadrupoles will be considered ; see Fig. la.
Thin‘quadrupoles make the analysis clearer, without loosing its generality ;

the results are applicable to thick quadrupoles with minor, unessential correc-—

tions.
The transfer matrix of. the triplet of Fig. la is
mp; Mj2 1 + ,Q,(ﬁ + 260) + 26.60 2,(2 + 52,6)
M = = 1 1 1
A my o (6i + 28, + J&Gi&o)(l + 280) RS, (2 + J&Si) + JLcSi' +1

For a focusing or defocusing quadrupole, Si and 60 aré‘negativé or
positive respectively., The focusing term of the triplet is. A3 multiplying
it by 2 and putting 602 = U and 6i2 =v ‘bne‘gets a dimensionless

factor Q :

Q= (v + 2u + uv)(lf¥ u) = v(l + u)? + 2u(l + u) . (1)

If, e.g., the above expressiophholds for the x plane, in the y plane one
has :

Qy ==-v(l - u)? - 2u(l —‘ub 5 . (2)

X
in both planes gives :

Q and Qy are functions of u and v. The condition for equal focusing

2u
=0 >V == —m, N
Y-y rvVETTT e R gt (3)
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The Q's are now functions of one variable only :

2u

= (L + u)? + 2u(l +u) . (4)
+ u

Q (w) =~ -

Extremum : de/du = 0, which gives when arranged

u® + 2u® - u=0;

the interesting solutions are :

up,2 = *./Y2 - 1 = £0.6436 (5)

The corresponding Vv :

Vi,2 = F./2(¥2 - 1) 2 70.91 (=%v2 u) . (6)

From the last expression one sees that a thin quadrupole triplet has its
maximum strength when the inner quadrupole is ¥ 2 times stronger than the

outer, For the maximum strength one gets :

- max Qy nax = Atk 4/2 - 6 = -0.342

or

max = ,Q = 2 (7)

The last result is very interesting : the shorter the
triplet, the stronger Amax which can in principle be obtained, see Fig. 1b.
For completeness sake, the position of principal planes of

the triplet (counted from triplet centre) is also given :

u
]
1 +u

P =12 (8)

it is interesting that p depends only on the strength of the outer quadru-

pole.
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The above analysis remains in principle valid also for thick

quadrupole triplets, the difference being that Qmax is slightly reduced ;

this fact, however, does not take off the generality of the conclusions.
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APPENDTIX

PERMISSIBLE DISTANCE BETWEEN TRIPLETS

A system consisting of two thin triplets separated by a

distance L 1is presented in Fig. 2a ; the transfer matrix of this system is
ti ti2 ) 1 + LAl L

tay1  too Ay + Ay + LAA, 1 + LA,

Neglecting the space charge, a beam is transported through this system

by the formula :

T ti1 ti2 B —a\(ti1 to
Sn = TST = =
tor taoo -0y ti2 Eo» (1)
ti1B -ty 51220 + ti,y tiito1B = (tr1tos + tyoto1)a+ oty

2 2
Eirta1B = (t11tzz + tiotri)a + trots,y t218 - taityp 20+ t2,y

where S is the inverse of the matrix of the quadratic form, specifying
the input beam ellipse :

2

yx° + 20xx’ + Bx'? = E

The parameters of the output ellipse Bn, un and Yn’

calculated by the formula (1) are

Bn = t11B - 2t11t10 + ti,y (2)
o = (tr1ton + tiotp1)a = t11t21B = tiots,Y (3)
Y = t51B = 2ty b0 + t3,y . (4)
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If one imposes B (i.e., the beam size), Eq. (2) can be

solved for t11 (note that t12 =1)

o 1 B
/R

(5)
and introducing from the transfer matrix t11 =1+ LA1 one obtains :
A = 2o l. - __._2
Real solutions for Al exist if the discriminant > O ;
this requirement is fulfilled with the condition :
< VBB
n (7)

The same condition applies also for A2 ; this is demonstrated in the

simplest way by transporting the beam backwards through the system of Fig.

and getting for A

2:
o
A2=—-BE--%:‘:\/——]:2»+—1-2——§—'
n B2 12 B

the analysis of the discriminant leads to formula (7).
If one wishes to include space charge into consideration, one
can do it in an approximate way by introducing an equivalent space charge

lens Asc into the transport system, see Fig, 2b., The transfer matrix

of this system is :

rt11 tis 1 0 1 L/2 1 0 1 L/2 1 0
T = = =
\tzl ta22 A, 1 0 1 ASC 1 0 1 Ay 1
i 2 ‘ L 2
1 + LA, + L/2 Asc + L%/4 Ard + L°/4 Asc

2
Ay + Ay, + ASC+L/2[A1ASC+A2ASC+2A1A2]+L /4 AIAZASC 1+ LA,+L/2 ASC

+ L%/4 AIASC

+

2a
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Proceeding as before (see Eq. (4)), one obtains :

M.
. =tlz(%i __1_+__r1_1_]

B? B t2,
and substituting t11 and t12 by their expressions
Al =g_ 1+ L/2 ASC +\/— “1—+ §E 1
B 2 - R? B 2 2
L+L/4ASC (L+L/4ASC)

and analogously

A2="

Uﬂ Q
=]

1 +L/2A
_ sc i_\/_ ;%_+ B 1

2 2 2
n L+ L%/44 By B, (L +1%/4 b

The condition for matching solutions to exist is now :

LA
1[1 + —>=| < /BB (8)
or
2
L = T (V/l + Asc /BBn - 1] . (9)
sc
Example :

In the unbunched beam part of LEBT, the beam intensity and

radius are approximately :
= 300 mA
15 mm

1]

I
iy
The distance between triplets : L 21.5m
The space charge lens

A =
scC

Iee°L 2 m—l

IR

2meomv o2

According to (8), the condition on B for the above case is

VBBn 22.63m .
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FIG. 1: Symmetric thin quadrupole triplet and its maximum focusing strength
as function of |
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Ay A, A4 as
” “ ” I
L L/2 L/2
— I ! !

FIG. 2: System of two triplets A1 and A2 and the equivalent space
charge lens A
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T
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MB = Measurement box
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B
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BS = Beam stopper
SV * Sector valve

Beam transformer

EM * Emittance measurement device

not yet installed device

e

—

PM = Beam profile measurement device

FIG. 3: Schematic drawing of LEBT
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a) Conditions for nominal

limiting section; L = 675mm

1 [mA]
E [mm mrad]

b) Conditions for limiting sections of different L [mm]

é L 200 400 600 800 1000
, @ 1.510 2.100 2.763 3.502 4.332

A 0.236 0.559 0,984 1.533 2.221

, ¢ 1.695 2.529 3.504 4.614 5.859

A 0.249 0.621 1147 1.859 2.790

5 o 1895 3.000 4,350 5.889 7.633

A 0.263 0.689 1.333 2.239 3.457

. & 2.098 3.508 5235 7.259 9.567

) 0277 0.763 1.530 2,650 4.191

FIG. 4: Conditions at AP1 for a proportional beam limitation

|
6
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* V-S—?—O x'(mrad)

9.66 3.00 8.43 7.95 7.55 7.20 6.91
-9.62 -9.01 -8.52 -8.10 -7.73 -7.43 -7.18
50 + & ) ® ) ® ® ®
-381 -372 -3.63 -3.54 -3.45 -3.36 -3.28
3.62 3.57 3.51 3.45 3.39 3.32 3.26
T1 [Outer 974 890 8.21 7.64 7.20 6.83 6.51
_Inner -967 -892 -8.31 -7.81 -742 -7.09 -6.81
40 —+ ® ® ® ® ® e ®
T2 |r0uter -394 -3.33 -373 -363 -3.54 -3.45 -3.36
| Inner 373 3.66 3.60 353 3.47 3.40 3.34
894 8,00 7.32 6.78 6.38 6.05
- 8.91 - 8.1 - 7.52 -7.04 -6.67 -6.37
30 + ® (] ® o ® ®
- 3.98 -3.85 -3.74 ~3.63 -3.54 -3.44
3.79 3.70 3.62 3.55 3.48 34
7.91 6.92 6.29 5.81 5.47
-8.01 -7.15 -6.58 -6.15 -5.82
20 + ® e ® ® ®
- 4.02 -386 -3.74 -3.63 -353
3.83 3.72 3.64 3.56 349
6.75 569 5.11 4.73
- 6.97 - 6.01 - 5.46 -5.09
10 + ® ® ® ®
-4.05 - 3.86 -3.74 -3.63
3.87 3.74 3.64 3.56
300
-l— X {mm)
|
T 1 1 |
5 10 15 20

FIG. 5: Settings of triplets T1 and T2 for various input beams



A 300
|
263 245 229 216 205 196 188
263 246 233 221 21 203 196
50 -4 @ @ ® @ ® ® L ]
220 215 209 204 199 194 189
206 203 200 197 193 189 186
T1 |Outer 265 242 223 208 196 186 177
Inner 264 244 227 213 203 194 186
40 -+ o o e ® ® o ®
T2 | Outer 227 221 215 209 204 199 194
Inner 213 209 205 201 198 194 190
243 218 199 184 174 165
243 221 205 192 182 174
30 4 () ® ® o ® e
230 222 216 209 204 198
216 21 206 202 198 194
215 188 171 158 149
219 195 180 168 159
20 4 ® ® ® ® ®
232 223 216 209 204
218 212 207 203 199
184 156 139 129
190 164 149 139
10 4+ ® ® [ ] ®
234 223 216 209
221 213 208 203
300 ,
I
| | >
% % I T
5 10 15 20

FIG.6: Currents of triplets T1 and T2 for various input beams



50

40

30

20

0 . Acceptance limited by:
4 30 %' (mrad) P e m y

|
@ T1 exit aperture | = 300mA
(2) T1 middle aperture | =300mA
i \,\ @ T1 middle aperture | = 200mA
300 .
- X (mm)
|
1 1 'I i A
o] 5 i0 15 20

FIG.7: Acceptance of LEBT with matching conditions at AP1



1/E 3 a 5 6
I (ma] OUTER | INNER | OUTER | INNER | OUTER ' INNER OUTER ' INNER
T3 377 -3.83 3.85  -3.69 3.89  -3.72 3.91 -3.74
1
o0 Ta | -3.34 3.26 -3.31 3.23 -3.27 3.20 -3.23 3.16
T3 372 -3.57 3.82  -3.66 3.87  -3.70 390  -3.72
150
Ta | -3.47 3.36 -3.47 3.36 -3.45 334 | -3.42 3.31
T3 3.66 . -3.52 3.78  -3.62 385  -3.67 3.88  -3.70
200 Ta | -3.52 3.41 -3.54 3.42 | -3.54 3.42 - 3.51 3.39
T3 3.60 -3.47 3.74 -3.58 3.81 -3.64 3.85 -3.67
0 .
25 Ta | -355 3.43 -3.58 3.45 -3.58 3.45 | - 3.56 3.43
T3 3.55  -3.42 3.70  -3.54 3.78  -3.61 3.83  -3.65
300
T4 - 3.56 3.44 -3.59 3.46 - 3.61 3.47 -3.59 3.46
FIG. 8: Settings for triplets T3 and T4 for various input conditions

Output condition: x:=y : 5mm, o{=0 at midway between B1 and B2
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FIG. 9: Beam

envelope in the Z"d half of the unbunched beam section; 1=200mA, I/E =5
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FIG.10: Same beam as on Fig.9 but with a focusing corresponding to 1=-300mA and I/E=5
(Note the reduced beam size at mid B1- B2)




A Vs?ji'(mrad)

50
No - solution limit :
T1-T2 = 1770 mm
40 ——
T1-T2 = 1770 - 250 = 1520 mm
30 —+- /
20 -
No - solution
region
10 T~
300 -
V—-l-— X {mm
|
o 1 T T —
[o] 5 10 15

FIG. 11: Reduction of no -solution region by approaching T2 to T1
by 250 mm
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FIG.12a: Beam envelope in the first part of LEBT
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NE NP  VALUE
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FIG.12b: Reduction of beam size at mid T2 by shortening AP1-AP2 by 125mm and approaching AP1 to T2 by 50mm



NE NP VALUE
n , . \ a0 mo1 ez
6 7 e ey LYY B | Y 12 ' L3 1L ) n 4 -3.355

1 14 1 -3.192
/ 14 4 3.134
a: Distance T4 -B1 increased by 250mm
| = 300
EX= 60
EY= 60
'y
" . - N R Ji
< Ule i3 E) L | P 1 U 1 el ] - 4NE NP VALUE
: / 1 1 3590
N\ , /\/ 11 4 -3.486
\ , P14 1 -3.363
. / 14 4 3.279
\ S~ .
’ {
b: Distance T3 - T4 increased by 100 mm
Distance T4 -B1 increased by 150mm
NE NP VALUE
M 11 1 3650
+ - <+~ — 7 1 4 -3685
s » o 1 L2 N - -
ks s « 14 1 -3.773
14 4 3620

S el s co—— e e

c: Distance T3-T4 increased by 250mm

FIG. 13: Beam envelopes in the 2nd half of unbunched beam section
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FIG.14: Transport

of a 300mA beam, I/E =5, with

4 @D s et mcomes

limiting conditions at AP1 ignored
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FIG.15: Transport of 300 and 400mA beams, I/E =5, with limiting conditions at AP1

ignored
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FIG. 18: Transfer of emittances as under Fig.17, but with changed values of outer quads
of T2 and T3 (by +2.5%)
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FIG. 21: Transfer of measured emittances (shown in Fig. 20) to T3
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FIG. 22: Matching beetween T3 and the buncher
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FIG. 23: Matching of unbunched beam from DDHB to Linac input
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