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Summary

This report studies the problem of transporting the linac
beam and injecting it into the new synchrotron injector, SI, for.the
PS.

The problem is defined in the introduction, followed by =
section dealing with the choice of a vertical deflection sYSfem which
bends the linac beam sucdessively into the four vertically stacked

ST rings.

In the next section are establlshed the conditions. 1n the
transverse phase planes which are 1mposed on the beam tran3port design.

The beam matching computatlons are based on these conditions.

The longitudinal phase plane is treated in section 5. For
absolute energy and energy spread measurements a design of a separate
measuring line is proposed in section 7.  The beam is deflected into

this line between heam pulses injected into_the-SI.

The proposed layout of the beam'tranéport system is described

in section 8., and presented on a drawing.
The report concludes with'éﬁ é@péndix_dealing with analytical
space charge calculations. As in other similar treatments, simplifi-

catlons are made. However, they are chosen in such a way as to over-

estlmate the space charge influence on the beam transport
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Symbols

The elements in the new part of the beam +transport system linac-
SI (henceforth called injection line) are indicated by two or three letters,
followed, if necessary, by one or two numbers,  The first letter is I
(injection) or M (measuring line); the second and third letters deseribe
the kind of the element, The first number refers to the position in the

line, the Second one corresponds to the number of the SI ring.

IB, MB bending magnet (horizontal bend)
10, MQ guadrupole

TV vertical electrostatic deflector
IEH horizontal electrostatic deflector
IBV vertical bending magnet

1D horizontal deflection magnet for injection
IDB debuncher

IDE - emittance display device

MFC Faraday cup

Ta, MA L jaw apertures

IS, MS steering coil

IPU | pick-up electrodes

ITV ™ screen and camera

The emittance and acceptance ellipses in the transverse phase

planes are denoted as follows:
ﬁy’ or z’
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1. INTRODUCTION

Definition of the injection line.

The injection line for the SI has to ensure the transport and injection
of the linac beam intc this machine. A%t the same time, the possibility of injecting
directly into the PS should be maintained with a beam switching capacity such as to
allow an alternate operation between SI and PS. For the full use of both these
machines {max. repetition rate = 1 p/s), the linac has to pulse twice a second and

the switching has to be done in less than 0.5 s.

A special feature of the injection line is the vertieal deflection system

necessary to inject the beam into the four vertically stacked SI rings.
Fig. 1 shows a scheme of the injection line. The part to the left of the
bending magnet IBl exists, the proposal for the layout of the remainder (~ 77 m)

is the purpose of this paper.

Requiremsnts.

The basic considerations concerning the injection line are described in
The Second Stage CPS Improvement Study, MPS/Int. DL/B 67-19. For the sake of
completeness we group here some imporiant topies on which the design of the line

is based :

1) Linac beam characteristics :
-  eurrent sesseensas 100 mh
- emittance (unnormalised) in each of the transverse phase
planes cheessenas 30m.10 ®rad m
(The characteristics of the actual linac beam are shown in Fig. 2).
-  energy spread (after debunching) eseervesss € 150 keV
- beam pulse length ('good beam') tessvsanes ~ 80 us

2) Matching :
- the beam emittance has to be matched to the SI acceptance in both

transverse phase planes. The metching in the horizontal phase plane

depends on the number of injected turns,
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- in the horizontal phase plane the beam has to be achromatic$. The
injection line should therefore, if possible, be without horizontal |
bends (with the exception of the bend at the injection poiht).

- in the vertioel phase plane, due tc Geflection and'éngrgy spread
in the beam, the emittance will increase somewhat. Aﬁ increase of
a few percent can be tolerated because the vertical SI accéptance
is ~ 30% bigger than the linac emittance . A cértain blew-up of the
vertical emittance is alsc expected later in the SI due to the action

of space charge in a dense beam with elliptical cross~section.

Space charge action.

The linac beam, during its transport to the 5I, is subjected to space
charge action which ténds to dilute its demse core. The space charge action is
especially strong just after the linac, where the beam bunches have the minimum
azimuthal length and the particle density is maximum. Some measurements made in
the linac Group predict, however, that the dilution over the ~ 95 m of beam trans-

port from linac to SI will not be considerable.

An estimate of -space charge action is presented in Appendix 1 in order
to see to what extent this cen increase the required strength of lenses or ask for
a larger cross-section of the injection vacuum chember. It was found that the beam
cross-section in the injection line is such as to make corrections for space charge

aetion negligible.

2, CHOICE OF THE VERTICAL DEFLECTION SYSTEM

Before considering the design of the injection line, a choice has to
be made concerning the vertical deflection system, As a consequence of this choice

several conditions will be imposed on the layout of the injection line.

* Tt can be shown that for the kind of multiturn injection that is planned for SI
(where an appreciable portion of the beam is scraped off at each injected turn) ,
an achromatic injection is superior ro an injection with a_, o' matching. With

RS . . E P
an achromatic injection one scrapes off more particles with an energy error, but
beam centers of different injected turns are closer together, resulting ultimete-

ly in a denser SI beam.
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The main requirements put on a vertical deflection system are the

following :

- injection into the four SI rings, displaced 350 mm from each other
~ injection into each ring continocusly variable from O to 20 us,
- rapid change-over from one ring to the next, of the order of 100 ns

(to reduce radioactivity induced by beam losses).

Comparison between electrostatic and meenetic devices
In principle the vertical defleetion can be produced either by kicker

magnets or by an electrostatic deflector.
To compare these two devices, we put down some expressions :

Magnetic foree : Fm = quB vp +++e particle velocity

Electric force : Fe

1]

qE
For equal deflection

vPB =E or fcB =E ¢ «ve. velocity of light

The ratio of stored erergics (both devices have equal length and aperture)
is

€oB”
We - _ €g_po B vP : -
T ToTRRETT T OTTTTTT T T T g
Wm “‘2‘;; B ]

One has to take into account that in the case of a magnetic kicker, the
energy flows the whole time the deflection is needed. Therefore the ratio between

electric and magnetic energy necessary for a given deflection is :

T _ Bl . 4oz
Wm t/r t

where t is the deflection time and T the kicker rise time.

 Example t = 2 us
T = 100 ns
g = 0.3k (at 50 MeV)
We ~ - 7 1
ﬁ% T 07t 100 = - or Wm = 200 We

.PS/5565

INTLINTTRITRIL YT T B T et

et ol -




-7 -

For longer deflection time &, the energy ratio becomes. still more favour-

able for an electrostatic'deviée.

The consequences of smaller energy in an eclectrostatic device are simpler
sPark‘gaps'(Gr thyratrons), matehing resistors and power supplies, In addition,
other'advantages of.an electrostatic device are :

| - mechanical simplicity,
- no-pulse forming network is needed,

- variable deflection time is easily obtained.

An electrostatic deflector will have several pairs of electrodes. To
switch over the injection from one ring to another, a pair of electrodes will be

discharged. How long is this discharge time ?

The dischargs circuit is presented schematically :
/

C — I R
’ UO |
For an aperiodic discharge we have
U o= o e MY (4 4 ut) PR
: 2L

The voltage Ue drops to 1/100 after a time

£1/100 = 6.65 JIC s
We expect to have L = 10°® H and C = 107'° pF, This gives :

£1/100 = 66.5 ns

R

200 Q

These values are very reasonable,
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Proposed solution for the vertical deflcction.

The enumerated advantages of an electrostatic deflector are preponderent
only if the required voltage on the electredes can be kept in reasonable limits.
At 50 MeV this is possible, especially if one adopts a solution where the electro-
static deflector serves only as 'beam switcher', i.e. merely separates the beams,
the main deflection being achieved afterwards with DC bendiﬁg-magnets (see Ref. 1,
p. 80 to 81)., Such a scheme reduces the voltage and energy required in the electro-
static deflectof, simplifying its circuitry. It also makes acceptable switching
precision easier to obtain, because the inflence of voltage fluctuations on ths-slec~-

trodes decrcases approximately as

& .... switching angle (produced
*&;:"a by the electrostati
deflector) ‘

Fpoees total required deflection
angle,

In the section 3, the solution with an electrostatic beam switcher and
I'C bending magnets will be analysed in connection with the optics of the injec~
tion line, It will be shown that it is possible to minimise the high voltage
requirements to such an extent as %o be able to use medium size thyratrons as

switches (in the electrode discharge circuits), the voltage being < 80 kV.

At the time, practical designs for an electrostatic beam switcher are
*

under study . COne is considering electrostatic switchers with

a) 3 peirs of electrodes (the cireuitry is simple but for raximum

deflection only 2 pairs of electrodes are working).

b) 2 pairs of electrodes (all electrodes are working for maximum

defle ction, but the circuitry is more complicated),

5+  ESTABLISHMENT OF OPTICAL CONDITIONS FOR THE INJECTION LINE

General.
The optical conditions for the injection line are defined at its input

and output ends. The input to the line is taken just after the triplet IQ 21

* R.P, Featherstone, visiting scientist from University of Minnesota,
Minneapolis, U.S.A.
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(see Pig., 1), The oubput coincides with the middle of the first SI straight section
(middle of 111)., The injection line insures betabron i.tching of the bean and keeps

it inside a chosen vacuum chamber cross section.
In addition to the conditions at input and output, some others have to be
imposed in the regi .n of the verticzl deflectior. This is necessary in order to

minimise the high voltage regquirements for the IEV,

Qptical conditions au the input of the injection line,

The conditions at the input Nlll be those needed for 1naect10n into the
PS., In fact, the triplet IQ 21 is the last adjustable focusing element before the
PS. So, the PS acceptance in the middle of ss 26 is transformed back to the output
of IQ 21 and this gives our input'cgnditibns (see Ref, 2).

One has to take into account that the DC bending magnet IB 11 with inciined
end faces will be replaccd by a pulsed bendlng magnet IB 1, having parallel end faces.
The focusing between Ig 21 and PS will therefore be changed, i.e. one will lose
some hord zontal and gain some veritical focu81ng. The loss of the horizontal focus-
ing is disagreable, bocause the beam, in order to be properly injected into the P3,
will have to have a% excessive v1dth at IQ 21 (> 11 cm, the vacuum chamber diameter

being ~ 10 cm)

This incouverdence c¢an be cvercome by putbing some shims on IB 21 s She

2 oEatd . Ate T

next bending magnet for injectics Iuts the I (uoos

©
"-d

ig. 1), thus gaining the necessary

horizontal focusing and leaving ‘$he vertical situation practically unchanged. The
magnet IB 21 already has its ¢nd fEoes inclined by 244 mrad and produees a focusing
of 8 = 0.054 m 1. The. siims should increase the inclination of end faces to

~ 500 + 330 mrad; increasing tbe foocusing to 0,08 + 0,1 m 1. In Fig. 5 the horizon-
tal 1nput condltlons are presented as a function of IB 21 focusing. Already:with

2
which is :

5,, = 0,08 m _we nave.the:beam size at I1Q.2%1 roughly as with the present éituatioﬁ;

Horizontal . piane o VertLGal plane
cray o L Cq ' a _
(£)y = 50:1 m ‘(E)V. = 5. 77 m
c _ ¢ =
(Flg = 322m (g)y = 0.k2m
ey = 46,24, mm ey = 13.2 mm

The injection line will be calculated in such a way as to have a matéhing

with all inpﬁt-coniitions corresponding to 0.08 < 821 € G.1 m—1
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Optical conditions at the output of the injection line,

The conditions at the middle of 1I1 (ST input) are defined as follows:

Vertical phase plane: %)v = 3,5 m
0 —
(), = 0

e 10.25 m

v

Horizontal phase plane: the optical conditions depend on the number

of injected turns and are presented in Fig. 10 of ref. 3.
At 51 input, the beam is in the principal axis in both phase planes.

Optical conditions in the region of the vertical deflsction.

As was already mentioned, some additional conditions have to be
imposed t¢ ensure:

- small working voltage on the IEV electrodes

- small bean switching angle (increased precision) _

- not toc long a distance for beam separation (necessarily a leng-

free region).
We shall analyse the situation with the aid of Fig. 6,
The distance d between IEV electrodes, snd the switching angle o are

approximtely given by:

ad=2 (eiE +a L) L ... Total IEV length
‘ €p +++ Vertical beam radius at IEV output
. 8rp -+ vertical beam radius at IBV input
a = % (eIB + g) 5 ... thickness of the IBV septum, = 2 onm

We suppose that for minimum voltage on IEV, the beam will have to have
a waist in the vertical plane somewhere between IEV and IBV., The growth in beam

diameter after the weist is a function of the ratio % and of the drift length.
a

“For a certain drift distance, there exists an optimum ratio ¥, resulting in a

b
minimum beam size., If the drift length is lg, the best ratio is % = 13, as can

¢asily be proved analytically, In Fig, 7 the increase in beam radius for
different ratios %(is given as well as tho beanm divergence b which corresponds
to the optimised % (thick line).

P3/6565
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The voltage on the IEV elecirodes 1z proporiicnal to the product. of

d . . Therefore, we look for minima of the function

f(—‘% ,:x'.éb, l‘) :

[2Ee e Hg}‘e +lOe

2 ook
1°18*°18%1E #2007 ]

IE
. In Fig. 8 the minima of f(%, x, L, 1) are presented as functions -of %.

Varying the parameters L and 1 we get a family of curves., The x-values shown

on the curves are the waist positions corresponding to the particular minimum,

From the curves fmin we can calculate the voltage on the IEV electrodes.

A certain correction has to be made to take into account that the meximum

switching angle is somewhat bigger than 2o (~ 207) The reason is the somewhat

closer position of IBV11 to IEV, as seen from the ‘sketch:

e g __;"_wﬁﬁi .~ Ring 4
| ' : v
my, e 1BV 3
X i ] _ e ] ]
v : _ —»-:"‘ . ’ '
| .””&0(_ ; _ . Rj_ng 3

==‘m=f\ i vl"“-~__ — 1 IRV 22

| i S~
1 ' fﬁ . Tsﬁs
!
SRSy ;IBV\“ Ring 2
e \\
' Ring 1

. Im Flg. 8a a famlly of curves U _IIQ( ) ) is presented for various
reasonably chosen values of L and 1. One sees that the best results are . .
obtained for low values of (g)v and that the condition U max < 80kV is maintained
in quite a large region. However, very low values of % can be undesirable from
the optical point of view (small beam diameter, big divergence), as the beam will
have to be transported over a certain lens-free regiom,

With the above calculations we kmow fhe optical conditions to be
maintained in the region of the vertical deflection, This applies to the vertical

phase plane. The horizontal one is not restricted.

Pinally, with Fig. 9 where fmin (b’ x, L, 1) is presented as a function A

of 1, we have a guide for choosing a reasonable dlstance JEV-IBV, satlsfylng at
the same time high voltage and beam optloal requlrements. These latter will be

treated in the next section.
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4o BEAM MATCHING IN THE TRANSVERSE PHASE PLANES

In the previous section we have established optical conditions for
the injection line. It is possible now to proceed with the design itself.
In this section we treat the beam matching in both transverse phase
planes,
' The inclusion of optical conditions in the region of the vertical

deflection splits the injection line opties into two parté:

a) IQ21l - IEV
b) IEV - 8I

It is convenient to start with the second part. _

All betatron matching computations are done with the_éid of a
programme developed in the ISR division and written by J. Barton, M. Hanney
and P. Strolin. The emittance and mismetch factor presentation is according to
ref, L.

Optics in the region IEV-SI,

- From IBV downstream we have four beam lines instead of one, which means
that each requirement for an optical element has to be multiplied by 4. There-
fore we try to put IEV aB close as possible to SI.

On the sketch we show & reasonable starting arrangement of the main
elements after IEV with distances chosen in agreement to functional‘énd gecmetric

criteria:

A i i ) , .
A — " 1
i e M s ) D e ™~ 20 e ~ 510

One sees that IEV has to be at roughly 17 m from SI in@ut. The bean waist
(vertical plane) is 2t ~ 12 mn from SI; It is possible with one quadrupole put
at the right posifion to match the bean between the waist and SI (vertically).
This position of the quadrupcle for various ratiocs (%)v at Wéist and various

distances waist-SI is shown on Fig. 10.

PS/6565
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Unfortunately the beoam cannot be matched horigzontally (the quadrupole
defocuses in this piane) without having an excessive width at the waist. There-
fore one has to choose as lens a guadrupole doublet which focuses in both planes.
The position of the doublet does not coincide with the position of the single
quadrupole. The reason is that the principal planes of a doublet are
unsymmetrically placed, always on the side of the F quadrupole. In Fig. 11 the
position of principal planes for 2 doublets is shown as a function of the quad-
rupole gradient., Only the region of interest to us is presented.

With the help of Fig. 11 one can csteblish approximtely the position
of the doublet for a vertical matching. Also one can roughly calculate the beam
conditi ons in the horizontal plane at wailst,

A short analysis was mede in order to determine if the doublet has to
be comnected DF or FD. It proceeded as follows : the metched beam at
the SI input has always in the vertical plane the emittance ellipse axis ratio
(%)v = 3,5; in the horizontzl plane this ratio changes from 1.8 to 5.5, accord-
ing to the number of injected turns. It would be agrecable to have to chenge as
little as possible in focusing when passing from monc to multiturn.

To readjust only the deublet focusing would be sufficient if two things

were perfectly true:

1. existence of a p051t10n before 8L whero all the matched beams have equal
width

2. possibility of replacing the doublet with a thin lens placed at the ébove
position.

The difference in width among the matched beams is minimum at 3, 15 m
in front of SI input, see Fig. 12. This means that the prlnclpal planes of the
doublet for horizontal focusing have to fall approximately in this reglon.
Consulting Fig. 11 and Fig. 1 (and noting the Aimpossibility of placing quad-
rupoles closer than ~ L m from SI) we conclude that the doublet has to be
comneoted DF apd placed ~ L =~ 5 m from SI.

With the above the optlcs in the region IEV-SI is sufficiently
defined and it is possible to proceed with betatron matching computailons.

Many cases were analysed, first separately and later in connection
with the opties in the region 1921-IEV. The results are presented in Tables 1-4

and the proposcd disposition of slements is shown in Fig. 1.
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thlcs 1n the reglon I1021-THV.
Analy51ng this region one notices the f0170w1ng
a) after IQZl, the beam is stronger focused horizontally than

vertically. Therefore the first quadrupole we insert hds -
-to be a D one.
b) as seen from Fig. 1, the injection line passecs through a
6 m long wall, presenting an obstacle to the insertion of
elements of any kind. However, this length can be usecd as
a drift distance necessary to separate beams of the
injection and measuring line. The beam switching magnet
~ IB2 is placed ~ 5 m before the wall in order to have enough
“space to install an emittance display device (sec Fig. 1
"~ and section 8). The totol effective obstacle for insertion:
of lenmses amounts therefore to 12 = 13 m,
¢) the last quadrupole before TEV has.to be an F one, b:catse
the following horizontal waist is further away than the -

vertical one and also the next quadrupole is an D cne,

According to a) and ¢) we conclude that the mumber of quadrupoles in thls pert of
the injection line will be even. The matching can be achieved (several solutlons
were tried out, some also with uneven rumbers) with o minimum of 6 quadrupoles,
keeping the beam well inside a vacuum chamber of 120 mm dlameter. The results are
presented in tables 1-4, The proposed dispositicn of focusing eleménts is shown ”

in Fig. 1,

5. ENERGY SPREAD REDUCTION - DEBUNCHING

The linac beam, before being injected into a cireular machine, has to
be debunched, i,e. its energy spread reduced,

On the sketch we represent the beam in its longitudinal phase plane:

- JLE | g g
. At debuncher’“,w“j -
At Lina | e

| a0 e L. OB f?‘*ﬂ/f e
o BN .
Kx“// (,/’//dMM¢4

<HE®
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Approximately one has
dE.dp = SE.8¢

The debuncher has a sinusoidal voltage of which only the nearly linear
part is used, i.e. 745<@<A59 (error <3.6%).. At 50 MéV,.hBO electrical correspond
to a length of 6.25.10-2m (£ = 202.% MAz). The distance.the debuncher has to be

placed after the linac depends on the energy spread :

L. = 6.25 , 107 == (m)

B bv
witn LB . BEx L 0B g LR . Lv o dmo o 4v ¢
P y+1 T 2 T PV m .. V.
\ -2 T
= 1 [ . J! ———

Actually the debuncher is placed 16.5 m after the linac. The debunching
possibilities are fully used (i.e. the whole nearly linear portidn.of the

31nu501da1 voltage from -45 o AS acts on the beam) for an energy spread of

| %E = .%%f% H_— 7 670 or
AE = 380 keV

For a smaller energy spread, the beam bunch grows longitudinally %o less
than 900, and the debuncher is not fully used., E.g. f7r an energy spread of
AE = * 200 keV, the best debuncher position is at 31 .m after the linac..

If one wishes .o work alwayélwith optimum debunching efficiency regard-
less of the energy spread of the linac beam, one has to have two debunchers, say

at 16.5. and 31 m. The working scheme is the following :

AE = * 380 K6V +.oe0s... Only the. first debuncher is working
3[i200[keV< AR <:[-i 380|keV v...... Doth debunchers are working
AE = * 200 k6V Wu4es.e.. Only the second debuncher is working

The installation of the second debuncher becomes less interesting if one
decides that the debunchlng with one debuncher of a linac beam with AB< %380 | keV
is already sufficient for SI., However, it seems that to bave -a-beam with an
energy spread as low as possible is always an advantage and theréfore a system

with two debunchers is proposed for the injection line.
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6, INJECTION INTO THE SI

For the injection proper into the SI, two types of elements are nceded:
a) an electrostatic deflector IEH bending the beam to be
injected by ~ 60 mrad
b) a certain number of deflection magnets ID, producing
a local distortion of the closed orbit im the region
of IEH.
The electrostatic deflector IEH is similar in principle to the one in

streight section 26 of the PS (see Ref, 5). The working voltage is approximately:

U= %’-@ {KV] & ... bending angle [mrad]
= 63'8 = 100 kv d ... distance between eclectrodes [cm]

1 ... length of electrodes [m]

The number of deflection magnets ID has to be chosen according to the
requirements:

Two ID's exactly half a betatron wavelength apart from each other
produce :

- a local closed orbit distortion of variable amplitude

-.- = the distorted closed orbit has zerc angle at a
symnetric injection point. RB

If orme cannot place theID'sexactly?? apart, a third ID is needed in
order to have only a local closed orbit distortion.

If in addition one wishes to control the closed orbit angle at the
point of injection (middle of 111), a fourth ID is needed.

A system with four ID magnets is the most gereral ome. If possible, the
ID magnets should be placed as on the following sketch:

|

|
l
ID’11 Ip 21 i IP 31 %D 3
i : ,
1 i i ANTRE
Ll 1 | L |
1 S J . |
%" ' dy ! __}
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di 5 % A min € 15,7 = (minimum betatron wavelength
corresponds to Q max = 5)
d, > % A max 2 19,625 m (maximur betatron wavelength

corresponds to { min = 4).
The arrangement is symmetric, suitable for zero injection angle.
Unfortunately the above &ispositioh cannot be applied because the beam
width becomeés excessive at the position of the first SI quadrupole. It is neces-
- sary to put the ID magnéts closer to IIH, shortening thus the local closed orbit
_distortion and bringiﬁg the beam quicker to the centre of the vacuum chamber,

The position of ID's is shown on Fig. 1.

The adjustment of the four ID's can be made relatively simple., Ve
examine the symmetric case : - o
1} €.0. displacement : a2 potentiometer raises the étrengths
of the four ID's till the desired

displacement is achieved.

2} elimination of betatron ‘ L
oscillation : a A potentiopeter qhahges the strength
B of the outer two ID's with respect to

the inner ones, leaving the ¥ ~ constant.

The power supplies for the ID magné%gﬁﬁé&e to produce ﬁagnetic fields
in the ID magnets with a variation in time like half a sinusoid, Only the
~ linear, falling part of the sinusoid is used for injection. The pulse length
and the intensity of the magnetic field have to be adjustable, In order to
deflect a 50 MeV beam by 1 mrad, one needs 10 Gm. The maximum closed orbit
displacement at IEH is ~ 5 cm.

k Tb avpid'eddy—current effects, the vacuum chambers within the-ID magnets

should-bé:ndnAmetallicf It is pdssible to use .quartz glass fused.in metal

flanges.
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7. BEAM MEASURING LINE

Purpose

The 2bsclute energy and the energy spread of the linac beam
should be measured and controlled. A convenient technique is to pulse
the linae more frequently than the SI, and during the intermediate pulses
to deflect the beam into a separste beam line equipped with suitable
apparatus for measuring the beam characteristics,

The deflection into the measuring line is done by a pulsed bending
magnet IB2 (deflection angle ~ 70 mrad), similar to IB1 . The beam sample
is taken with a vertical slit, placed in the measuring line ~ 5m downstrean
from IB2 (see Fig, 1).

© Requirements

The energy spread of the debunched linac beam is slt 1EO|keV. We

150 . 150
5> v 3

battery of Faraday cups. The step size and the distance between adjgocnt

wish to measure it with steps of keV, having as detection device a
Foradoy cups determine the momentum dispersion capacity of the medsufing
system,

The Faraday cup battery is under development in the linac group .

The dimensions will be approximately:

cup width ~ 2mm

cup height ~ 60~70 mm

cup distance, centre to centre ~ 3mm

No. of cups - 3 to be determined.

The system for absolute energy and energy sﬁread measurements has
to have the possibility of taking a beam sample through the whole beam width
and to avoid any loss of particles in the vertical plane. Only in this way

one can control the number of particles comprised in a certain *AE region.

P3/6565
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Design _
We put first down the expressions we need for the design:

a)  Momentum dispersion:

D= al i o %f %? @ = nominal angle of the
P analysing magnet o
- L = distance analysing
magnet - FC battery
Jee Fig. 13 a.

b)  Resolution:
With Fig, 13.b

X

1l

EH = emittance of‘the beam
' sample in the horlzontal
phese plane. :

gb = eMB-d'e.d =

&b
‘B

B

The resolution is defined with the ﬂlsper51on angle relation

Ao . > 24
min

Aamin corresponds to the AEmin‘we wish to detect.

e) "Optlcal condition: N
The slit with Whlch the beam is sampled has to be 1maged on.a ‘
Faraday cup. The ratio between the cup and slit width |

determines the magnification:

M= image size

OfH
ale
s
=
it

U}

object size -
. See Fig. 13 c.
The momentum dispersion and resolution of 2 measuring system cen
be increased by addition of some lenses.. A possible layout with four lenses
is shown in Fig. 14 a. This layout keeps the desired magnification ratio -

M = 22 , but increases the beam width at the magnet MB. The consequence . .

or
con be seen from the following relations i
D=on iR Q4E, ZMB.
P 2T oy
E
Aa > 2 —ii .
*MB

P8/6565
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Meny systems have been considered for the measuring line, The

rnain dlfflculty was to prevent beam losses in the vertical plane,

The finally chosen layout is bresented on Fig. 14 b. The data
are:

D- S- f 3 . i ifim-
slewed] | Hlal fela] | yp/iTig, ] | S1i Wiath[mn] | To80IFE TRumberof

400 9 15 5 2 1

1

The dispersion of 5 mm for %? = 1% conforms with the requirément
that particles with AE

= % 30 koV are to be deflected into Faraday cups placed
t 3mm off the vertical centre plane.

ragnet MB has to be accordingly:

To obtain this, the beam size at the

[\

=
=4

)

“up =

= 25 mm.

va“%

This B must satisfy the resolution condition. As the emittance

of the beam sample in the horizontal plane is EH < 1 7107 rad m, the reso-

lution is expressed by:

Aa > ;Eu or eMB > fi
MB

with Az = 0,12 mrad : 35%5 = 16.67 < 25 mm.

In Fig. 14b we have drawn in the beem envelopes in both planes. A+
the magnet MB the beam width is < 60 mm, the height is < 50 mm.
~ The quadrupole grodients are also indicated, As far as the p051t10n
~of quadrupoles is concerned, the one of MQ % is not critical, the others, es-
pecially those of MQ2 and MQ 3 are very critical,
Precision of the magnet MB

The precision required for the nagret B depends on the acouracy

with which we wish to measure the sbsolute energy and energy spread.

PS/6565
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With a precision of * 5-‘iO-4 in the integrated field, the error
in the absolute energy is * 50 keV (or 10keV per 107 precision).

‘The energy spread has to be measured with e better precision.
Tn fact, the integrated field variation across the aperture of the MB magnet
can be kept < 10_4, resulting in a AE error of <1Q keV,

Sensitivity of the Faraday cup

The beam current contained in the sample will be > 2.5 mA,  Dis-
tributing this current on 14 FC's and taking into account that only 66.7%

of particles will enter, we get for an average current in the cups :

I, <15 uhA,
" The cups in development in the linac group are supposed to have
a sensitivity of ~ 10 pyA. The associsted electronic circuit will be
gated in order to permit enery and.ehergy spread control at any instant

during the beam pulse. The measuriﬁg time is to be < 1 ps.

8. LAYOUT OF THE INJECTION LINE

The proposed layout of the injection line is shown on Fig. 1.
The setting of main elements is presented in Tables 1 to 4. - If the qua~
drupole setting is changed by 1 %o , the mismatch factor in both phase planes
becopes ~ 1,006 i.e. the emittance increases by 6 % . This is negligible.

The emittance increase dépends much more on the vertical deflection
system. .. Changes of 1 % in all bending angles increase the vertical -
emittance by 6.5 to 8%. A change of 1% in the switching angle of IEV
increases the emittance by ~ 8.5%. Lo

The increase in vertical emittance due to the vertical bend (with

no error)and on energy spread in the beam of * 150 ke¥ is ~ 9.5,

PS/6565
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The vertical SI acceptance is approximately 30% bisger than the
corresponding linac emittance,

Apart from the main elements disposed on Fig. 1 according to the compu-
tations of the previous sections, some others are also included in the
layout. We shall describe them briefly.

Pick-up electrodes

Pick-up electrodes are installed in the injection line at places
where the beam position in the vacuum chamber has to be controlled. They
are also used to indicate the correct adjustment of the magnetic field in
the IBV magnets. The error signal of the pick-up electrodes can, if wanted, be
interpreted by the computer and corrections applied automatically.

TV cameras

Several‘TV?camerﬁs are inserted at places where the
observation of the beam cross section is of interest. They are installed
at the output of the vertical switcher IEV to facilitate the ad justment of
the high voltage, and at the input and output of the horizontal deflector
IEH to control the process of injection.

In eddition some cameras are installed in the ST ring in order to
show the beam position and engle with respect to the closed orbit. These
cameras are placed in front of the deflection magnet IDhr and approximately one
quarter of a betatron wavelength downstream.

Enittance display device

If wanted, the field in the pulsed bending magnet IB2 can be
reversed and adjusted so as to deflect the beam into an emittance display
device. Such a device facilitates the adjustment and the control of focusing
in the injection line by offering a visual display of either the horizontal or the
vertical beam emittence. The design of the device should be similar to the
one presented in ref. 6, with the exception of the beam display apparatus,
which is under study in the linac group. The aim is to cobtain a clearer

display.

PS/6565
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Steering coils

Corrections of the beam position in the vacuum chamber are made
by steering c011%, which are usually 1nsta11ud close to observation devices
such as plck-up electrodes or TV cameras. Steering coils act in peirs,

i.e, two of them are needed to correct for bean deviations.

9. CONCLUSION

The in'jectidﬁ line g& it is proposed, is a possible solution to
the problem of beam transport linac-ST. Tt is based on thé choice we have
made for the vertical deflection system and on conditions we have esta-
blished in early sections. A perfect betétrbﬁ matching is enSuféd for a
large range of 1nput conditions and for 1ngect10n of one up to ten turns.
The two debuncher systom should meet the requirements for a low energy spread.
Boan observing and measuring devices should facilitate the operation.

An operational facility is also the fact that the guadrupoles IQ7
and IQ8 are very efficient when changing the number of injected turms.
With the line adjusted for a 4-turn injection, one achieves a monoturn
injection with mismatch factors of 1.039 (horizontaelly) and 1.058 (vertically)
and & 10-turn injection with 1.14 resp. 1.02, by changing only the focusing
of IQ7 and IQB. It is obvious that the mismateh factors are much more
favourable when the change in injected turns is not so drastic.

Concluding, we would like to stress again that the proposed injection
line is based on certain conditions. A chenge in these conditions or an

inclusion of others might result in modifications of the presented layout.

Digtribution

Linac Scientific Staff
List MPS/ST 1
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APPENDIX I

ESTIMATE OF THE SPACE CHARGE INFLUENCE

ON THE BEAM ALONG A DRIFT LENGTH

If one tries to get some general expressions concerning space charge

action, many simplifications have to be made.

At the start we make two assumptions :

- .the beam has z rotational symmetzy,

- there is only a radial field component, so the problem is a
one-dimensional one (the fact that the linac beam is bunched

will be taken into account later as a correction).

The,starting equabions are :

. . a¥ 2
Equation of motion : m=- = qb& (1)
at
. N , 3 = - 8 |
Equation of continuity : v (pv) = < (2)
. > P
Poisson's equation : VE = z (3)

The notation in the formulae is uéual. A1l the terms'are functions

of time and space (only r coordinate).
With (2) + §E (3) we get :

§§ 193
Tip oz (e

f ﬁ- + 1 o¥ } = 0

€

1l
Q

oxr
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The terms in the brackets represent the displacement and conduction

current. It is easy to see that in our case their sum must be Zero, i.e.

-

L _ 1w (4)
3% €
. 8
We apply the operators V and ¥ on egu. (1)
W_ 993 - 2 ¢
Va= zvE - m e (5)
-
8. &% _ g & _ g 1 .
st a8 - om 3 T Tg gV (6)
with ¥.(5) + (6) we have
v s v
= v
iTE) e FH =0 (7
-
g% 1s the acceleration 3. The acceleration of particles due to space

charge forces is a funotion of time and position. The total derivative is therefore :

a3 F . i
a%'zg'%'f'(vv')g

Irtroducing this into (7) we get :

g% - (W)E+3(vR) =0 or
48 on > ,
i = (vv) 3 - ¥ (va) (7")

If the motion is only radial, we can write :

¢ (r,t)
¢ (r,t)

-
I
=
r

b @y

Putting this into (7')
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- - > -5 _ é_ e _ = &P _
(vv) a - v(vd) = g == (o¥) br (20 +01 ST)
3 3¢ 12 .
= [ @ E% +-¢‘Q - Zbeo-¢r g% J~r =
= - ¢[ (p —I") = - gx_g’l E>-
I,2
Pinally (7') becomes :
e G2 - o | (8)

As the motion is only radial :

> _ g__i' _ . > . i- = gg
v = i " X r H - 3%
z2
a = 'f‘ 3‘; 3 ol = g—g
at”
> 3
g% = .f‘._I;: H P = g—g
dt
Eqﬁation (8) can be written in the form :
LLL] + E_E‘ - O Or
T
L] iﬂ i‘ LR d L]
r [ - + = } = r —— In(r r) =0 (9)
il r at ‘
The solution of (9)
¥r = K(r
. N

This is the differential equation of motion we were looking for.

K , in general, is a function of r and depends on initial conditions.
_,It_is_easy tp_§how that K is a constant only in the case the space

charge density p(r) = const. = po . If the initial beam radius is o (at t = 0},

we have
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Putting in the expression for the radial electric field, Ero ,

K becomes :
_ 4 2 |
X = P, Pog Tg (ﬁ)

Multipling (10) with + we gzet :

P& K L or
Ir
/i d. 2 . . g_ :
-é a£ (I‘ 3 = K P in r (12)

To integrate (11) we must choose initial conditions

at t =0 - 1 =r1,
T =0
;i'E:K(lnr-ln ro ) orwi‘th.(ﬁ)
2
<§_3> - 2Po In ¥ = & in % (13)
dt r, m &g Tro e -

. . . . r J— .
We introduce a new, dimensionless variable x = ; and write (13) as :

X = K Jln x or

bs ‘

[_QJ_‘_ = K ot (13")
}] nx

2 2
With the substitution x = e% , dx = 2¢ f g , the above

integral is put into the form :

Jin x

2 [ o8 ar - w4

- This is the Gauss integral, which is tabulated (e.g. in Jahnke-

Emde: Tafeln HOherer Funktionen).
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In (13') we have the time expressed in terms of beam radius. What we
wish, in fact, is the inverse function, i.e. the beam radius presented as function

of time (or of drift length)

x = & = 3(% t) or
Yo
r o= 1o & (K t)

Differentiating T with respect to t , we get T of the form :

T o= (t)F

-

The velocity of the particle is only a function of time. The position,
at t =0, is included in o¢(t). ALl the particles with the same initial poéition

hove the same velocity. This means that our analysis is consistent only assuming

zero emittance.

Differentiating sgain we get. r of the form :

*
.

T :;L'(t)_r‘) or
E = % ¢ (t) 7
q

With the Poisson egquation

€o V(¢’ ?)

©
1l

m
[w]

=]

=
i
1

After some calculations one obtains

p is not function of r, or, in other words, a uniform charge density

remains uniform if zero emittance is assumed.
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It remains now to enalyse the factor Ky, in the equation {(13') which

depends on the beam current

K = /-9-— Po = ,;-3—- Y T T v (1)
Nomo€g N OEg V. VE T . To

(14) is a numerical relation valid for a 50 MeV beem. I is to be given
in mA, ro in cm. It is important to decide what value to put for I in (ML)
because the beam is bunched, In Fig. 3 are sketched the beam bunches before and

after the debunching process. We have decided to put for I the following :

IO LRI Y ) linac Curl"en“t

2 seeeaes COrrection factor

Ao B

teeaes + bunching factor.

The corrgction factor K, takes into account that between bunches there -
are regions with zero current. If we calculate the radial field of a finite line
charge and compare the results with an infinite line, then the ratio of electric

fields in both cases is our correction factor K,

BN Q. esee. line charge density
(o] iR
| AR
4 | N
;\L. i 5 \:.L{' (3"5
!
s = Rc'{'g [
ds = Ro(1 + tg?a) du
R - Bo.
cos o
dEr Fommm e e = 005 O = me—tam—- (1 + tg%x) cos? o da
hr € R? Lar €5Ro
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-7 =

| o o
g
E =2 [d_’E T .!r(‘! + tg%a) cos®a da
r r
P 21T € Rg /
¢ A
= sin «
Finally
1
j q
! E = —--;-J--w sin o
r 27 €o Ro

The correction factor K, is therefore :

K2 = sina or

sin ¢

ol ) )

I = Io

In Fig. 4 we have presented the result of the above analysis. The ratio
E is given as function of drift distances before and after debunching (g = 20 resp.l)
[+]
The presented curve is valid for I, = 100 md and ro = 1 om, but for other I and r

a scaling factor is indicated on the diagram.
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TABLE I (MONOTURN INJECTION)

Quadrupoles

: aperture 120 mm i)

length 0.5 m

Input conditions

Qutput conditions

Mismateh factor

H v 51 v H v
13.330 577 5.5 3.5 1 1
-327.950 -j0.42 Jo Jo
Element K{m 2] Mlagn. grad, | Beam width [mm] Beam height [mm]
: : G/em Input Qutput Input Output
IQ1 ' 0.16779 ~ 17 56.82 56.96 69.40 70.04
192 0.12890 ~ 13 - 75.50 -{ 75.80 60,50 60.82
103 0.12711 ~ 13 62.90 63.14 82,02 82,20
IQhL 0.09987 ~ 10 87.20 87.50 | 63.24 63.08
IQ5 0.37991 ~ 38 66,00 70.70 | . 86 82.84
196 ,0435910 ~ 36 94..80 96,50 Sh.2l 49.48
Ig7r 0.98563 ~ 99 22.45 25.12 Sho 47 50.33
IQ8r 0.91503 ~ 92 30.94 33.20 39.72 -.33,38
Input conditions Cutput conditions Mismateh factor
H v H v H v
18.90 B.77 55 | 3.5 1. 1
-328.44 ~30.42 Jo jo '
IQ2 014534 ~ 15 84,70 85.12 | . 5%.12 59.40
C IR3 0.13374 ~ 13 69.24 69.42 . 82.22 82,44
IQx | 0.10255 ~ 10 Wy 6L 94.88 | 62.80 62 .52
195 0,37728 ~ 38 69.05 71.56 - 85.48 82.38
106 0.35115 ~ 35 9%..88 96,50 | 5L.18 49,48
1Q7r 0.98563 ~ 99 22,45 | 25.12 | Bh.47 | 50.33
IQ8r 0.91503 ~ 92 30,94 33,20 39.72 33.38

Input conditions

Qutput oonditions

Mismatch factor

H ' H v H v
2601-[-3 5-7? 5.5 i 3.5 1 1
-J26.13 ~J0.h2 jo 30
IQ1 0.17363 ~ 17 61.52 62,41 69.40 70.00
Q2 0.,15881 - ~ 16 92,76 93,28 59,14 53.60
Q3 0.14275% ~ 74.. 0L Thae1l 85.36 85.62
Q4L 0.10523 ~ 11 100.66 100.86 63.96 6%.70
Q5 0.37201 - ~ 37 70.08 72.50 | - 85.00 81.92
IQ6 0.34327 ~ 34 94.98 96.50 5lro 1l 49.48
IQ7r 0.98563 - ~ 99 22.45 25,12 Sh 47 50.33
IQ8r 0.91503 - ~ 92 30.94 33.20 - 39.72 33.38
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TABLE II (4-TURN INJECTION)

Quadrupoles

lengtk 0.5 m

aperture 120 mm f

Iﬁpuf conditions

Output conditions

Mismatch factor

H v H v H v
13.33 5.77 2.8 3.5 1 1
-J27.95 -30.42 Je Jo
Element Klm ®] |Magn. grad.| Beam width [mn) | Beam height [mm)
’ G/cn Input Output { Input Output
01 0.16879 ~ 17 56.82 56.96 | 69,40 70,01
1Q2 0.11956 ~ 12 75.70 76,08 | 60.26 60,51
IQ3 0.11982 ~ 12 65.88 62,28 | 79.28 79.42
Ik 0.10932 ~ 1 92.74 93.00 | 62.00 61.98
195 0.38402" ~ 38 66.33 68.7h 1 90.90 87.66
196 0.35385 ~ 35 91,42 93.02 | 57.60 52.56
IQ7r 1.0651L ~107 23,01 26.13 | 57.90 52.94
IQ8r 1.10356 ~110 32.71 34,69 | 40.56 33.38
Input conditions Output conditions Mismateh factor
H i v H v H v
18,90 5.77 2.8 3.5 1 1
~-j28.44 -j0.u2 30 jO ‘
I 0.17849 ~ 18 59.18 59.76 | 69.4LO 69,96
g2 0.13842 ~ oL 85.62 86.18 | 58.04 58.22
03 0.12493 ~ 12 72.96 73.28 | 77.90 78.06
IQ4. 0.11101 ~ 14 100,71 100.88 | 60.82 60.8)
105 0.3823L - 38 61,40 69.50 | 90.32 87.15
106 0.34563 ~ 35 91.52 93.02 | 57.44 52.56
IQ7r 1,065 ~107 23,01 26.13 | 57.90 52,94
IQ8r 1.10356 ~110 32,74 3L.69 | 40,56 33.38
Input conditions Output conditicns Mismatech factor
H v H v H v
26,43 5.77 2.8 3.5 1 1
-J26.13 ~30.42 jo 30 ‘
I01 0.16691 . ~ 17 61.52 62,38 | 69.40 70.05
IQ2 0.15962 . ~ 16 91.30 91.80 | 60.70 61.28
193 0.14240 ~ 14 71.66 71.65 | 8%.70 90.04
IQ4 0.10228 ~ 10 95.66 95,82 | 68,50 68,26
Q5 0.36992 ~ 37 67.42 69.70 | 90.40 87.09
166 0.34466 ~ 35 M el 93,02 | 57.52 52.56
IQ7r 1,06514 ~107 23.01 26,13 ¢ 57.90 52,9
IQ8r 1.10356 ~110 32,71 34,69 | 40.56 33.38
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TABLE IIT. (1O-TURN INJECTION)

Quadrupoles :

aperturé 120 mm &

length 0.5 a -

Input conditions Output conditions Mismatch factor
H v q v H v
-327.95 | -30.42 30 o
~ Element K[m ? Megn., grad|{ Beam width [mm] Beam helght fmm]}
: G/cm Input j Output Input Output
- IQ1 0.17202 ~ 17 56.82 56.95 63,40 70.00
1Q2 0.14299 ~ A4 76.32 76,51 59.52 59.88
193 0.12546 ~ 13 60.08 60,02 82.76 83,04
Q4 - 0.10122 ~10 78.30 78.41 66.16 66.16
16 - - 0. 36161 ~ 36 80, 81.58 59,32 54,10
- IQ7r 1,10107 ~110 25.58 29.54 59.58 54.20
- IQ8r 149476 | ~119 3Tk | 39,57 | L0.% 35.38
- Input conditions  Output conditions Mismatch factor
H v H v B v
18.90 5.77 1.8 3.5 1 1
-328.44 -3j0.42 30 j0
Q1. .. 016394 |~ 16 59.18 59.6L | 69.40 70.08
2. 0.15370 |~ 15 82,7, | 82,98 | 61,38 | 61.98
S IQL 010467 ~ 10 83.60 : | 83.90 69,34 €9.16
-IQ5 0.3739% | ~ 37 58.58 60.66 1 93.48 90.06
196 0.35142 ~ 35 80.24 81.60 59.26 54,10
IQ7r 1.10107 ~110 25.58 | 29.5k 59.58 54,20
'IQ8r 119476 ~119 37 oy 39.57 | .40.96 33.38
Input conditions Output conditions ‘Mismatch factor
H v o H v H v
26,43 5.77 1.8 345 1 1
~326.13 -§0.42 30 jo -
It 073 | ~ 17 61,52 62 .42 69,40 70.00
192 0.16823 ~ 17 92,24 92,64 59.72 60,28
Q3 0.14241 ~ £9.92 69.72 89.06 89,46
IQL, 0.10356 ~ 10 89.70 89.70 68,80 68.62
195 0.37126 ~ 37 59.48 61.38 92,90 89,54
196 0., 34341 ~ 3l 80.32 81.58 59.20 54,10
IQ7r 1.10107 ~110 25.58 29.54 59.58 5k 20
IQBr 1.19476 ~119 37.44 39.57 40,96 33,38
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TABLE TV

Vertical electrostatic deflector, IEV, with two pairg of electrodes:

Length [m] 2
Distance between clectrodes [mm |  ~ 76
o mox [mrad] - ~ 17
EV BV ' ~ 65
0 inpit  ~ 88
Beoor width [mm] - ——
~output &u?O
. doput | ~ 46
Beamrheight{ﬁml : - :
. output T ~ 40

Vertical bending magnets IBV:

Element o [mrad] Bean width [mn| Beam height Emﬂ |
IBY 11, ~ 90 . < 60 < 40
IBV 22 ~ 57 < 60 < 40
IBV 34 ~ 57 = 60 < 40
IV 41 ~106 < 40 <60
IBY 52 ~ 65 <40 <60
IBY 64 ~ 65 | < 40 <60
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