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1. Introduction .
In the following, we study collisions between bunched beans of protons

a.nc_!/or antiprotons. We. assume, for simplicity, that the bunches collide

head-on, and that the two beams have the same number of particles N and rms

beam radii o, and ay at the crossing point.

2. Basic luminosity formulae

The luminosity L and beam-beam tune shifts Av ars given m _na standard

+ 1) ‘
formulae for e e storage rings ' : _
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Here £ is the revolution frequency, k ‘the numbei:'of bunches in each beam,
B and B the amplitude functions at t.he crossing po:.nt, r, the classical

proton rad:Lus and y the usual relat:.v:.st:.c factor.

If we make

» . : ax/cy = Bx/ay - » {4
as we shall assume in the following, the beam-beam tune shifts Avx.a.nd Avy
b_eooi-.ne' the. same, Using -{3) to eliminate one power of N in (1) yields,

_assgming that cy << ox:,
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- There is no reasoh not to build p-p colliding4beam machines with the:

highest- possxble magnntlc fields in the dlooles B -at all enesrgies. 1ence,

Lne oproduct £y is lnceoendent of the energy. We conclade that the leanSlty

does not ceoeno explicitly on the energy of the ﬂacnlﬁe bu tonly on the number
of particlas, the field in the dlpo1es and the value of By."' S B

3. Stored beanm intensity

The number of nartxcles necessarv for obtalnlng a given lun1n051ty 1s
obtained by solv*ng (5) for N: '
2Lx R

N o= e

The invariant emittances of the beams Ex and Ey are obtained from (2)

and (3), again assuming o, << C
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Secause of the factor fy, the invariant emit tances do not depend on the ae5191

energy. In’ derzvzng (7) and (8) we have éssuned ghaf the cx0551ngs occur in

‘regions without dispersion.

4. Limits on interaction region design

It is clear from (5) that the amol;tude function: 6 shodld be small in

order to obtain a high luminosity. Lower limits on BY are Lﬁoosed by

(i) the bunch length
(ii) ~ chromaticity correction
(1ii) the strength of the nearest guadrupole.

N

The value of SY should be lirge compared to a, in order to avoid a reduction:

of the luminosity by the S ~variation in the xnteractzon reczon. © The @iffi-
culty of chromaticity co*rectzon is proportlonal to llnt/sy where lint'is the
distance from the crossing point to the nearest guadrupole. In ete

rings, L /S must be less than about 50 to 100 in order to correct chromauic

effects over n mon-ntum range of about 1\

- storage
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) The effect of the cuadruaole suzength on B ‘s obtainpd by calculating
the horxzontal aparture of- the first guadrupocle A wnich must ke a Lactor P

larger than the rms beam size at the quadrupole entrance.

Ax = Fa qu .« ' . E (§=)]

“The beam size ch is gi#en by:

/8. \h o, S . -
' Xy, _x_int : . .
xQ X (Bx _ Bx. | ~ :

Substituting from (7) yields for the necessary quadrupole aperture:

k5

‘ Ne_ R TIE S ( L3, =
A = F_ Q. e = - (11)
X a int 2n$xkbydv yav rrkbfsx .

The quadrupole must havea focal length of about 5zint. Hence, its length

Lq, magnetic field BQ at a distance A  from the centre (“"poletip f£ield") and
the proton rigidity Bp are related by ' ‘
 B_ 2. % B ‘ | |
. At . : , .
a, = -—‘L——-—-——gz;p . (12)
Equating {11) and (12)’yields_an equation for 2§;
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‘Here e is the-elémentary éhﬁrge and 2 25 is the lmpedance of free space.
. . A + " .
Experience with the design of e e LnteracLlon IEQLOHS indicatas that there

is a relation between~2Q and 2i e’ of the form

L, . = G 2 . : S (uap

where the cosfficient Gz*is of the ordezr of 2 or more. In addi;ion,

chromaticity correction imposes a relation of the form

-G 8, as



By combining (13) to (15) we finally‘arrive at equations for‘sy: ' - _ :

e et (M : cie)
__.,' . . " f » ' .
T T Y S
' éF ez Sys A o R
g 3/2 = 2 a o v : o ) o ) :.(17)"‘.}}:
v . G 2B 27k Auros*‘ S '

c ‘ Q b

These equations include 2ll the limitations on the lnhe*actlon reglon ce51gn
imposed by the poletip fleld BQ' optical constraints (G } and cnvonat1c1ty (G ).& '
they contain only the ratio By/B on the right-hand szde. ‘

5. Application to p-p collisions -
: .

For p-p collisions we make the assumptlons and obtain the scaling laws

shown in Table 1.

Table 1. Assumptions and scaling laws for p-p collisions

assume@ independent of yf N, Av, kb' Fa’ Gl' Gc' BQ, By/Bx' BM S

s . N
Cor ST E

Proportional to y©: Ex; E, :
1 ’ . :
Proporticnal to y'é : Bx' By' ZQ' Linﬁ .
-1 ‘
Proportional to ¥y e : L, A &

A few comments are in order on the fixed parameters used in the detailed
examples. The apertuze allowance F includes the extra space required at the
injection energy which is about twenty times smaller than the design energy.
The chromaticity factor Gc is sma;ler than 1n‘e+e storage rings because the
tolerances on the chromaticity correction may be tighter in p-p schemes.

The limit 4v on the beam-beam tune shift is ihe conventional value for coastingf{

proton beams. There are strong doubts,whethef it also'applies to bunched

proton beams. ‘
. o L : _
The number of particles :corresponds to that of. the CERN p-p p:ojectz)..

It is used here as a lower limit‘oflﬁhat might be achieved in an optimized

E-factory fed from a 20 GeVv proton synchrotron with a flux of 1013 protoné/s, >'

or from one of its injectors Qith even higher fluwxes.

When actull numbers arc¢ inserted into the equatlons above, it turns out th{
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with”presént values., K The physical reason for this is the constant invac
‘emittance which‘results in decreasing beam size #igh enargy. . In order not
to de&iate too much f:om présenﬁ:pracﬁicé in,qdadrupdle Ccnstruéﬁicn,'wa have
.assumed rather ; léw vél&éAof the poletip field By
fhe ﬁgmbe:,of bunches is.4;inieéch bgam;'becéuSe wé assum2 that the -

machine has 8 equidistant'intefaction regioﬁs. This choice avoids the '
-comélications of a highe: ﬁumbez,of bunches where the besams have to be
separated in the unwanted crossings while they ére"in collisioﬁ at the inté:~
action regions. As a consequence of this choicg; the total number of events
73

in each collision between bunches increases as ¥y

Table 2 shows the main machine parameters for three different different

energies, namely about 200 GaV, 2 and 20 Tev, The 200 Gav machine has

‘o

parameters which are fairly close to thosa of the CERN p- project . It is
included here as a useful check of the. interaction region design procedure.

There is fairly good agreement between the actual‘ahé the computed_parameters.

As the design energy increases, the quaarupole aperture and beém size
decrease, and the quadrupole length increases. The mechanical tolsrances
of the guadrupole must ke roughly proportional to the aperture;_‘ Avoiding the
field errors associated with the tolerances is the esssantial reason for the
. choice of B . At the low value chosen, tha windings.of a superconducting

Q

quadrupole could be "Far away from the beam, thus relaxing considerably the

tolerances on the.coil position.

So far, we have tacitly assumed that the synchrotron can be modified to
include p—E interaction regions with the properties described above. This
must also hbldfduring synchrotron operation, with;injécted beam sizes which axe
larger than those at the design enefgy. This problem can be alleviated by' '
increasing the‘amplitude functions at the crossing points during synchrotron
operation, or circumvented by taking the synchrot;oﬁ beam through a by—pass'

around the interaction reglon3). ' ,
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engrgies .

- Table 2. Paraméters for p~p collisions at varjous

3 - . 12 = = : T L=
N = .10 . B, 40 B, 1T |
Av = 0.005 6 =5 . 8/3 = 4
- R . ) v % y
ko= 4 G, = 20 c/2ip = 1.5
1 R
Y 200 2x103 _  2x10"
B 1.33 : 2.9 6.2 - 7
4 . i
B 5.3 S 11.4 25 m I
X ) . . . f
£, 27 . 57 124 o
int =
; 5.3 11.4 25 n
"0 o ,
Ex 487 ‘ . 487 487 um
E& 127 127 127 Hm
By, i 10 10 T
£ 38 a8 4.8 iz !
L 1.2x1030 . 5.5x3030 2.6x1030 ‘cm™2s7!
-7 .. _ o
A 107 v 49 23 mm
% ‘ L
o, 0.56 0.26 0.12 mm
9y 1a1 65 1 um
W 10.032 - 0.32 3.2 MT

o
Ty L

‘the beams bunched,

We studied neither the RF7éystem required for keeping

nor the nagnet latulce outE1de tne 1nteraculon regions and space- cnarca

pnenomena.,' We do nou expact barulcu’a_ dl flcult es. w*;ﬁ the: R. syst.m.

attice 1» s¢n1;a: to that of the coastlr,—bean p—n COlllSlOnS

N

'S =1 is hl-.hlﬁ reach over tne 'nnole

It reacHes aboutvﬂ at 20 er, d

assum1ng ‘a tota1¢p:osa-sectgpn og_about 100;mbarn,<¢,1f i#ls;turns oit to be

collisxon between buucnes 11creases,g

s V1 - g
1;},‘_]___~ PR A
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too inconvenient for event analysis, th:. our concept of colliding a few

'bunches bzeaxs docn scmewhere in the TeV range.

"~ The only'two altétnatives arg’inéreaSing,the number of bunches and
changlng to coastlng beams. IncreaSing the number of bunches imoli95'b°am
separation a the Luwanted CrOSSlng points at tha same time as beam COlllSlORS
in the interactlon regions, and all the difficult tolerances associated with :
separation. . Coasting beams‘imply a reduction of the luminosity to about
£ = 1028 en~25-1 at § = 1012, Heﬁce,viﬁvotder to obtain a2 luminosity of
about & = 1030 em~25-1, approximately _1013 protonsv and antiprotons must be

stored.

6. Application to p-o collisions

If a storage ring is acdded to the synchrotron, p-p collisions can be
obtained. We assume that the circumference and the number of bunchess in the
synchrotron and in the storage ring are chosen to be svch that the bunch

spacings in the two machines a:e“identical.

For the time being, we also assume that no proton accunulation takes place
in the storage ring, but that tne available protons are arranged in a sultable
number of bunches. It then seems natural to make the number of protons in a-

bunch the same as in the p-§.scheme. In this case the beam sizes at the

' crossing points are the same as.in the p-p scheme, and the conclusions on the

lnteractlon region design also apply to D-a collisions.

The number of'nroténs‘is the same as in the svnchrotxon;‘ wea take
M= 6*101“ - The technical oroblems assoclated with the stored energy in the
beam are all the same as in the synchrotron, prov1ded that the bear transfer
between the machines is clean enough,,ang can be considered solved. -¥lith
0.25x10!2 protons in a bunch we thus a;rive:at 2400 buntﬁes and a bunch
spacing of about 25 m. Thé-performance whith ﬁight thus ba achieved is

summérized in'Table 3.
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Table 3. Parameters for o-p collisions a£v20’Tev_

N = &xicl® F, = 40 SQ'. = 1T

Av = 0.05 . Gl = S‘_ 7 sx/ay = 4
kb =. 2400 ‘Gc‘ = 20 c/2xp = 1.5

By = 6.2 m :i zint = l2q.m . Ex = éBﬂ um

Bx = 25m - »HEQ,.= 5 é Ey = 127 um
B, = Ior £ = 4.8 kilz L = 1.6x1033 cm™257!
A= 23 mm _ o, = 0.12mm o, = 31 um

X x . Y

W = 1900 uJ : . : -

Since head-on collisions are assumed, and the close bunch spacing is

neglected, the luminosity figures must be considered optimistic.

Since the bunch population is the same as in the p~p scheme, the number
of events for a single collision is again about 7. Hence the remarks made T

above also apply. e

7. Conclusions

We have studied schemes for p—§ and p-p collisions between bunched beams.
With rather conservative assumptions about available 5 fluxes we obtain a
luminosity in the 1030 cm~25~! range which has rather a weak variatibn with
the energy. The most natural scheme whe.e the number of bunched beams is half
,the nuriper of interaction regions, has “he dl flculfy that the number of 4

events in a single collision increases WLLh the ene:gy.

For p-p collisibns, we make use of ne full current avallable from the
synchrotron. We fin2 luminosities in- the 1033 ‘2 -1 range, and he sane -
difficulties with the number of events in a’ szngle coll'51on 25 in the p-p ‘
scheme. Since the luminosities are ﬂOu much larger tnan for coasugng P-?

. et 4) . ;
~collisions °, there cdoes not seem to be a good reason for bunched »-p

collisions.
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