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Summary

High luminosity will be necessary for the study of many of the new

phenomena expected in the SSC energy region. Particle detectors, however, are

limited in the number of simultaneous interactions which they can handle, and

thus need a good duty cycle with collisions spread out in time to the greatest

extent possible. To avoid the larger number of stored protons required for

continuous beams, we have considered bunched beams of protons crossing at a

small angle. Plots are given of the dependence on bunch separation of the
qo _o —1

emittance, number of protons, etc., needed for 10 cm sec . In order to

minimize the number of stored protons (~ 10 /ring), an emittance roughly ten

times smaller than that presently achieved at high energies is required for a

bunch separation of 6 meters (20 nsec).
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Particle Physics Beqnireaents

Parameters »rtth Fundamental Iapact on Machine Design

1. E - The higher the energy, the more physics likely to be made accessible

as new thresholds are crossed. The energy will be set by economics and

command decision; here we have simply assumed 20 TeV per beam.

2. if ~ Once the bean energy has been defined, the most important remaining

particle physics input relates to the luminosity and time structure of

interactions. Particle theorists tell us that many of the cross sections

expected for reactions of Interest will be quite small and that a machine of

£ 10 3 3 cm"2 sec"1 would be desirable.1 This would imply an average

Interaction rate of > 10** Hz. For the studies here we have taken 10 3 3 cm"2

sec"1 to be the maximum design luminosity, a compromise between the high

luminosity needed for sensitivity to low cross sections, the interaction rates

manageable by the detectors,2 and the difficulty In machine design. Not all

detectors will be able to handle this luminosity, and the luminosity must be

adjustable such that detectors in different IR's can simultaneously run, each at

its own optimal rate. Given the Improvement in detector technology possible over

the next decade, a luminosity of 10 3 3 does not seem to be an unreasonable goal.

3. DB - The spacing between bunches should be made small to reduce < n >,

the average number of Interactions per bunch crossing, in order to minimize

pile-up and confusion in the detectors. The allowable < n > will depend on

both the detector and the signature of the process under study.3 For heavy

quarks, good lepton identification in the presence of nearby jets will limit

most detectors to an < n > of order one. QCD jets at large p T can probably be

studied with < n > of order 10 (Hef. 4), while multlmuon studies might push

toward < n > » 100. For a wide range of physics and detectors, a limit on < n >

means that the useful luminosity will go as 2 <* l/t>B, for DB down to a

separation comparable to the resolving or memory time of the detector. Since

different subsystems of a given detector are likely to have different



resolving times, the useful time separation may depend on both the detector

and the particular physics under study* In some cases, it may be that the

fastest element, perhaps a scintillator hodoscope used to associate tracks

with a particular event, will be the limiting factor. Where possible, we have

left Dp as a free parameter in order to show the dependence (cost) of other

parameters on it. For specific examples, we have taken Dg => 6 meters, giving

a 20 nsec separation between bunch collisions, similar to the time structure

of the Fermilab beam.

Parameters with Less Impact

4. ± L - The free space along the beam, from the interaction point to the

start of the low-g quadrupole triplet, determines the minimal angle accessible

to the detector (ignoring very small angles covered by Roman pots in the

lattice). For experiments requiring high luminosity, ±20 m seems a reasonable

free space5 (^^ for a given 3* growing by roughly 25% from the limit at

small ± L ) ; this corresponds to 5 mrad (pseudorapidity of 6) at a 10-cm

radius. Some experiments will need access to smaller angles, to study

particles at higher rapidities and/or to be sensitive to small E T imbalances

from missing neutrinos. Thus a mix of interaction regions (IR's) with free

space from ±20 m to perhaps ±100 m will be required. The small angle bunched

beam scheme used here can easily accommodate such a variation.

5. a0 - For the small angles discussed here, the rms length of the luminous

region will depend mainly on the bunch length and is thus determined by the rf

parameters and longitudinal beam emittance. The detectors have conflicting

requirements - on the one hand, a point source helps reduce background and

makes a cleaner geometry for projactive calorimeter towers; on the other hand,

identification and separation of multi-interactions is aided by a long

luminous region. A value in the neighborhood of ajj = ±0.2 m is a reasonable

compromise (it is also comfortably less than the low beta likely to be used,

g » 1 m ) .



6. Clustering of IR's - Backgrounds of particles from one IR could cause

unwanted triggers in a neighboring IR if the IR's were close to one another.

Superficially, this does not appear to be a problem since the natural

separation of IR's would still be £ 1 km with considerable magnetic sweeping

between them (to separate the beams into their respective magnet apertures).

This topic is further considered by Group 2.

Other Considerations

There are, of course, many other coneiderations of the Interface between

the machine and detectors, but these a not be considered at a one-week

study such as this. For example, a s beam pipe radius will be highly

desirable for high-resolution vertex ch. ars identifying t's and heavy quarks

through their short lifetimes. Other detectors may need a dipole magnetic

field in the beam region. Unlike e+e~ or pp, with like-charge pp colliding

beams such a field will split the two orbits; this will require appropriate

compensation to correct the orbits and to ensure zero dispersion at the IR.

Good suppression of backgrounds in the detectors will be crucial and will

require a sophisticated system of beam scrappers around the machine. The

possibility of polarized proton beams was also discussed at this workshop.0

pp IR Scheme

Three possible IR geometries were considered at the Cornell Workshop last

spring. We have adopted and further refined one of these, with the result

shown schematically .in Fig. 1. The beans would cross at: an angle a of roughly

30 jirad. As discussed in a later section, this angle is chosen to be as small

as possible and is limited by the disruptive Influence of one beam on the

other at close encounters at the bunches in the two beams away from the IR.

To help reduce these long range effects, the angle between the beam orbits is

opened to ~ 200 prad by the closest magnet to the IR, a dipole with roughly

6 T-metar3. This angle is limitea by the useful aperture of the low-S

quadrupole triplet, which is common to both beams.



The low-g triplet Is followed by the last common magnet, a strong dlpole

(8T, - 12 m long) to split the beams apart to 15 or 20 cm, the separation of

the beams in the arcs. (The exact separation, and whether horizontally or

vertically, will depend upon the magnet design adapted for the arcs.) Two

dipoles, one for each beam, will then make the beams parallel; these are

followed by the other insertion magnets necessary to match Into the regular

lattice in the arcs.

For detectors requiring longer free space, a somewhat larger crossing

angle would be used (to keep the long-range effects under control). The

insertion magnets would be pushed back from the IR, allowing the low-S triplet

to be shorter; this will limit 0 to somewhat larger values in order that 6 m a x

and the chromaticity contribution be reasonable.

•

These are several advantages of this scheme over the others that have

been considered:

1. It allows close bunch spacing, including continuous beams.

2. The free space (± L) can be changed from IR to IR.

3. The crossing angle (a) can be varied.

4. Special septum quadrupoles are not needed.

As with any IR scheme, the optics (including chromaticity corrections and

zeroing of the dispersion at the IR) must be worked out in detail for specific

cases. The solution must be tunable such that B can be continuously varied

down to the minimum allowable, both to adjust the luminosity in a particular

IR to that desired (up to the maximum & ) and to allow a more relaxed optics

(lower Saax) at injection. .If the crossing angle is in the vertical,

maintenance of zero dispersion at the IR may require additional bends to give

the necessary degrees of freedom.^

Head-On Approximation

At the small angles discussed here, the luminosity, beam-beam tune shift,



etc . , will not differ substantially from the head-on case* We will return to
this point in a later section. For simplicity we will discuss round Gaussian
beams (<JX » oy) of equal strength and emlttance.

The luminosity per head-on bunch collision (L) and the corresponding

bean-bean tune shift (spread) are given by ^

L-I^T . (1)
V

*v-JrpJ , (2)

where y *E/M-, N is the number of protons per bunch, r_ is the classical

proton radius (1.535 x 10"*" m) and sN is the 95Z invariant emittance defined

such that the rms beam width in each transverse plane is given by

a2 - 6^0/6* , (3)

where 8 Is the usual machine parameter.

The luainosity per unit time is given by

where c Is the velocity of light. The average number of inelastic

interactions per bunch collision is < a > - tfinel*" Taking <Jinel * *00 mb

(Ref. 12),

< n > * L/1025 cm"2

D

Inverting Eqs. (1) and (2) we obtain13



• - 4.8 x 1010 f a l » > o i ) , (6)

e- - (ll.7ir x 10"6 m) | < " > A . (7)
(dv/0.003)

for 0 In meters and E In TeV. The scaling of N and e$ with < n >, f5 and iv

can be readily seen from these simple formulae. As DB decreases, improving

che duty factor for the detectors, the corresponding reduction in

< n > (at fixed &) reduces ft and simplifies some stability problems, if the

emittance can at the same time be reduced1' to maintain Av at its limit.

Some typical values of N and ejj are shown as a function of Dg in Fig. 2 for

S* - 1 m, E =• 20 TeV, and 5? • 1033 cm"2 sec"1. Parameters for D B » 6 m (20

nsec) are listed in Table I.

The total number of protons per ring is given by N times the number of

bunches (C/Dg, where C is the circumference),

^- 3.35 x 1014 (£) C ^ J ^ y ) d f ) Protons/ring . (3)

where 3 is in Tesla. Note that JY is independent of bunch spacing as long as

the emittance can be adjusted to keep Av constant. Typical values are shown

in Fig. 3, where we have taken C/2irp » 1.19 (100 km circumference at 5

Tesla). The corresponding stored energy in the beam (KJ/ring) is also

indicated; the stored energy, more than one hundred times that at present

machines such as Fermilab, appears manageable, but must be treated

carefully.16

Although one wants to minimize the number of protons in the beam to

reduce the stored energy, the desired collisions at the Interaction regions

will use up protons at a noticeable rate. For a total cross section of 200 mb

and a total luminosity of 3 x 1033 cm"2 sec"1 (summed over all interaction

regions), 2 x 10 2 protons/hour will be lost from each beam, roughly 227hour

for the parameters of Table I. Each IR running at 1033 cm"2 sec"1 will have

to absorb 1.3 kW from the desired interactions (detector calorimeters can
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operate thermally as well as electronically!).

The power level from synchrotron radiation is shown in Fig. 3c (Ref. 17),

While this will have considerable impact on the design of the vacuum system

and (in the case of cold bore) on the refrigeration system, the critical

energy of the photons is still low enough that it should be relatively easy to

shield the detectors (0.2 keV from a long 5-Tesla dipole, ~ 6 keV from the

magnet ends). The synchrotron radiation will, however, swamp the

beamstrahlung signal, eliminating a clever diagnostic idea.19

The relative difficulty associated with synchrotron radiation compared

with stored beam energy will depend on magnetic field. Since ,Af <r 1/B, PgR is

proportional to the magnetic field, while the stored beam energy goes as

1/B. A 5-Teala machine with the parameters of Table I would have 6 kW of

synchrotron radiation and 400 HJ stored energy per ring.

The Courant approximation1' to the intrabeam scattering (IBS) lifetime20

is shown in Fig. 4. For the parameters of Table I (and further assuming

S » 10 eV • sec for the 95X longitudinal emlttance, az « 0.2 m as the rras

Imnch length, "B » 148 m, and Y C - Q - 97), we obtain T » 50 hours, where T

represents beam growth over all three dimensions: 1/T » 1/T X + l/ry + 1/T Z

(Ref* 21). Empirically, it was found for these assumptions that the number of

protons required per ring (Fig. 3a) can be approximated as

/ D
1 uz x 10 Un .L.-J * / (TK:) " • (10)

The effects of intrabeam scattering will be countered by damping from

synchrotron radiation, the transverse emlttance damping lifetime at 20 TeV

going as

T S R - 20 hours x (
5 T|j9la) . (11)



Long Range Effects - Crossing Angle

A small crossing angle Is desirable both Co maintain a high luminosity

and to keep the beams close to the axis of the common quadrupole triplet

(low-3 quads)• The lower limit on the angle la set by the long range

forces: in the region where the beam bunches pass by close to one another,

the fields set up by the current In one bean bend and focus the other

beaa.^2 Although the force is proportional to 1/s (the separation of the two

beams), the 0 function grows as s 2 (at distances L » f$ from the IK), so each

close encounter has the same effect until the beams can be further split with

a dipole and/or be shielded from one another.

The first order bending effect of one beam on the other Is such that the

beam at a particular IR is not displaced by. the bending from the nearby close

encounters as long as there is symmetry around the IR. It will cause a change

in slope, however, which translates to a displacement of the closed orbit at

other IR's:

* 8TT AV M

where A\»o Is the usual head-on beam-beam tune shift , Nce i s the effective
number of close encounters, and n is the separation of the two orbits in units
of rms bean width at the close-encounter point (see Fig. S). Up to the point
at which the beams are split by a dipole

TI • B a/a (13)

to a good approximation (even through the quadrupole triplet).

If all bunches in each ring were uniformly filled, one could correct the

closed orbits such that the beams were always centered at the IR. The machine

will likely have to run with a gap in each beam of several hundred meters to

allow for the extraction kicker rise time, however, and not all bunches will be

uniformly affected by the long-range force. To allow for this, we take as a
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limit A^/a* • 0.1 In Bq. (12) in order that the beam-beam effects1 5 at the
Interaction points not be substantially worsened, possibly leading to a
"Pac Man" effect, in which successive bunches would be lost from the beams.
Assuming sin (nQ) - 1//T (Q-n » 0.75) and » c e » 100 m/DB ( i . e . , an effective
length L » ±25 m, crudely taking into account the splitter dipoles at ±20 m),

53m Avo
11 " "DT- o^oJ ' ( 1 4 )

o

This is plotted in Fig. 6; the corresponding crossing angle is simply

a = 65 urad//D^ , (15)

where Dg is in meters. For the parameters of Table I, this criteria gives

n » 6 and a » 27 prad. This seems safe since experiments at SFsAR indicate

that (for single bunches in each beam) the non-linear forces are unimportant

If the total separation i3 much larger than about three sigma of the bean

width.22

The tune shift caused by the focussing effect of the long range force Is

given by

Sv - IS^v^n2 ' (16)

For the parameters of Table I, Sv » 2 x 10 per IR.
If, as expected, there is a bunch-by-bunch closed-orbit feedback

correction system, ^ the minimum crossing angle is determined by the need to
keep 5M under control. Again, a correction could be easily made If a l l
bunches were equally populated, and one need only worry about variations. If
we were to take S\} » 4vQ, then the limit is set by

n - /2N^ , (17)

again about 6 for our example of Table I.

The effect of tht finite crossing angle can be parameterized in terms of



the angle

11

2a*/az , (18)

schematically shown in Fig. 7. Compared with the head-on luminosity,

, 1/2
<£ ISP (a) - [l + (—) ] = X . (19)o L v o to

Assuming the crossing to take place In the x plane, the beam-beam tune shift

becomes

Av « 2 Av /(I + X) ,

(20)
Avx » Av /jt •

The rms length of the luminous region is given by

The ratio a/og Is directly proportional to n:

\ • (21)
ao 20

For a2 » 0.2 m and 0 =» 1 m, a/o0 • n/10; for n * 6, we then have <x/ao » 0.6
and X » 1.17. While this has a relatively small effect on SS, Av, e tc . , this
value of a/a0 does mean that synchrobetatron resonances may be driven by the
beam-beam Interaction. If this were the limiting effect (for example, if we
were limited to a/ct0 £ 0.1), then a large 8 would be required (3 > 5 azn)>

Contiguous Bea««

Continuous beams would give a duty cycle of 1005! for the detectors and
are expected theoretically to be more stable against the beam-beam Interaction
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(fewer degrees of freedom, no synchrotron modulation).15 This mode of
operation does require more protons, however, the example used at Snowmass
requiring five times as many to achieve the same luminosity as for the
bunched-beam case considered.10 Largely for this reason, and the lack of time
at various workshops, continuous beams have not been considered In much detail
for the SSC. There ace alao technical problems associated with maintaining
the energy In Che face of synchrotron radiation losses (either by having a
very high frequency rf system giving close-spaced bunches, or by allowing the
beam to ramp down In energy and then rebunchlng and accelerating back to full
energy). Another problem Is associated with the beam gap which would normally
be left for the turn-on of the emergency abort kicker.

As the bunch separation 13 shortened, the difference between the number
of protons required for continuous and bunched operation decreases, as
expected Intuitively. For completeness, we compare the two cases, using the
subscripts C and B for continuous and bunched, respectively. In the bunched
case we will asstne for simplicity that the bunch length Is very small so
that SBI&Q » 1, but wil l retain the subscript 0 to remind us that we are
using the head-on formulae. The continuous-beam luminosity for round beams
Is given by l o»2 4

(22)

where c is the velocity of light and Xc is the line number density of protons

in each beam* Expressing a again in terms of standard deviations of

separation (n) and taking XB » N/DB we obtain

2 * ?B
•r- • (23)

If we suppose that the emittance e were the same In the two cases (i.e., at

some limit), then for a given luminosity the ratio of protons needed In the

two cases is given by



V / 2

The parameters of table I yield a factor of 2.3 more protons required for

continuous beam than for bunched beam with 20 nsec separation.

(25)

The continuous-beam

leading to the ratio

tune

"Av

shift

BO

(spread)

577 14

p X., D_

is given by

:°

eB

If we take eB0 - ec, &-g0 - &Q, and the parameters of Table I, then Avc/AvB0

» 0.63. If £jj£ can be reduced to 1.0 ir x 10""" m to give the same tune shift

limit as in Table I, then the same luminosity can be achieved with Xg/Xg

• /? • If the continuous beam case were Indeed inherently more stable,

further reduction In the number of protons required for a given continuous-

beam luminosity would be obtained with a further reduction of emlttance.

Table II gives two examples of continuous beam parameters for comparison

with the bunched case of Table I. The rais length of the luminous region is

given by

iia - /I <3 /a « Si g*/n . (26)

The long range linear tune shift is given by

5vc - 0.56 — j X . , (27)
(8 T

where L is the effective distance from the interaction point to beam
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separation; Che ratio between continuous and bunched beams is

Conclusions

The formulae used above are straightforward and havs been well-known in

one form or another for many years« We have tried to present them in such a

way that the scaling with various parameters is made obvious. Easy

understanding of scaling is often thwarted, however, by the fact that

different Halts come into play as the parameters are varied. The difficult

task in the SSC design is to make reliable estimates of the practical limits

which can be achieved on the different parameters: 6 , Av, Sv, eN, number of

stored protons, etc. The tradeoffs between luminosity, duty cycle (bunch

spacing), emittance, and number of protons are particularly crucial.

Discussions of these parameters are given in the following summary by Courant

a3 well as other papers in these proceedings.
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Table 1. typical Parameters for Bunched Beam Operation

E (TeV) 20
<eo (cm"2 sec"1)

B*(m)

n
eN (10~6 a )

0B Cm)
< n >

N (10l0/bunch)
«/f(1014/l00 km)
Av0 (10~3/IR)
Sv (10~2/IR)
* •

a furadt

1033

1

6

2.6ir
6

2

0.72
1.2 x 1014

2

0.2

4.5

27

Table II . Continuous 'dean Cases Related to the Example of Table I .

E (TeV) 20
2 (cm"2 sec"1) 1033

3%) ' 1
n 6
eN (10~6 m) 2.6ir l.Oir

l) 2.7 1.7

1.3 2.0
<Sv (10'VlR) 0.4 0.7
a (tn> 4.5 2.3
o (urad) 27 17
<jjj (m) 0.24
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