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(2)

where fJ'" ~ the betatron amplitude function at the IP, (N is
the normalized emittance (nominally 10-6 for the SSe), and
"'f = E,lm (21,316 at 20 TeV). Similarly, the rms beam lIize
in a transverse direction is given by

P. &1.1 of which are of great physical interest. Because of the large
trOIS. secticn the measurement can be made qukkly during the
early months of SSC operation, using simple and unobtrusive ap
paratus. It ~ of interest to examine machine-associated aspects
of the meuurement{2J.

(4)

(3)

a* :::: y'(NP*h

Eq. 3 then yields {J* = 4000 m for the CDR parametersl4j. As
a penalty for a suitably small beam divergence, the beam width
(11*) becomes 0.43 mm. Thill presents no problem Ior tile detec
tor. but all will be seen in a later section it produces conatrainte
on the beam crOSBing angle which do have an impact on interac
tion region design.

It is convenient to define an effedive length £1 = !/llfJ, where
, is the vertical IIcattering angle and III is the vertical distance

Method

In the absence of complications due to machine optics. one
would place a detector near the beam a distance L from the
interaction point (IP). Padicla detected a dist.ance 11 from the
beam line would have scattered through' = IIIL. For' = 1 Ilrad,
scattered particles 100 m from the IP would be 100 Ilm from
the beam line. The matter is further complicated because the
angular spread due to the beam emittance at a normal IP far
exceeds 1 prado Clearly, a different approach must be taken. As
in recent experiments of this sort, it is proposed to (a> make
{J* large enough that spread due to beam emittance is small
compared with the desired meaaurement uncertainty, and (b)
make the position measurement using a miniature detector dose
to the beam at a place in the machine where the phase advance
'" is &n odd multiple of 'lI"/2.

In previous experiments the scattered protona have been
tracked with high resolution drift chambers. For the sse a
very tiny arrays of drift. tubes with thin metal walls has been
proposed 131. The detectors are pushed dose to the beam after
colliding beam conditions have been established. The size of the
spot at the IP i1~ inelevant if the betat.ron phase advance from IP
to detector is an odd multiple of 90°, and if a* (the longitudinal
slope of the amplitude function P.evaluated at the IP) vanishes,
because lI,Ily set of parallel rays from the IP is focussed to a point
at the detector.

It is desirable to reach 8m i.. = 0.8 Ilrad. where the Coulomb
cross section should be about 1.5 timea the nuclear elastic cross
section. 'fhe contribution of beam divergence to the measure
ment error should not exceed about 20% of this value, so that
of either beam should not exceed H%, or 0.11 Ilrad. The rrna
angular divergence of one beam is given by

do.. = do.. \ eBt. (I)
dl de '=0

For colliding beame at higb energies, t = -2El(l-cos8) 11::$ El"·
Interesting deviationll from tllia aimple exponential behavior oc
cur at large valulllI of t. but not until the cr08l section haa de
creased hy about two orders of magnitude. When the indepen
dent variable is changed from t to , a Rayleigh distribution ob
tains, i.f:. the product of normal distributions in 8$ and 8,. The
slope parameter B increllllles with energy. With it. expected value

at SSC energies the width of the distribution «'n l / l
) will be

about 10 Ilrad.

The optical theorem relates the imaginary part of the forward
nuclear scattering amplitude to the total p-p eroes section 010"

With its aid Eq. 1 may be rewritten as

00.. (1 + p2) 'Sf
-;jf = l6'lr O'ot e ,

where p is the ratio of the real to the imaginary parts of the elas
tic scattering amplitude in the forward direcUon. Since lpl ~ 0.1
at the highest energies 10 far Itudied, it does not contribute ap.
preciably to Eq, 2. However, the cross section ill quite sensitive to
p at angles near 1 prad, where nearly equal Coulomb and nuclear
elastic scaUering amplitudes interfere. A detailed measurement
of elaatic scattering at llmall angles not only calibrates the rna-
chine's luminosity monitors but.lao determines a.., a.o," B, and
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Abstract
Meaaur..m..DY or lh. 1'-1'..Iutic KaUeriDl "CIa _tioD inlo lhe Cou
lomb KaUuUaI "11oD an import...l rO!' d..lermi.oiDI lbe told 1'-"
~ M(lioD, me.uiDllh. elope oltb.. e1.lic CI'OA MdioD will. me
m"Dlum ~r...du, ud Donnaliainl lbe lumiaoUly of lh. ma(lJine. At
SSC enersi., Coulomb KaU..riDl dominat. oDly below I Jll'ad. For
lb.. Domind SSC eaaiU&Dce (eN :0 10-em-rad), the &Dllliar epnad of
ihe beam Uo 6.8 X .;rmnF ~ad. For ibe wlllribulion of tlla. epnad
to be comparable lo lh. deAred Upulm...lal reeolulioD, w. require
fJ· ~ 4000 m. Moreover, lo K&D lh. __tio.. al IVler lIDllee
il Uo duable lo lua. fJo lo .rndl« yalu.. Th_ r8qllil'emellle n
eull in .&riDSeal 1ft d.ilD criteria: Croeeinl &D..a.. mllll b" lar.e lQ
avoid dwuplioD at ball(h encoualfn, bul Dot tee larse, in order lo
avoid eya(h~beluroD oeeiUalioae. Al lbe .ame lime. b"ame mllel
p... thrallih commOD triplet quadrupolee or b" .Uffi<:leD&ly eeparue4
ror ..paral. quadrupol...

Physic. Motivation

At sufficiently small &ngles, p-p scattering ill dominated by
Coulomb scattering. We might expect little nuclear effect when
the cllWlkal impact pat&metet is large: than t.wke the proton'l
charge radius. At the SSC nomina! beam energy E, =" 20 TeV,
this occurs only when the Ic:attering angle' ill leBIl than about
one microradian. Since the erOBS lIedion for Rutherford tlCatter
ing is well known, ita measurement calibrates the luminosity of
the machine. At larger angles nuclear scattering dominates. It
is convenientjf] to parameterize the differential crou aection for
nuclear elastic scattering aa & function of four-momentum trans
fer t u



For .pI near 90",

(O)

In II. 10w·P* IR the growth of (1 with t is essentially linear in t, but
in this case it remalns almost constant. The problems engendered
by both the beam width and its growth with t have been dis
cussed by Diebold and Johnson{6j, Piwinski{7l, and Groom{!I.
We bri~/ly summerlse the main points:

1. The encounter of nearby bunches is disruptive. While there
is no sharp criterion for a minimum safe separation, we
adopt 70. In any realistic situation, only the lint encounter
at 2.4 m matters. The lower solid curve in Fig. 2 shows
this lower limit on the croeslng angle a t as a function of
p. (a oc .fIF (or large P*, oc I/VlF for small,l1*).

2. p.p collisions in partially interpenetrating beams occur, re
sulting, in "satellite" interaction points. The luminosity
falls off as exp(-y'/4q 2). and is 0.1% of the central lu
minosity for y == 50. Thia constraint imposes the same
0: oc ..J1F dependence lIB does bunch disruption, but is less
restrictive.

3. Intera.r:tion between bu~hes pecduees .. tune shirt in the
machine. Such II. shift presents no problem in itself, but
its .prt4d does. If we adopt the criterion that thill "long
fange" tune shift be no larger than that produced in the
head-on collision at the interaction point, we obtain the
lower limit on crossing angle shown by the dashed curves
in Fig. 2. For large p. it is less restrictive than beam-beam
disruption effects.

These considera.tions all result in lOUltr limits on ereesing
angle. However,

4. If the crossing angle is too big, head-tail lnteractlcne be
tween passing bunches couple synchrotron and betatron

t To be eenfused with the derivative of fJ. which i. to be confuHd with '1/e,

An in.ertion example

Preliminary design wOfk indicates that these experiments are
compatible with the machine as presently conceived. An example
of a high-fJ" insertion is shown in Fig. 1; in this CaM the st....ting
point was one of the low-p* IRs. For the tuning shown, 11; ==
p; ::= 4000 m, and a; = a; == O. p* is tuneable down to at least
400 m. The detector positions weI'e chosen so thl1t sin t/J, > 0.9
(or 4000 m > p* > 400 mj in fact, it rises from 0.95 to 1.00 as
P* is decreased from 4000 m to 1500 m, then faUs to to 0.91 as
p" itJ Iurther radueed to 400 m,

Unfortunately, sin t/J. is quite small over most of this range,
I!O the.t 11circ.le of 1:onstant p-p aClltterins angle maps into a thin
vertical ellipse at the detector, exacerbating the meaaurement
error along the longitudinal,axis of the drift tube. The situation
could be reversed, but only at the expense of 11 much smaller
11 displaeement (sm.a.llet Ll,). OtheT pouib\e detectM locations
are 30° apart in t/J, 80 perhaps; a better compromise ehoiee of Lis
and L., can be found.

Other machine cODllideratlon8

The large transverse beam size (0) presents several problems,
mostly related to the nonlinear interaction of bunches as they
pass-for fat. bunches, a proton near the passing bunch sees a
much larger force than does its fellow traveler on the other side
of the bunch. We have alre&dy noted that o· == 0."3 mm for p. =
4000 m. As a function of distance t away from the interaction
point,

(8)

(7)

(6)(g2) == p~2(cot.pl + cx*)2 (y~) + (yg)

If both beams have the same emittance, 110 is the convolution
of two gaussians and (JI~) == 1(1/1) == HfNlrh). The angu
lar spread of both beams combine to yield (~) == 2 (11"), or
2£N/3·h. Substitution into Eq. 6 gives

If 0:. cannot be made small, one can use 8.,. =: 111/2£ . + hhIl2~,

and then 9", == (cot.pl - cot "")110/2/3* + y~, which no longer de
pends upon a·. The two IIcattered protons are 8111Jumed collinear
at angle Yo. The rmB spread in position at the detector is
Y.m. == L1I,m. f';:l "fN/3l/'Ywhen .p. is near 900

, which at 120 Ilm
is about 2.4 times the measuring accuracy oC the detector,

If drift chambers 19 mm high are located 0.8 mm Cram the
beam and L'6 == 1000 m, the t-range is -0.00025 to .0.16 Gey2.
The same appe.ratull can be ulled to measure lIcattering at larger
angles if p. can be tuned to a smaller value. If P*, Ih, and /32 are
reduced by a factor oC 5 the t-range is from -0.006 to -4.0 GeV1

,

which is adequate to explore expected structure in the elastic
scattering cross section.

We conclude that no matter how high energy the accelerator
and no matter how poor the emittance, it is theoretically possi
hie to measure the cross section in the Coulomb region as long
as one has a. la.rge enough fj.. The intfinsk angular resolution
at the detector position is independent of the local P (PI) and
is best if the phase advance is near an odd multiple of 900

• The
main disadvantage of small /31 is that the distances to be mea
sured become small. This is quite accepta.ble if the detector can
measure such small distances accurately and without introducing
any significant dead space. The miniaturieed detector described
in Ref. 3 meets these conditions, at least for Ih ~ 300 m,

where Yo is the ,,-position of the scattering and rio is its angle.
Then

from the beam at detector 1. This effective length plays the role
of distance from scatterer to detector in a 6eld·free scattering
experiment. It is given by v7IlfF sin.p, where'" is the phase
advance from the IP to the deteetor(5J. If P. at the detector
is a typical 300 m, t/J is near a odd multiple of 90", and P* is
4000 m, then the effedive length is 1005 m, Protons scattering
at I"" .. == 0.8 Ilrad will then have a displacement fll == 0.88 mm
at the detector. This i. a tradable situation if the wall thickneee
of the detector can be as small as 0.02 mm, u in the design
of Ref. 3, where there ie only a 2.5% dead space between the
smallest detedable angle and the distance of closest approach to
the beam. The rms beam spot size at the detector position is
J/3.fNh == 0.12 mm. The detector wall is more than 7 standard
deviations {rom the beam, independently of fJ*.

Defining the measured IKatterinl angle at p<)6ition 1 as the
displacement divided by the effective length (8", == 711/Ld and
again following Edwards [5), we find
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Palh Lenglh (m)
J'lgure 1. Modilicatioll of • "t."dud :1:20 m insertion lor very large p' u:perirnenb. In thi. cue
.13: .. fJ; '= 4000 rn, and "': "" a; .. O. DetllCton will be pllU:ed at .hort wann ..c:tio-. near the illdic.ted
p~ition (at a .hort. .pool piece). He~ f'• .. 110 m and IJ" "" 310 m.

OllciliatioIUl. These beeome serioua for crossing angles large
compared with the transvene helm) aize divided by the
bunch length, or, for the sse pUameUlrtl, angles '.rge com
pared with 6.19 mrad x ,;p"11000 m. This upper limit is
indicated by the solid line labeled "00" in Fig. 2.

For (1" = 4000 m, we He that the cronin. anKle must be
larger than 1.2 mud but smaller than 13 mrad. In the absence of
dipoles between the triplets, the luge minimum angle precludes
both beams going through common triplet elements. For the
beams to be Car enough apart to go through separa.te elements
(say 35 em), either we must approach the upper limit at Q(lor

the triplet quadrupoles must be moved back substantially. In
any case, tuning to a smaller P*means moving to the left in Fig.
2 at constant o:-so that running into the Qa limit determines
the minimum P*.

The easiest way out of this dilemma i.a to use "straigbtening"
dipoles between the IP and the first triplet elements, 110 that
the beams are allowed to erose at the minimum acceptable angle
but Me parallel in the triplet. The insertion shown in Fig. 1
incorporates this feature: 5 meter long dipoles start 6 meters
from the IP, and the triplets are shown starting at ±12 m, The
beams pass through common triplet elements, each 0.6 em ofT
axis. The increase in the long-range tune shirt turns out to be
minor, as shown by the dashed line labeled "parallel beams"
in Fig. 2.

Our proposed insertion is not unique, and it is certainly not
yet optimal. For example, some changes will be necessary to
allow room for the small-angle calorimeters for the dilfractive
studies. The main point is that viable large-p" IRa are poaai
bie within the existing sse framework, and there seems to be
no obstacle to doing these interesting experiments in the weeks
following the commissioning of the sse.


