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I. Introduction
The measurement of the proton-proton total cross section

(QT) and 1ts dependence on the energy in the center of mass
(/s) constitutes a critical test of our ideas of the asymptotic
behavior of the strong interactions. The recent observations
" of a rising o, at ISR energies makes it importent that we further
investigate this phenomena at Isabelle energles. Some represen-
tative models and thelr predictions are listed below:

1. Simple Regge Pole models with Pomeron dominance 1in

the high energy region predict-cf sz where A 1is a'constant.

2. Regge Pole and cut models predict that
l-a ‘) .
=% b ¥ In (5/5,) so that, for example, g, = 50.6mb

at 80Tev labequivalentenergy.1

3. Complex Regge Pole models predict for the S dependence at

very high energies: Oy = A -Bcos ( 1ln S + D) where S, B,

C, D are constants.
4., Field Theoretical Models which saturate the Frorssart
bound predict o, = A + B (in 8/5_)°. A fit to the ISR results®

gives 4. = 52.2mb at 80Tev.



There are, of course, many other godels which predict a
different energy dependence for o, and which begin from vastly
different points of view &5 to the fundamental dynamilcs of the
strong interactions. A measurement of 0, to 1% sccuracy and

its S dependence would be a significant step in limiting the

range of acceptable models.

II Measurements of the Total Cross Secticn

Basically there are three methods for measuring the total
cross section with colliding besms. The first reguires the de-
. tection of nil interactions occuring in an intersection region;
the second involves a measurement of the attenuation of the beonms
due to their mutual interactions; the third determines the total
cross section from the elastic scattering cross section and the
optical theorm. In each caseé one measures a rate and normalizes
to the luminosity. Thus, in order to measure o, to better than
1% one needs to mezsure the luminosity to at least this accuracy.
Methodgzgimitazionsfor determining the;uminhsitywill bte discussed
later in this report. In the following we assume that the inter-
section regions have calibrated luminosity monitors.

a. Measurement of o, from the Total Interaction Rate:

The total cross section can be determined from the total

interaction rate (R) and the lumincsity (L) o, -,%

ﬂhc:e R is determined by surrcounding intersection region

as nearly as 13 possible with detectors.
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The general layout for such an experiment amﬁ details of

& possible detector and beam pipes is shown in Figures 1

and 2, In order to have high efficiency, good time resoclu-~ -
tion and low desdtime, all detectors should be scintilletion

counters, There would be two sets of concentric ring counters

(A) at small angles (0.5 to 5.0 mred) and two more sets (B)
at moderate angles (5.0 to 50.0 wrad). These counter rings
are in two sets in order to be able %o cover the wide angular
region required by the large energy range of the machine
{20 - 200GeV/c) with reasonsbly sized counters. The remaining
80lid angle is covered by two additional layers of counters
{C}).

The minimum angle detected by A is dictated by the
requirement that not tnq-many small angle elastic scatters
by lost. I the forwarﬁ'elnstic‘c;pas section is given by

10¢ :
then all but Imbk of e, is detected if counters

%% = 100 e
A cover angles corresponding to ¢ s -O;ﬂ&ﬁeﬂ?&e. At 200GeV/c
this corresponds to Opin = 0.5mrad. Thus the inner ring
would elrcle the Scm beam pipe at & distance of 50m. This
reguirement determines the length of the free space needed
in the intersection region.

&n extrapolation error of 205 to t > -0.01G62V/c®
corresponds to an error of 0.5% in determining a,.counter
arrays A snd B are made of concentiric rings in order to
simplify such an extrapolation. This correction can also dbe

mede with results from the small angle scattering experiment.
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The requirements of Isabelle fbr'guch an experiment follow:
1. Variable bteam momentum from the injection energy to the
maximum,

. 2. Beams colliding at the maximun angle to keep the length
of the intersectlon region small. Thils is required so that
reasonably sized detectors could be used to surround the
interaction region.

3. A moderate @ so that the beum divergence is small enough

to allow & free space of 50m on elither side of the interscce

tion region and so0 that the luminosity 1s limited to aveld

rate problems in the detectors.

4, 100 meters of magnet free straight section.

5. Negligible beam talis to minimize rate problems in the

small angle detectors.

These requirements result in a gﬂcq long intersection region
and & beam size of 6.3 x 3mm for a intersection angle of 20:;.
The ueam divergence is 250yr and the counting rate 1is 3 x 10° per
second assuming 10 awps in each beam,

We note that in such an intersection region, the beam-gas

background is less than 1% of the beam~beam rate for a luminosity

of 10 3%n? sec™! with a vacuum of 10~ igp Hg. From the point
of view of counting rate, the experiment could toierate lower
luminosity, but & serious reduction of the lumincsity below this
value without a ccmparable improvement in the vacuum would soon
limit the accuracy due tc beam-gas background. A luminosity sube
stantially higher than 103 em™? sec™! could begin %o result in

accidertal and deadtime problems due to the large ccllision rate
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and multiplicity. Since the experiment is set up to measure only
the total interaction rate, there ére no obvious advantages to
. horizontal or vertical crossing. The momentum spread of the
teams has no effect on the measurement beyond the constraint of
an intersection region with the specified characteristics. Bunche
ing of the beams can only increase rate problems with no benefit
since this measurement has luminosity to spare.

It is difficult to estimate the dwell time of an experiment
in & new facility but this: experiment should probadbly tie up a
crossing region only for several months. The detectors are simple
and the rate 1s high. In add;tton the requirements of Isabelle
shovld bte falrly straight forward. Most probably the most time
consuming and difficult part of the determination of S will be
the determination of the luminogity in the .5% - 1.0% range.

b. Measurement of ¢, from the Forward Elastic Cross Sectlon

L is measured as - a by-product of the small angle scat-
tering experiment.u If one measures the rate of elastic
scatters as a function of t, the optical theorm can be used

to determine o.-

l1 drR 1
a,. ™ ra'f(:-ﬁaz}

T
where L 1s the lumineosity, R the rate of elastic scatters

and a the ratio of the resl to imaginary parte of the for-

1/2
]

ward scattering amplitude, This formula assumes spin
independence of the elastic cross sections at small angles.
Messurements at sonventicnal acceleratoras seem to bear

out this assumption, but this low energy result must be
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taken over to Isabelle energies. The ratio of real to imagin-
ary parts, g, will also be determined.from the smell angle
scattering experiment from an observation of the interference

- of the nuclear scattering amplitude with the essentially real
coulomb amplitude. It should be noted, however, that spin
dependent and real part contibutions can only increase the
apparent o, SO that this method determines an absolute upper
limit to o In addition, this method depends on the lumino-
sity in a weaker fashinn than the other methods to determine
LA and for a fixed nmumber of events one obtains a statistical
error which is 50% of that for the direct methods of measuring
Ope The detector and beam requlirements for this experiment
are both severeand speclallized. They are discussed in detail
in another report.

¢. Measurement of o, from the Beam Attenuation Rate

The highest luminositlies to bé achleved at Isabelle
(1o3ucm41 sec'l) result in an attenuation of the protons
beams by ~8% per day for a total cross section of 50mb. In
order to measure O from this attenuation a subtraction must
be made for losses other than beam-beam interactions (eg. beam-

1°mm Hg, for

gas and beam-wall loss). For a pressure of 10~
example, the beam-gas loss is about 25% of the beam-beam rate.
Thus it seems rather difficult to measure ¢ T to the order
of 1% from a measurement of the beam attenuation over long

‘periods of time, .
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An alternative approach has been suggested6 which allows
the measurement of shevt term beam attenuatioh due to beam-beanm
interactions with a s. ;nal to noise ratio of >09% and which clearly
secparates beam-beam from other sources of attenuation. If one
beam 1s caused to sinusoldally sweep across the other beam by a
magnetliec deflectlion system, the beam attenuation due to beam-beam
interactions is periodic with the driving frequency of the deflec~
tlon system while other losses are approximately'constant in time.
By use of a high permeabllity toroid around the stationary beam,
the sinusoidal beam loss can be detected as an AC component in
the induced EMF in the toroid (Fig. 3) By phase locking techniques
the beam-beam loss of 1/105 per second can be detected and a sig-
nal to noise raiio of better than 99% can be achieved in only a
few seconds sampling time. These conclusions are based on a detec=
tion system which is not optimized,. a driving frequency of S5KC,
and a noise level of 1mV in the system. ' As with other methods of
measuring O the luminosity must be measured. . Collective beam
loss effects may be understood and corrected for by a series of
measuvements at different luminosities since such effects vary
with the luminosity.

As with the other methods of measuring O the attenuation
method requires a correction for scatters which do not result in
protons l2aving the heam phase space. In this case, this
correction can be determined in a way analogqus'to classical
O measurements hy the transmission method. Fora given set of 5
functions there 1s a minimum scattering angle above which a

scattered proton leaves the beam before reaching the toroid.
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In principle the determination of this angle 1s a straight for-
ward calculation in beam dynamics since che need not consider mech-
ine resonances which take more than a fractlicen of a turn in order
0 remove a scattered particle from the beam. By varying the
functions one could perform the equivalent of the classical total
cross section measurement where the limit ofe-» = 1s analogous
to the extrapolation to zero solld angle.

The correctlon for smell angle scatters remaining in the beam
- ¢can be ﬁade with data from the experiment on elastic scattering
so that, this attenuation measurement can be performed using the
highest luminosity. Thus, for example, & quassi colliniear region
Wj'thev’ (a g <.1m could give & luminosity of 1031"'cm'2 sec"l.
Beam shapes, divergence, and momentum spread should be such as
to maximize the luminosity. There is no preference for vertical
or horizontal crossing. Bunching of the beams to increase lumi: o~ . _.
s;ty i1s probably not a good idea in thié case as 1t results in
an additlonal periodic signal belng injected into the system.
If, however, 1t is found desireable to measure the attenuation
for different functions and lumlnosities to be able to correct’
for small angle and collective effects the requirement of the
machine are more varled. However, one could consider the toroi-
dal detector as a permanent facllity since it does not tle up an
intersection region. Then, whenever the machlne runs with a
' particular lumlnosity or% of Interest, the attenuation can be
measured so that eventually the data for making the connections
can be accumulated. In fact, even 1f thls were not necessary

the dwell time of this detector should be indefinite as it can



provide a measurement of the luminosity once o, has been measured.

This point will be elancrated later in this report.

d. Measurement of the Nucleon-Nucléon Total Cross Section

Ratio

For completeness we mention a suggestion7 for measuring

nucleon-nucleon total cross section ratios with colliding
deuteron beams by looking at spectator nucleon coincildences
with seintillation counters. A coincidence between two counters
where two spectator protons are expected would signify the
~ occurrence of an n-n interaction. Similarly a coincidence

between two neutrons. along the beam directlions wonld signify

~a pp collision while pn (np) collisions would be monitor:zd
7by'np {pr) spectator coincidences. Typlcally spectators would
have 1/2 the deuteron momentum with an angle 6 < .E/Th Gevyb'
which is lmr for Py = 200GeV deutefons. A schematic detec-

arrangement 1s shown in Figure 4.

III. Determination of the Luminosity
Many experiments with col”lding beams.require rather precise

ﬁeasurements cf the lumlnosity. These experiments are of twp
general classes, those which measure absolute reaction rates
 (eg., total cross sections) and thoswhich require relative lumino-
sity measurements in order to normalize a series of runs (eg.
studies of the S dependence in a particular reaction.) The prob=-
lem of luminosity measurement is a serious}one in that such a
measurement way limit the accuracy of a particular experiment.
The luminasity of the intersecting beams is defined by the

expresslon for the Interaction rate for a particular channel
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with cross scection oy Ni = L°1 where Ni is the rate and L the
luminosity. The luminosity can also be expressed in terms of
the properties of the intersecting beams; thus the luminosity

for a horizontal ecrossing at angle a 1ls given by

Lo 1

L = - .
e"¢ tana'/ 2 H where 4 1s the vertical overlap integral

of the two beams whose currents are Il and 12.

% = —rol (x) ) (x) dx where I £1,2 (x) 6x = 1

For 0° crossing the luminosity per unit length is given by

21 I [
aL 1 > _
L B = p, (%Y¥) o, (%,y) d x dy
dz €c A where K 1 2

I P12 (x,y) dxdy = 1,% is the two dimension normelized beam
2

density overlap integral. _ L -
Thus we see that the luminosity can be determined by two
general methods: first by measuring the reaction rate in a chan-
nel whose cross sectiog can be calculated or lndependantly
measured to the desired accuracy; second by determining the beam
characteristics, specifically the currents and overlap integrals.
As will be discussed below, luminosity measurements may require
" rather sever or unusuglconditions in an intersection region in
order to optimize the results, but this 1s not, in turn, a const
raint on the types of intersection regions which can be used

for experiments whose results depend on the luminosity. If the
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luminosity of any special intersection region is know and the
rate for any arbitrary, convenent reaction is measured in that

region, then the luminosity at any other region can be established

by a measurement of that same rate. In this way one constructs

calibrated luminosity monitors.
In the following we describe several methods for determining

the luminosity in order to illustrate the range of machine require-
ments that are needed for these approaches. In some cases we
will see that the machine requirements are so severeas to rule

out the feasibility of a particular approach.

a. The Van der Meer M‘ethod8

For two beams of current Il and 12 crossing at an average

angle of 0, the luminosity can be written

1= -I-_i:v-i %
e“c tan (6/2)
If one measures the beam currents by elther induction or by
observing gas scattering at a point away from the interaction
reglon, then a determination of H constitutes a measure of the

luminosity. H 1s the vertical overlap integral of the two beams

% = I Pa (X) PR (X) dx;where I PAB (X) dax = 1

Van der Meer considers a relative measurement of the interaction

rate as a function of §, the vertical separation of the two beams

R(8)y=c . I pp (X) B (X + 8) dx R (0) = Cc/H
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To determine C we measure the area of the curve R (3)

.[R(&)d6=c.[d6J‘pA(X) pB(X+6)dx=C.IprA(X)°

I d X pg (X + 8) since p, (X), pB(X) are normalized to unit
area I R (8) 48 = C. Thus 1/H = R(0)/ f R(4) 48

This calculation assumes the inlependence of beam shape
and detection efficiency on the displacement &. The shape changes
only if the betatron function is locally modified by a beam
displacement. The Van der Meer method has been used at the
ISR with an accuracy of 2% where the uncertainty is due to
the uncertainty in 59.. This method may be pushed to the level
of 1% accuracy but one must be careful to worry about changes in
the beam characteristics (shape, emittance) during the displace-
ment. In addition 1t is inconvenient to measure the luminosity
continually in this way becaﬁse 6f'£ﬂe duty cyecle factor intro-~
duced. |

b. Using the Intersection of a2 Hlghg and Low g Beamslo

This method for determining the luminosity requires

\';J

the intersection of two beams, one with low g and the other

with high g, at a finite crossing angle. Consider, for

instance, the intersectlon of a beam with B, = 1 meter (dia-
wh o benpy of Bz 1000 (dyz.5cm)

meter dl ”O,Smm)h at the c¢rossing angle 8 of .03 radians.

The Iintersectlon will look as in Figure 5. The intersec-

tion region is = 50cm long which 1s reasonable. In the

approximation By < Bp the luminosity will be given by
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2L, -
1 1
L “’;5'; - Iy y Sing

which for Il = 12 = 15 amps gives

L~ 6.5 x 105° .

Frggfzquationabamewe note that L is not dependent (to
first order) on the size or shape of the low B beam. It
is dependent only on the currents (which can be accurately
determined) and on the 3L,/ay of the high g beam. How this
aIé/%y can be determined by displacing the low § beon.verti-
cally and noting the counting rate R{y) as a function of
this displacement (¥y)

2L (st y=o0) = &RO).
oy In(y)dy
Thus L= 2 L2 _B(0)

ec sing IR(y)dy

This, of course, is the old Van der Meer method the two beans

have approximately the same dilameter. The trouble arises
when one bezm 1s displaced vertically to obtain R(y}.

There is no way of assuring that the vertical distridution
of the displaced beam does not change as a function of its
displacement. When the two beams are of similar size such
variations have oniy a second-order effect. A chénge in nmean

diameter of the low g beam by a factor ¢ of 105 will only cause
a change in J R (y) dy of (d3/d )¢ or 0.3%. Ten percent
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sooms G consorvative estimate for o Since larger changes
could be observed and measured. Errors in current neasurce
ment could bo made negligible and thus this method could
give Jusinositics to the order of 0.3% accuracy.
€. luminosity Dotermination by Beam Atvenustion

As discussed earlier in the report, the tota) beam«bean
interaction rate can be measured by sinrusocidally sweeping one
bean across the othoer and by using phase locoking sechniques
t0 extract the AC component of the veltage induced in a
toroidal beam monitor. It was supggested that such & measure~
ment when conbined with an independent Iuminosity measurement
could be used to determine g,. OF course, we can turn this
arguerent on its head, Once oy is known this method can be
used to measure the luminosity. In fact, even without a know-
ledge of Ays this approsch can give use useful method for
monitordng the relative luminosities at different times for
the sase machine energy or 4in an energy range where o varies
by less than the agcuracy needed in the luminesity. 7The [dce
feature about this approach &5 that it requires no special
apparatus in the intersection reglon to constrain experiments.
It can be used to perdcdically recalibrate luminosity monitors.
d. Feasurement of the Coulomb Replon in P-P Collisions:

A5 1s well known, at sufficiently low values of t {t «
02 Gevwh}a] the differentisl cross section for P-P 45 domin-

ated Ly coulomb scattering
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where t = E; E, (l-cos 98)
If one could study the small t reglon with sufiicient resolu-
tion, this calculabls cross section can be used to calibrate
the luminesity. Unfortunately, as will be shown, this idea
imposes prohibitive constraints on the angular divergence of
the colliding beams. Let us assume that one wishes a 1%
measure of the Juminosity.

& do/dt/8c/dt = 24 ¢/t = 1%
thus one must determine & t/t to 0.5%. From the relation
between t, E,, E,, and @

, 2 2, 1/2
At/tnz[@ng) + (é'é‘a')] = 2.5 x 1073

Ey = B, 200 GeV and t = '.,wz‘(GeV/c)a, for example, corres-
pond to 8 = 0.15 mr. Thus the largest tolerable beam diver-
gence 15 &4 § < .4 pr. This requirement is prohibitive. In
fact & great deal of beam gyrations are required to limit
the divergence t¢ the 25 pr required for the study of the low
£ nuclear elastic sca.tteringg at ISABELLE.

e, Coulomb Dissociation of Nit 1236 11

In the reaction p+p » p4p & » N 7" where the A is pro-
ducted in the coulomd field of one of the protons, the momen-

tur impulse required is g, = Mi - ﬁ = 3 KeV/c. In terms
P

of an impact parameter b = h/qL ~ 0.7A° so we see that the
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interaction occurs so far from the proton that we may
regard it as a point particle andvneglcct both the strong
interactions and the contribution of the proton magnetic
moment to th: electromagnetic interaction. Since the
coulomb photons are quite near the mass shell, the cross
section for the coulomb productiocn of deltas can be deter-
mined. by measuring low energy delta photoproduction. Gobbi
and Rosen estimate a cross section for coulomb production

of the A(1236) of about 0.3 ub which gives 100 events/sec
3

for a luninosity of 103l cm"2 sec” *, This reaction produces

a forvard going neutron of average energy 150 GeV and a at

AR IR R R R i o e
and energy in a calorimeter with a matrix of detection
elements. This method is limited by the accuracy of the
low energy photoproduction experiment andé by background.
It is proposed to suppress the 40 &b of strong interaction
backgrounds with veto counters and kinematic consiraints.
Out of this cross section there is 100 pb of N 7° diffrac-
tive production by Pomeron exchange. This background is
eliminated by kinematics. Exchanges of trajectories other
than the Pomeron are expected to be greatly suppressed at
Isabelle energies.

e. Electron Pair Production in P-P Collisicns

Budnev, et 31.12 have suggested the use of the re-
action P+P » P+P+et+e” in the appropriate kinematic wegion

in order to measure luminosity. In the region of small
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lepton rour-monentum the protons in the finoa stote do not

leave the beam, Yere, the cross scetion is dominated by

dlagrams of the sort studied by Brodsky and which can be
calculated from pure QED to accuracles of 1/103 (Fig. 6).
Plagrans involving strong vertices contribute only at the
level of 1/10”. Radiative corrections, which depend on
the details of the nmethod of detection, can be ignored at
the 13 level. At the level of 0.1% they must only be cal-~
cuviated to 10%.

The kinematic reglon of interest is the reglon of pro-
ton scattering angles < gg- ~ 2 ur, PFor this region the
cross section for pep + pip et4e” from QED is calculated

to be
- 2
28 ot 4E, 3 4E
U“)"m E'-'!‘_r [(lni—g-l) -;«g- lnl?-b--e]
M, . 'Hb”- -
where 8§ is a parameter which defines the region of phase
space to be considered: l qf ' < m?a.where o = 4 Wyls 3
Wty = energy loss by protens, For & = .1, for example,

the cross section is g > lmb, The kinematics of the elesctron

pairs is as follows: if T is the sum of the electron

energies
m
an 1 e E = 200 Gev
ay _ M E Te

ar-q ;2 it £ >> %E

The transverse momenta are both of order Em.e and their sum



1s near zero, i.2. e’ and e~ are emitted symmetrically around
the beam. Thus we must detect electron pairs of typical
momenta df 50 Mev and emission angles of 1Q mr with respect
to thé beams..: 1npe the cross section is > 1 mb we can
avoidpbeing swaﬁged by strong interaction background. In
fact, such a luminosity measurement could be made with two
small shower counters and vetos to eliminate events with
Jarge angle hadrons. One could work with luminosities of
1030 cmfasec'l and see 1000 events/sec and a background
counting rate from hadrons of only 10" - losfhec.

We must also consider variocus contributions to the back-
grounds. Lepton pair production on residual gas with charge
Ze can be calculated by the substitution of 2E/M for 4£?/M?
and 2 factor Zz‘in tpe formula for the beam-beam pair
production é;oés section, For a vacuum of 10'10 torr, beam
currents of 10 amps, a luminésit& of 1057 em2sec™t and Z=T
this background is 0.02%. Fair production in inelastic pp
scattering can contribute a cross section 10% of the signal,
however, the final state hadrons heve a wide angular distribution
(< 6> -1nr < P >~ 300 Mev/c) as compared to the final state
protons in the signal reaction. One can kill this background
by detecting lepton pairs in anticolincidence with hadrons.
The contribution of p + p =+ 7° + ...., 7° * v ete” is small
in this kinematic region (o ~ O;Sel Ki?/mw?). ~If, however,
it should be that the electron pair production in the

+ . .
appropriate kinematic region suffers from some residual back-

grougd ﬁroblem one can reduce the Kinematic region. This

3



does not substantially decrease the elastic pair production
cross section and the accuracy. For example, decreasing &

by 2 factor of 3 decreases the cross section by only 25% while

the background should scale down as 6,

IV, Conclusion:
In this report we have discussed several metheds for the

measurement of 0, and of the luminosity of colliding beams.
Certainly, in time, better methods will be suggested. The
point that must be emphasized, however, 1is that some of these
methods could give accuracles to the 1% level or better under
carefully controlled circumstances.

One can measure absolu?e luminosities under such controlled
circunmstances in erder to calibrate one or more 90° telescopes.
These telescopes would then provide the luminosity monitor in
that interaction region when the physics program proceeds.
During this time the method for measuring beam attenuation
with a toroidal detector far from the interaction region could
be used to pericdically monitor the relative luminosity and
thus the stability of the calibrated 90° telescopes. The
advantage of this approach i1s that an extensive effort with
optimal equipment could be mounted to measure the absolute
luminosity at convenient beam currents and for all beam energies
of interest. In fact, one coulé employ several of the methods
suggested above to.serve as a cross check, One could then
have 90° telescopes calibrated for all beam currents. These
telescopes could then bz used for all experiments (some

experiments may callbrate a still more convenient monitor

with respect to the 90° telescope).



Given a sufficiently accurate calibration of the luminosity,
the total cross section and its energy dependence can be
measured to the 1% level by several different methods (beam
attenuation, total rate, and dg/dt + optical theorem) which

have different background, systematic problems and dependence

on the luminosity. A comparison of results among these

methods would be useful if such accurate cross section

measurements are to be taken at face value,



Fig. 1)

Fig. 2)

Fig. 3)

Fig. 4)

Fig. 5)

Fig. 6)

Figure Captions
General layout for measurement of O by deteéting
all interactions.
Details of detectors and vacuum pipe for detecting
all interactions. '
Detector for measuring beam attenuation by phase
locking techniques.
Layout for measuring ratio of nucleon-nucleon total
cross section with stored deuterons.

Configuration of beams for measuring luminosity using

high and low P intersecting beams.
+ Ll

Diagrams of contributions to p + p " p + D + € + € ¢
a) Calculable reaction; b) Strong interaction background

which contributes at level of 107 of a).
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