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ABSTRACT 

We present the first results of a measurement of the total cross­

section OT in proton-proton collisions at equivalent laboratory momenta 

between 291 and 1480 GeV/c at the CERN Intersecting Storage Rings (ISR). 

The method is based on the measurement of the ratio of the total inter­

act ion rate and the machine luminosity. The data show an increase of 

about 10% in OT in this energy interval. 
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The simplest and most fundamental measure of the size of the proton 

as observed in very high energy p-p collisions is the total cross-section. 

The lower energy accelerator data have resulted in the expectation that 

CTT should remain essentially constant through the ISR energies, and much 

of the phenomenological description of strong interactions in the ISR 

range has been based on the notion that we have nearly reached the energy­

independent regime of hadron physics. In this paper we report a measure­

ment of CTT at four energies and find that there is an appreciable increase 

between 291 and 1480 GeV/c equivalent laboratory momentum. 

At a machine with two colliidng beams, one cannot measure CTT with a 

traditional transmission experiment. We instead find CTT from the detected 

rate RT of all interactions through the expression 

RT = CTT 1 , (1) 

where L is the luminosity of the beams. The luminosity represents the 

overlap of the two beam fluxes in the intersection region, and replaces 

the product of beam intensity times number of targets/cm2 in a conventional 

transmission experiment. In terms of the ISR parameters, 
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where I 1 and I 2 are the beam currents, e is the charge of the proton, c 

the velocity of light, and a the crossing angle of the two beams. The 

effective height heff is defined in terms of integrals over the direction 

(vertical) perpendicular to the plane of the two beams, as 

j P1(z) P2(z) dz 
(3) 

j p 1 (z) dz j p2 (z) dz 

Here p 1 and p2 are the beam densities as a function of z, the vertical 

coordinate. Inasmuch as all parameters in Eq. (2) except heff are known 

or measured during ISR operation to better than 0.1%, the determination 

of heff becomes the most delicate task in measuring L. 

In the present letter, a brief description of the experimental appara­

tus and most relevant information on the procedure followed to measure CTT 

are given. More details, both on the detectors and on the data reduction, 

can be found in a forthcoming paper 1 ). 
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The general layout of the experiment is shown in Fig. 1. The basic 

trigger requires at least one charged particle in cones surrounding each 

beam emerging from the interaction region. Each arm of the apparatus con­

sists of hodoscopes H1 , H2 , H3 , H4 • Hodoscopes H1 and H2 are in coinci­

dence and detect particles produced at angles 4° $ 8 $ 30°. In a similar 

way, the coincidence of H3 and H4 covers angles 0.8° S 8 ~ 7°. Each hodo­

scope consists of eight triangular counters, dividing the total azimuth 

into octants (Fig. 2a). 

Two large-angle hodoscopes (L and L ) surround the interaction region 
s 

and cover the angular interval from ~ 40° to 90° over nearly the full azi-

muth (see Figs. 1 and 2b). In order to detect those events in which the 

charged particles are emitted at 8 ~ 40° in one hemisphere, the coincidence 

(L • L ) is used in the trigger. This signal is set in coincidence with 
s 

one of the forward cones and added to the main trigger; by symmetry one 

knows the contribution of these large-angle particles in coincidence with 

the other cone. 

The trigger is completed by small hodoscopes (TB) on each arm, posi­

tioned downstream of hodoscope H4 in the region where the vacuum pipe has 

narrowed to an elliptical cross-section (see Fig. 2c). These hodoscopes 

are treated logically as small-angle elements of (H 3 • H4 ). 

In order to measure the emission angle of the produced particles, 

used to calculate the fraction of events lost by the trigger (see below), 

two additional hodoscopes H2 8 and H4 8 are set behind the trigger hodoscopes 

H2 and H,+. The structure of these counters is shown in Fig. 2d. The L­

hodoscope is also split into approximate 8-bins (see Fig. 2b). 

When a trigger occurs, the information pertinent to an event is trans­

ferred to an on-line computer via a CAMAC data acquisition system. This 

information includes a bit (fired or not fired) for each counter of the 

hodoscopes, clock readings of live time, and several digitized time-of­

flight (TOF) differences between hodoscopes (H!eft - H~ight, H!eft - H~ight, 
H!eft - H~ight, H!eft - H~ight, H!eft - L, H!eft - L). The fast logic is 

inhibited during data acquisition. The event rate entering into the cross­

section was computed as the inverse of the average live time before a bearn­

beam event was recorded, 
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The resolving time of the main trigger was kept rather wide, ±30 nsec, 

and accepted an appreciable amount of background events due to jets of 

secondaries generated in beam-gas or beam-pipe interactions and accompany­

ing the two beams. The separation of beam-beam events from single-beam 

background was obtained by analysing the previously mentioned TOF distri­

butions, in which background events were concentrated in peaks well se­

parated from those of beam-beam events. The shapes of the TOF spectra for 

background events were measured in separate runs with only one beam circula­

ting in the machine. These spectra were normalized to the background peaks 

in the beam-beam runs and subtracted. We have checked the accuracy of the 

background subtraction by altering the procedure for extracting events from 

the various TOF spectra. 

A flat background of less than 1% due to accidental hodoscope counts 

has been subtracted from the sample. The loss of good events owing to 

accidental start or stop of the TOF circuits was monitored in test runs 

taken in normal beam conditions, but triggering the electronics with a 

pulse generator. This loss was typically 1% and was added to the measured 

beam-beam rate. 

Because of the central importance in our experiment of knowing the 

luminosity, we now discuss three independent approaches to the determina­

tion of heff' related to L by Eq. (2). 

Before each data-taking run, three separate sets of scintillator 

monitors selecting different samples of beam-beam events were calibrated 

to give heff by the Van der Meer rnethod 2 ). In analogy with Eqs. (1) and 

(2) 

(4) 

where ~ is the monitor rate of beam-beam events and ~ is the calibration 

constant. The Van der Meer (VDM) method consists in displacing the beams 

vertically with respect to each other and measuring ~ as a function of re­

lative beam displacement o. The value of heff(t = O) is then given as 

the ratio of the area under the displacement curve to the rate at the top. 

of the curve, so that 

0) (5) 
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The area under the displacement curve was obtained by numerical integra­

tion and also by fitting the data with simple functions such as a Gaussian 

The calibration constants were insensitive to within 1% to the method used 

to calculate the area. The heff value at any later time was obtained from 

the measured time dependences of~ and I 1 , I 2 and Eq. (4). The values 

obtained from our different monitors agreed to within 1%. 

In order to check the displacement scale used in the Van der Meer 

method, we have employed a counter-spark chamber telescope, positioned in 

the horizontal plane, viewing the intersection region at 90° from inside 

the ISR rings. Nearly horizontal tracks can be projected back to the ver­

tical plane at the beam centre. We have displaced the two beams equally 

in the same direction and measured the centre of the beam-beam profile. 

In addition, we have displaced a single beam through a dilute gas of ti­

tanium atoms evaporated from a source near the interaction region and have 

determined the centre of the distribution. These measurements give for 

the ratio of spark chamber scale to ISR scale 1.012 ± 0.010 and 1.000 ± 1.012, 

respectively. We thus assign an energy-independent normalization to the 

luminosity (and hence crT) of ±2%. 

The second method of obtaining heff employs the spark chamber telescope. 

Using the titanium source, we measure the individual beam profiles p1 (z) 

and p2 (z) which from Eq. (3) yield heff' The trigger for this measurement 

selects a recoil proton from quasi-elastic beam-gas scattering with momen­

tum greater than 600 MeV/c in the telescope and a small-angle particle along 

one of the beams. Events with particles elsewhere are rejected. The trig­

ger topology allows identification of beam 1 (Bl) or beam 2 (B2) events 

with a probability of misidentifying the beam of less than 3%. Values of 

heff obtained in this way are given in Table 1 and compared with the VDM 

values for the same time. 

The third approach is provided by observing the beam-beam (BB) over­

lap p1 (z)p 2 (z) directly. The spark chambers are triggered during normal 

beam conditions by a pion of momentum greater than 190 MeV/c in the tele­

scope and small-angle particles in both hemispheres to ensure BB events. 

This method is not fully independent of the second one, since one must 

know the relative widths and central positions of the two beams in order 

to extract heff from the observed BB overlap. The usual sequence of spark 

chamber runs was BB, Bl,B2, and again BB. The widths and centres of Bl and 
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B2 profiles are used to calculate the correction factor, usually close to 

one, required to analyse the BB profiles. Table 1 gives heff values from 

the BB measurements. 

The resolution in the vertical beam coordinate z in the spark chamber 

measurements is mostly due to multiple scattering in the vacuum pipe wall 

and in the chambers themselves. It is to a lesser extent due to the in­

trinsic chamber resolution and the track projection error across the beam 

width. These effects have been computed with detailed Monte Carlo cal­

culations. The probable error in the resolution is estimated to be ~ 10%, 

which causes a possible systematic error in spark chamber values of heff 

of ~ 3%. 

The listed errors in Table 1 for spark chamber measurements are stat­

istical only, while those on the VDM method are not only statistical, but 

also include the uncertainties arising from fitting the VDM displacement 

curves. Agreement between spark chambers and VDM is generally within 3% 

and consistent with the errors. Only VDM values of heff have been used to 

obtain OT in this paper and have an estimated accuracy of ±2%. The spark 

chamber measurements have a somewhat greater uncertainty but exclude the 

possibility of large (> 3%) errors in the luminosity. 

The ratio of the measured rate of beam-beam interactions and the 

luminosity gives the partial cross-section detected by the apparatus. The 

fourth column of Table 2 shows the values obtained at incident beam momen-

ta of 11.8, 15.4, 22.6, and 26.6 GeV/c. 

In order to obtain the total cross-section, a correction must be made 

for events not accepted by the trigger. The most important loss is due 

to protons scattered elastically at angles smaller than the inner edge of 

the TB counters. It should be observed that such protons emitted towards 

the small-angle detectors can also fail to give a trigger, owing to mul­

tiple scattering and interactions in the pipes. The over-all loss was 

calculated with the Monte Carlo method and with known parameters of elastic 

scattering 3 ). The results are given in column 5 of Table 2. Quoted errors 

are due to uncertainties in the elastic cross-section, in the geometry of 

detectors and interaction diamond, and in the model adopted to describe 

proton-pipe interactions. 
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A small fraction of inelastic events fail to trigger because the 

charged particles are all emitted towards the beam exit holes in H4 or 

towards the gaps 30° :S 0 $ 40° between H2 and L. 

The loss of inelastic events due to charged particles directed inside 

the beam exit holes has been estimated by plotting the trigger rate as a 

function of the maximum angle of the produced prongs in either cone. The 

amount of elastic events contained in this sample was subtracted. The dis­

tribution of the remaining events was extrapolated to zero angle, and was 

used to culculate the loss inside the pipes. The result at the various 

energies is given in the sixth column of Table 2. The errors include an 

est irn:1le of possible systematic effects. The loss of events due to all 

charged particles of one hemisphere being produced in the gap between H2 

and L has been studied and found to correspond to less than 0.05 mb at all 

momenta. This loss has been neglected. 

The final values for OT are quoted in the seventh column of Table 2 
4) 5-7) 

and are shown in Fig. 3, together with values from Serpukhov and NAL • 

The errors correspond to root-mean-square addition of the errors on the 

entries of columns 4, 5, and 6 of Table 2. They are dominated by the 2% 

error taken for the luminosity determination. In addition, as explained 

before, we associate a ±2% over-all normalization error common to 

all momenta arising from possible systematic effects in the luminosity 

scale. 

We note the increase in total cross-section of nearly 4 mb within the 

energy interval st11died. These data are in excellent agreement with recently 

·1 "bJ s) h h' h 1 h 1 . . ava1 a .e measurements at t e ISR w ic emp oy t e e astic cross-section 

They also agree at our lowest momentum and tile uptical theorem to obtain OT. 

with the highest energy data at NAL 7 ) The existence of a rise in OT at 

energies above the ISR range has already been suggested from cosmic-ray mea­

surements 9). The possibility of rapidly rising total cross-sections at very 

high energies has been considered theoretically by Heisenberg10 ), and by Cheng 

and Wu 11 ). The presence of an energy dependence in OT indicates that if an 

asymptotic limit exists, it has not been reached at ISR energies, and points 

up the interest in extending all total cross-section measurements to higher 

energies. 
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Table 1 

Measured effective heights referred to a conunon time 

Beam heff (nun) 

momentum Date 

(GeV/c) (1972) Van der Meer Beam 1 and Beam 1 - beam 2 
method a) beam 2 profiles overlap profile 

11.8 
I 

14 Nov. 8.12 ± 0.14 8.11 ± 0.14 8.47 ± 0.30 

I 15.4 18 Dec. 7.90 ± 0.08 7.60 ± 0.11 7.63 ± 0.13 

22.6 15 Dec. 6.10 ± 0.12 6.12 ± 0.19 5.83 ± 0.08 

26.6 19 Nov. 6.15 ± 0.09 6.42 ± 0.18 6.16 ± 0.12 

a) There is a possible ±2% scale error common to all Van der Meer values. 



Table 2 

Summary of results on total cross-section 

Beam \ c .m. energy Equivalent Detected Increment for Increment for 
momentum ' squared lab. beam cross-section elastic loss inelastic loss OT 

momentum 

(GeV/c) (GeV) 2 (GeV/c) (mb) (mb) (mb) (mb) 
\.0 

I 11.8 548 291 38.66 ± 0.79 0.54 ± 0.10 0.10 ± 0.02 39.30 ± 0.79 

15.4 932 496 39.93 ± 0.81 0.75 ± 0.10 0.17 ± 0.04 40.85 ± 0.82 

22.6 2005 1068 I 40.69 ± o.84 1. 54 ± 0.15 0.34 ± 0.10 42.57 ± 0.86 : 
; 

26.6 2776 1480 I 40.53 ± 0.83 1.95 ± 0.20 0.50 ± 0.12 42.98 ± 0.84 
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Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Schematic layout of the experiment. H1 , ••• , H4 , counter 

hodoscopes, binned in ¢-octants. H28, H48, counter hodoscopes 

comprising four quadrants split into 8-bins, L, double-layer 

counter hodoscope box (four planes of scintillator/lead/scin~ 

tillator sandwich). Ls, small counter box (four counters) 

surrounding the intersection. TB, scintillation counters leav­

ing minimum clearance for the beam pipes. Some additional 

monitor counters are not shown in the figure. 

Schematic drawing of hodoscope counters. 

a) H1 hodoscope, Hodoscope H2 is similar, but the ¢-bins are 

rotated by n/16. Hodoscopes H3 and H4 are like H1 , H2 , 

but with no off-centre hole. 

b) L-box. Only the first layer is shown. The second layer 

is behind it, with a lead plate in between. 

c) TB counters. 

d) 8-hodoscopes. The outer rings are split into octants, the 

inner rings into quadrants. 

Plot of the results versus equivalent beam momentum. The 

Serpukhov (Ref. 4) and NAL (Refs. 5-7) data are shown for com­

parison. 

0: Data of Ref. 4; 0 Data of Refs. 5-7; e: This experiment. 
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PISA-STONY BROOK 

SKETCH OF COUNTERS OF TOTAL CROSS-SECTION EXPERIMENT 

a ) l.P- hodoscope b) L - box 

c) TB counters d ) 8 - hodoscope 
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