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ABSTRACT 

Measurements of proton-proton elastic scattering at angles around 

6 mrad have been made at centre-of-mass energies of 23, 31, 45 and 53 GeV 

using the CERN Intersecting Storage Rings. The absolute scale of the 

cross-section was established by determination of the effective density 

of the colliding beams in their overlap region. Proton-proton total 

cross sections were deduced by extrapolation of the elastic differential 

cross-section to the forward direction and by application of the optical 

theorem. The results indicate that over the energy range studied the 

proton-proton total cross-section increases from about 39 to about 43 mb. 
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The measurements of the strong interaction proton-proton total 

cross-section, 0 , presently being performed at the CERN Intersecting 
t 

Storage Rings (ISR) use methods other than the conventional transmission 

technique, which is not directly applicable to colliding beams. In one method 

0 
t 

is obtained from a measurement of the differential elastic scattering 

cross-section by application of the optical theorem1 ' 2 ), in another the 

total number of proton-proton interactions is counted3 ). In applying the 

first method two different approaches have been used to fix the absolute 

scale of the elastic cross-section: measurement of the elastic cross-
1, 

section at very small momentum transfers , , where Coulomb scattering is 

dominant and known in absolute value, and determination of the machine 
4,2) 

luminosity by the Van der Meer method • 

This Letter presents measurements of 0 at centre-of-mass energies, 
t 

;;, of 23, 31, 45 and 53 GeV using the first method. The various steps 

involved may be summarized as follows: 

a) Measurement of proton-proton elastic scattering at angles 8 around 6 mrad. 

b) Determination of the effective density of the colliding beams in their 

overlap region (machine luminosity)by the Van der Meer method, which 

establishes the absolute scale of the differential cross-section 

dO/d~. 

c) Extrapolation to 8 = 0 using the measured 8 dependence of do/dn. 

d) Calculation of ot from the optical theorem. 

The apparatus consisted of small scintillation counter hodoscopes 

measuring elastic scattering and of three monitor systems of large scin

tillators, detecting inelastic events at angles of about 50 mrad, to de

termine the ISR luminosity. At the beginning of each run the monitors 
4) . 

were calibrated by means of the Van der Meer method , which may be 

described as follows. 

The relationship between the counting rate R of a detector, 

registering events produced by two beams crossing in the horizontal plane, 

the cross-section ~o corresponding to the events counted by the detector 

and the vertical density distributions of the stored beam currents 

i1(z-z1) and i 2 (z-z 2 ) may be written 



- 2 -

+oo 

R( o) 
60 f i 1 ( z) i2(z + o) dz (1) 
K ' 

-CXl 

where o = z1-z2 lS the vertical displacement between the centres 

z1 and z2 of the two beams. The constant K is given by 

K e 2 Sc tg (%) (2) 

O'. being the crossing angle of the beams at the ISR (a = 14. 79° ± 0.01°) 

and Sc the velocity of the protons. Since the beams do not meet head-on} 

but each crosses the full horizontal width of the other, the collision 

probability does not depend on the shape of the density distribution 1n 

the horizontal direction, hence only the convolution of vertical 

density distributions is needed in Eq. (1). Following a suggestion of 
4) 

Van der Meer a simple method has been used to determine the normalising 

factor 60/K in Eq.(l). This method consists in measuring the counting 

rate R(o) as a function of the vertical displacement cS between the two 

beams. The following relation then holds 

+oo 

j' R(o) do 

-CXl 

because 1 1 and 1 2 , the currents of the two cjrculating beams, are 
+oo 

given by the expression I = f i(z) dz. 
- 00 

+oo 
In this experiment the integral f 

-oo R(o) do was measured 

by means of a monitor system which detected events from beam-beam 

collisions while the two beams were displaced vertically, one re-

(3) 

lative to the other, in small and precise steps (typically 66 0.50 + 

0.01 mm at all energies). The experimentally determined integral, 

normalized to the product of the measured circulating currents (known 
-4 

to better than 10 ) gives, using Eq.(3), the cross-section 60M for 

events which are within the acceptance of the monitor system. The 

;:iro·:c~dure is valid only if the beam shapes are invariant during their 

displacements and only if the monitor rate is independent of the 

position of the source. To meet the second requirement a monitor 

which detects inelastic events is essential. 
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The relation between the "monitor constant" and the elastic 

scattering cross-section 60 integrated over 60 is given by 
E 

I (4) 

where NE and NM are the elastic and the monitor rates counted simult-

aneously. For Eq. (4) to be valid it is only necessary that the ISR 

energies are equal to those used for the calibration and that the monitor 

efficiency remains constant. The other parameters (such as beam currents, 

beam shapes etc.) can be changed at will and need not stay constant dur

ing the measurement of elastic scattering. 

The counter arrangement used to measure elastic scattering events 

is shown schematically in Fig. 1. Protons scattered in the vertical 

plane were detected in coincidence by means of the two systems of scin

tillation counters A and B, each consisting of one hodoscope and two 

trigger counters, placed 9 m from the intersection region. Each hodo

scope covered an area of 30 x 70 rnrn 2 and was formed by two separate ar

rays of horizontal and vertical scintillators. The horizontal scintil

lators H. (i = 1, .. ·' ,5) were 6 rnrn high and 70 mm wide, while the vertical 
1 

scintillators V. ( i = 1, ... ,7) were 30 mm high and 10 rnrn wide. The 
1 

effective size of each hodoscope element was thus determined by the 

height of the horizontal and the width of the vertical scintillators. 

The two arrays of horizontal and vertical scintillators were placed in 

between two trigger counters (called A', A'' and B', B'' for the A and 

ll systems, respectively) of dimensions 35 x 75 rm11 2 ,sufficient to cover 

the hodoscope scintillators. 

A and B were placed in special, thin-wall sections (ll.2 mm stain

less steel) of the !SR vacuum chamber which could be displa,~ed vertical

ly towards the beams. The two hodoscopes were set symmetrically with 

respect to the crossing region to observe elastic scattering at angles 

around 6 mrad with the ISR operating at equal beam momenta. 

The four-fold coincidence combination A'A' 'B'B'' was 

used to gate pattern units which registered the signals from the hodoscope 
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counters. The data, together with the time-of-flight between conjugate 

trigger counters and the pulse-heights of all counters, were recorded for 

each event. The rates of the three monitor systems were also recorded. 

A CAMAC system and a small on-line computer were used for data collection 

and storage on magnetic tape. 

In order to have the crossing region small with respect to the size 

of the hodoscopes the data were taken with the machine working in the 
s) 

Terwilliger mode . In this scheme, which uses special quadrupoles in 

the machine lattice, the width of the beams is determined only by the 

betatron oscillations. The distribution of the interaction points was 

approximately gaussian in shape with r.m.s. values of about 3 mm in the 

radial direction and about 1.5 mm in the vertical direction. Thus for 

the elastic (collinear) events, in which one of the scattered protons 

was detected close to the centre of one of the hodoscopes, the coincident 

proton was practically always detected by the other hodoscope. With 

stored currents of ~bout 5 A the coincident rate at (22.6 + 22.6) GeV/c 

was about 20 events/sec; the accidental rate between hodoscopes A and B 

was always less than 1%. 

In the data analysis only those triggers were used in which at 

least one array element of each hodoscope (out of twelve) had fired. This 

corresponded to the requirement of at least a six-fold coincidence. 

At all energies, about 72% of these triggers were events with 

one firing on a horizontal and a vertical counter in both hodoscopes. 

The events which fired two counters of the same array were about 16%. 

These events were interpreted as mostly due to 6-rays produced in the 

trigger counters or in the hodoscope scintillators. This interpretation 

agreed with measurements performed in a particle beam in connection with 
• • 1 ) • • 

a previous experiment . Six per cent of the triggers were multiple 

firings, which were attributed either to interactions in the vacuum 

chamber of elastically scattered protons or to true inelastic processes 

coming from the source. In about 6% of the events one of the four ar

rays gave no signal. The number of these blank events agreed with 

estimates based on the measured spacing between adjacent counters of the 

arrays. 
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The events (with the exclusion of blank events) were displayed in 

matrices according to the following procedure. Consider the centre ele

ment of hodoscope A as the element defining the solid angle L~, i.e. 

the element (H 3 V4 )A. Elastic events registering in this element have 

their conjugate proton distributed over hodoscope B. The events in 

which only this element of hodoscope A was fired and, on the opposite 

hodoscope B, there Pas only one firing of a horizontal counter H. and 
i 

one firing of a vertical counter V., were added with weight 1 to the ma-
J 

trix element ij. For multiple events (both of A and/or B hodoscopes) 

weights smaller than 1 were attributed to each possible AB combination 

in such a way that each detected event was counted only once. In this 

manner the total number of elastic events in the sample was not altered, 

independent of whether a a-ray was produced or the scattered proton 

had interacted in the chamber wall or in the counters. An example of a 

(H.V.)B matrix obtained in a run at (26.6 + 26.6),GeV/c selecting the 
i J 

central element (H 3 V4 )A of the A hodoscope,is shown in Fig. 2. The to-

tal number of events in this matrix is about 5500. The kinematic car-

relation typical of elastic scattering events produced a prominent peak 

over a small background, caused by inelastic processes. The dimensions 

of the source and of the counters fixed the definition of elastic events, 

which corresponded to the criterion that two charged particles were col

linear with an r.m.s. angle of ±1 mrad in the horizontal and ±0.4 mrad 

in the vertical plane. These angles correspond to transverse momenta 

of about 20 MeV/c, rmall enough to ensure that the contribution of any 

other known physical process has a much wider distribution. In particu

lar, since the typical transverse momenta in the decay of a diffract-

ively produced resonance are about 200 MeV/c, the distribution of 

the decay particles is practically uniform below the peak of Fig. 2 and 

contributes to the uniform background, which is subtracted. Unknown 

phenomena of sizeable cross-sections,having characteristic transverse 

momenta smaller than~ 20 MeV/c, would invalidate the present definition 

of elastic events. 

The procedure described above for the central element (H 3V4 )A of 

hodoscope A has been applied to the nine central elements of hodoscopes 

A and B. The elastic event rate NE introduced in Eq. (4) was then 
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obtained by subtracting a common background from the matrices correspond

ing to these nine central elements H.V. (i = 2,3,4 and j = 3,4,5) of the 
i J 

hodoscopes. The percentage values of the background, subtracted at the 

four different ISR momenta of (11.8 + 11.8), (15.4 + 15.4), (22.6 + 22.6) 

and (26.6 + 26.6) GeV/c were 3.5%, 5.0%, 7.5% and 10%, respectively, and 

were obtained by means of a computer program which fitted the shape of 

the peak in the matrix. For the nine combinations. chosen the elastic 

peak was quite well centred on the matrix itself so that the border los

ses due to the finite extension of the hodoscope arrays were small (less 

than 2%) and could be safely estimated. 

In applying Eq. (4) the main source of error turned out to be the 

uncertainty in the monitor constant lloM so that three independent moni

tor systems, M1 , M2 and M3 , were used. Each monitor consisted of two 

pairs of scintillation counters placed about 5 m from the intersection 

region to detect mainly inelastic beam-beam collisions. The dimensions 

of these counters were 20 x 30 cm2 for monitor M1 , 40 x 40 cm2 for M2 , 

and 50 x 50 cm2 for M3 • In order to avoid orbit distortions induced by 

simultaneous displacements of the beams in the other intersection regions, 

many special calibration runs were performed, at the four lSR energies, 

by displacing vertically the beams only in the intersection region where 

the apparatus was mounted. The absence of beam blow-up effects for high 

intensities (i.e. beam currents >5A :: was established by calibration runs 

at (26.6 + 26.6) GeV/c u1 which the product of currents (1 1 x 1 2 ) was 

varied by a factor of ten and in which the vertical heights of the beams 

was changed hy a factor nf two. The observed maximum spread of 

the fuost stable m0nitor at any given energy in any condition was ±2% 

over a period of about two months. The cross-sections were computed using 

this monitor 

stant l10M 

spread. 

and attributing to the determination of the monitor con

a standard deviation of 2%, equal to the observed maximum 

Having obtained the elastic differential cross-section at angles 

around 6 mrad the Coulomb c:ontribution, which varied from "" 5% at 

(11.8 + 11.8) GeV/c to \ 0.2% at (26.6 + 26.6) GeV/c, was subtracted and 
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the extrapolation of the nuclear scattering differential cross-section 

do/dt = dO to the forward direction was performed using the ex-

press ion 

dt) = (do/dt) 
t = 0 

bt 
e (5) 

The forward scattering cross-section was then related to the total cross-

section ot through the optical theorem: 

1611 
) (~~) . 

t=o 
(6) 

(1 + p 

The previous equations are based on the assumptions that the nuclear 

differential cross-section depends exponentially on the square of the four-

momentum transfer,t, with a constant slope parameter b down to zero 

scattering angles, and that spin effects are negligible. The validity 

of these assumptions was discussed in Ref. 1. The ratio cf the real 

to the imaginary part of the nuclear amplitude, p, has been previously 

measured 1 ) and its average value between ;-; = 23 and 31 GeV was found to be 

p = 0.025 ± 0.035. Since the result is compatible with p = 0, this 

value has been assumed in applying Eq. (6). The presence of a small real 

part does not affect the determination of o 
t 

In fact an uncertainty of 

6p = ±0.05 would cause a decrease of of only 0.05 mb. 

Table 1 gives the momentum transfers It\ at which the elastic 

scattering was measured, the values of the differential cross-section 
1 I t I 

do/dt, the parameters b used, the extrapolation factors e) 1 and the 

forward nuclear cross-section (do/dt) . 
t=O 

The values of b used in Eq. (5) and shown in Table 1 ~-ere obtaineci 
6 , 7) . 

by interpolation of previous measurements taken together with new 

values obtained at I~ = 45 and 53 GeV with the apparatus described in a 
. . . 1 ) 

previous publication . The new results are: b = (12.6 
-2 

± 0.4) CeV 

in the range 0.01 ~ ltl ~ 0.05 GeV at ;-; = 45 GeV and b 13.1 ± 0.3 GeV- 2 

I I L 
in the range 0.01 ~ itl ~ 0.06 GeV at 53 GeV. These values agree 

well with the figures obtained at somewhat larger momentum 
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s) . h . h f I I 0 1 G v transfers , which supports t e assumption t at or t ~ . e the 

value of b in Eq. (.':>) remains constant. 

The sources of the errors on the extrapolated differential cross

sections are listed in Table 2. As discussed previously, the biggest 

contribution arises from the uncertainty in the measurement of the moni-

tor constant. A safe estimate has been made for the error introduced 

by the inelastic background subtraction, since the error has been taken 

equal to 15% of the background itself. In addition, the effect of a 
-2 

generous error 6b = ±0.5 GeV , which is about twice the experimental 

error, has been taken into account in Table 2. 

The errors appearing in Tables 1 and 2 are point-to-point errors. 

In addition there is a scale error which affects equally the measured 

differential cross sections at the four momenta, with an estimated 

standard deviation of 3%. It was obtained by combining estimated 

errors of ±2% due to calibration of the magnets which displace vertically 

the beams in the ISR, ±2% due to uncertainty in the knowledge of the 

solid angle 6~, ±0.5% due to possible counter inefficiencies, and ±1% 

due to the uncertainty in the background subtraction of the blank 

events and in the estimate of the border losses. 

Table 3 contains the total cross-section obtained from Eq.(6). Note 

that percentage-wise the errors in o are one-half of the errors in 
t 

(da/dt)t=O because this enters under the square root in Eq.(6). The fifth 

column of the table gives the total elastic cross-sections ael computed 

using the extrapolated values of the forward cross-section with the quoted 

slopes for ltl < 0.1 GeV 2 , and an exponential behaviour of smaller slope 

for jtj ~0.1 Ge~2 as measured by Barbiellini et al 7
). In the last 

column the total inelastic cross section a. = a - o 1 is given. 
in t e 

'I'he values of the total cross-sections are plotted in Fig. 3 together 
l 8) 

with other published data • as well as the antiproton-proton cross-section 

up to 50 GeV/c. The present results at;;,= 23 and 51 GeV,(a = (39.1 ± 0.7)mb 
t 

and a 
t 

(40.5± 0.8) mb, respectively) can be compared with the values 

obtained at the same energies by using Coulomb scattering to normalize 

the cross-section scale 1 ): (38.9 ± 0.7) mb and (40.2 ± 0.8) mb, re

spectively. The average difference is (0.25 ± 0.75) mb, well within the 
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errors. This good agreement demonstrates that at these two energies the 

evaluations of the luminosity by the Van der Meer and the Coulomb scattering 

methods :igree within (1 ± 4)%. 

The main conclusion of this experiment is that the proton-proton 

total cross-section increases by 

!::.a 
t 

( 4. 1 ± 0 • 7) mb (7) 

when the centre-of-mass energy increases from 23 to 53 GeV. The present 

ISR data alone may be fitted by a linear increase with £n s. On the other 

hand, Fig. 3 indicates that 0 goes through a shallow minimum around 
t 

s 0 = 200 GeV 2 where 0 = cr 0=(38.4 ±0.3) mb. Thus, over a wider energy 
t 

range, 100 :;: s ~ 2800 GeV 2 an expression of the form 

(8) 

provides a good fit to the data with cr1 = (0.9 ± 0.3) mb and V = 1.8 ± 0.4. 

Such an increase of the total nuclear cross-section with energy agrees, 

within a large error and over this energy range, with the Froissart limit, 

v = 2, which corresponds to the maximum rate of increase allowed by uni-
. 9) 

tarity . 

Cosmic-ray data have recently been interpreted as suggesting a 

similar behaviour 10 ) for cr .. An increase of cr. proportional to 
2 in in 

(£n s) was first suggested by Heisenberg11 ) as a consequence of his 

bremsstrahlung model of multiple production. 

The present results, together with previous data, lead to the 

following picture of proton-proton interactions at the highest energies 

attainable with present accelerators. 

i) The slope b of the forward elastic differential cross section in-
6 7) creases monotonically with energy ' . In the ISR energy range explored 

the increase is (11 ± 3)%. 

ii) The ratio p of the real to the imaginary parts of the forward 

scattering amplitude increases 1- 10 GeV 12 ) from about -0.1 at }s = 

to a value consistent with zero, p = 0.025 ± 0.035 
i) 

at Is =25 GeV 
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iii) The total nuclear cross-section goes through a shallow minimum 

at ~ 15 GeV and then increases by nearly 5 mb as the energy in-

creases to ;-; = 53 GeV. In the ISR energy range the increase is 

(10 ± 2)%. 

iv) The elastic cross-section CT starts to increase from a similar 
el 

shallow minimum at a similar value of the centre-of-mass energy. In the 

ISR range the increase is (12 ± 4)%. This is understandable from points 

(i) and (iii) above, since integration of Eq. (5) gives 0el cr 0~/b. 

(The change of slope beyond ]tJ ~ 0.1 GeV 2 gives a correction of a few 

per cent to this expression.) 

v) The inelastic cross-section, 0, 
in 

about (10 ± 2)% in the ISR range. 

0t - 0el' thus also increases 

The approximate equality of the relative increases of b, 0 , 0 1 t e 
and CT. 

in 
in the ISR energy range is consistent with a naive optical 

model of an absorbing disc of constant opacity, since in such a picture 

all four quantities are proportional to R2 , where R is the interaction 

radius of the scattering particles. Within this framework the data in

dicate that the radius R increases by about 5% when the centre-of-mass 

energy increases from /s = 23 to 53 GeV. 

The following final remarks may be made. It has been found by 
9) + . 

Denisov et al. that the K - p cross-section increases, from a constant 

plateau of 17 mb below 20 GeV/c, to about 18 mb at 55 GeV/c. Considering 

the trend of the antiproton-proton cross-section shown in Fig. 3 it is 

nceivable that this cross-section passes through a minimum at a value 

of s :, 300 GeV 2 befc1re rising towards the p-p cross section, if there is 

a common high-energy limit as required by the Pomeranchuk theorem. One may 

then speculate that the K+- p, p-p and p-p total cross-sections begin to 

increase at energies connected with the magnitude of their plateau cross

sections ,the rise appearing at lower energy the smaller the cross-section 

of the plateau. One would thus expect that the total cross-sections for 
+ 

K - p, n - p and TI - p will also rise appreciably at laboratory momenta 

above 60 GeV/c, but in all three cases at momenta lower than that at which 

the p-p cross section begins to rise. 
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TaLJ.e 1 

Measured elastic differential cross section 

ISR I ti (do/dt) b 
bl ti (do/dt)t=O e 

Momentum 2 -2 extrapol-
(GeV/c) (GeV 2 ) 

(mb/GeV ) (GeV ) ation factor (mb/GeV 2 ) 

(11. 8+ 11. 8) 
-3 

8.1 10 71.0±l. 5 11.8 1.10 78.1±1. 7 

(15.4+15.4) 13.5 10_3 71.0±l. 6 12.3 1.18 83 .8±1. 9 

(22.6+22.6) 
_3 

17.5 10 73. 8±1. 7 12.8 1.25 92.3±2.2 

(26. 6+26. 6) 23.0 10- 3 70. 6±1. 8 13.1 1.35 95.4±2.6 

Table 2 

Point-to-point errors 

Source of error Percentage standard deviation on (do/dt) t=O 

11.8 15.4 22.6 26.6 
GeV/c GeVJc GeV/c GeV/c 

Monitor constant f:crM ± 2.0% ±2.0% ±2.0% ±2.0% 

Statistics < 0.5% <0.5% <0.5% <0.5% 

Subtraction of in- ± o. 5% ±0.7% ±1.0% ±1.5% 
elastic background 

Coulomb subtraction ± 0.3% ±0.1% - -

Error in the slope ± 0.4% ±0.6% ±0. 7% ±1.0% 
parameter 

(fib = ± 
-2 

0.5 GeV ) 

Overall error ± 2.2% i ±2.3% i ±2.4% I ±2.7% I l 
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Total and elastic cross sections 

!SR I c.m. Equivalent er t 0 el er. in 
momenta ene.E_gy laboratory (scale error= (scale error= (scale error= 

Is momentum ±0.6 mb)*) ±0·. 3 mb) ±0.5 mb) 
GeV/c (GeV) (GeV I c) (mb) (mb) (mb) 

I 

( 11. 8+ 11. 8) I 2 3 • s 290 39.1±0.4 6.8±0.2 32.3±0.4 

(15.4+15.4) 30.6 500 40.5±0.5 7.0±0.2 33.5±0.4 

(22. 6+22. 6) 44.9 1070 42.5±0.5 7.5±0.3 35.0±0.5 

(26.6+26.6) 52.8 1480 43.2±0.6 7.6±0.3 35.6±0.5 

*) When comparing with results of other experiments the point-to-point 

erro~s should be combined quadratically with the scale errors. 
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Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

General layout of the experimental apparatus and sketch of the 

disposition of hodoscopes in the special vacuum chamber 

sections. 

Three-dimensional representation of the coincidence rate be

tween the central element of hodoscope A and the 35 ele

ments of hodoscope B obtained in a run of about one hour 

at (26.6 + 26.6) GeV/c. 

Total proton-proton cross-sections as a function of 

the square of the centre-of-mass energy, s, and of the 

equivalent laboratory momentum. The general trends of the 

proton-proton data below 15 GeV/c and of the antiproton-

proton cross~sections are indicated by smooth curves. The 

previous high-energy data are taken from r.eferences 1, 2 

and 8. When comparing the results of the present experi

' ment with lower energy data, a systematic error of ±0.6 mb 

.should be combined with the point-to-point errors shown in 

the figure. 
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