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I. BASIC CHARACTERISTICS OF THE CERN ISR 

I.1 Energy, Intensity of the Stored Protons 

In high energy accelerators with stationary targets the 
total energy in the centre of mass system is given by 

(Ll) 

(EA = accelerator energy). In head-on colloding beam collisions 
this is 

(L 2) 

(ES = energy of each beam). Colliding beams with energies ES are 
thus equivalent to an accelerator with an energy 

E :: E A eq 
(L 3) 

m 

If the colliding beams cross at angle a (I.2) and (I.3) become: 

E* = 2E cos ~ 
2 

E = m 
eq 

E2 2 a 
2 2 cos '2 - 1 

m 
(L 4) 

Currently the CERN-ISR runs at one of 5 sets of energies (GeV): 

E/E2 E* =IS E eq 

11.7/11.7 23 290 
15.3/15.3 31 500 
22.5/22.5 45 1100 
26.5126.5 53 1500 
31.5/31.5 63 2100 

In all other respects storage rings and equivalent accelerators 
are manifestly different: in storage rings the centre of mass is 
at rest in the laboratory, hence in particular heavy particles 
have a chance of being produced with low laboratory-velocity) 
particle detection can be done with standard, -25 GeV type 
techniques, the luminosity is several orders of magnitude lower, 
only collisions involving p, e+, e- are feasible in practice, 

* This is a slightly expanded version of a lecture given at the 
Erice Summer School 1972. 
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there are particular problems of detection at very small angles. 
Fig. 1 shows the layout of the storage rings and the accelerator 
from which they are fed. 

The number of stored protons can be estimated by noting 
that. apart from a loss in the transfer. the phase space density 
in the accelerator which supplies the particles is equal to the 
phase space density of the stored beams: 

(1. 5) 

loss factor in the transfer ~ 0.5 where n 
MS/A phase width of stored/accelerated particle w.r.t. RF 

frequency. 
L.PS/A momentum spread of stored/accelerated particles. 

The CERN PS has 
L.PA ~ 7 MeV/c 
MA = 1. x 2'IT 

8 

10 NA = 5 x 10 protons/bunch 
(1 pulse = 20 bunches) 

while at the ISR: 

Hence 

period of revolution 
2'IT x ~--~----~--~~-

bunch spacing 

NS = 0.9 x 10 12 L.p 
S 

3000 nsec 
2'IT x -----~-"-

100 nsec 

With a stored momentum bite of 2% at 25 GeV. we would have 

14 
NS ~ 4.5 x 10 protons. 
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This takes 450 PS pulses. or ~ 900 sec transfer time) the current 
is 

I 
Nec -- ~ 20 Amp 
2'ITR 

(1. 6) 

These are design figures. In practice one has reached -18 Amp. 
physics is done with ~ 14 Amp beams (July 1973). 
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1.2 Numher of Interactions 

The rate of collisions leading to a particular final state 
is given by: 

(1. 7) 

cr = cross-section for collisions leading to the final state in 
question nl,2 = No. of protons/cm3 in the beams; c = velocity of 
the protons: a = crossing angle. 

In order to prove this formula l ) we define vREL = velocity 
of a proton in beam 1 w.r.t. restframe of beam 2. Then in the 
restframe of 2(c = 1): 

(stat. target) (1. 8) 
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In order to obtain the equivalent of 1.8 valid for any frame 
we put 

(1. 9) 

dN and dtdV are Lorentz invariant, hence Anln2 is also Lorentz 
invariant. In the restframe of 2,A = crSREL' Now the densities 
transform like energies, since ni = noiY = noi Ei/m, where noi 
is the density in the restframe of particle i. Hence AEIE2 and 
also AEIE2/£1£2 are invariants (£ = 4 - vector). In the restframe 
of 2 

(1.10) 

Hence in an arbitrary frame 

A (1.11) 

and, with (1.9) 

dN (1.12) 
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Now 

and also 

From ( 1. 1 3), (1. 14 ) 

2 

[.2.1.2.2) 2 
E1E2) SREL 

J. C. SENS 

(1.13) 

(1.15) 

For the ISR, with equal energies in the two beams and S 7 1 
we have 

(1.16) 

leading to (I.7). For unequal energies, e.g. 11.8 GeV versus 31.4 
GeV the correction to (I.16) is less than 0.2%. 

If the protons in each ring are uniformly distributed over 
the circumference 2TIR, the beam height h and the beam width w 
we have 

[ N d 2 2 2 a S w h N = 2ac cos - ----- ----
c 2 2TIRh sina 

(1.17) 

The last factor is the volume of the "diamond" formed by the two 
crossing, rectangularly shaped beams. 

N 
c 

a c 
a 

h tg -
2 

2 a 
e c h tg -

2 

_ L a (1.18) 

This defines the luminosity L of the machine; if the currents I 
in the two rings are not the same, and if the particle densities 
are not uniform we have, instead of (I.8): 
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L 2 0; 

e c tg 2" h eff 
(1.19) 

with 

(1. 20) 

Pl,2(z) = the vertical density distribution in beams 1, 2. At 
present the effective height heff ~ 5 mm, L = 2 x 1028/cm2/sec/ 
/Amp2 in each of the 8 intersections of the ISR. 

I.3 Aperture of the ISR 

For each particle with momentum p there is an orbit, the 
equilibrium orbit, which closes on itself after each revolution. 
The particles oscillate around this equilibrium orbit, both in 
the horizontal and vertical plane, with amplitudes given by 2): 

y(s) = a v'BTST cos [j ~~s)] + 8 = a rsTST Cos (C)¢(s)+ 8) 

(1.21) 
s(s) betatron amplitude function at position s along the 

azimuth. 
¢ (s) betatron pha~ function, increases by 2 per revolution. 
C) number of betatron oscillations per revolution. 
a, 8 constants. 
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e(s) is fixed by the focussing/defocussing properties of the 
magnets, which have steep gradients, by magnet imperfections and 
by the presence of straight sections. 

If we now admit particles with different momenta into the 
ring, then the equilibrium orbit of a particle with momentum 
p + ~p will be horizontally displaced with respect to the one 
with momentum p by an amount: 

~x(s) = 0; (s) ~p 
P P 

(1. 22) 

where 0; (s) is the momentum compaction function at azimuthal 
positicPn s. 

Eqs (I.21) and (I.22) determine the aperture required for 
the stored beams. The vertical aperture is specified by the 
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vertical betatron amplitude aves). the horizontal aperture by 
both SHeS) and the momentum compaction function. apes). Note 
that in storage rings where np can be very large (typically a 
few hundred MeV at ISR) the horizontal aperture is mainly deter
mined by the momentum compaction. In accelerators where np is 
small (at the CERN PS np < 10 MeV/c) the horizontal betatron am
plitude is the dominating factor. 

By applying suitable quadrupole magnetic fields to the stored 
beams. one can make the function apes) = 0 locally (Terwilliger 
scheme). This has recently been applied succesfully to several 
intersections. where the volume of interacting particles (the 
"diamond") is then reduced from typically 40 x 5 x D,S cm3 to 
just a few cm3 without loss in luminosity. 

1.4 Injection and Stacking 

During the typically 20 minute long period of injection. 
every 2 seconds a pulse consisting of 20 bunches with _loll 
accelerated protons per bunch is sent through one of the transfer 
tunnels to the ISR. The bunch lenght is -15nsec. spacing -100 nsec. 
total time for 20 bunches 2.3 ~sec. Near the ISR rings the parti
cles pass through two septum magnets (2.2 m long. 10 KGauss each). 
whose function is to bend them sideways (and slightly upwards as 
well) without affecting the particles that are already circulating 
in the rings. Fig. 2 shows the trajectory after the second septum 
magnet. The trajectory is then made to cross the ISR "injection 
orbit". At the crossing point a 1.2 m long. -3/4 KGauss, inflec
tor magnet turns the trajectory by -2.5 mrad onto the injection 
orbit. Since the ISR diameter is 1.5 x the PS diameter. the pulse 
train fills only 2/3 of the ISR circumference, hence after the 
last bunch of the pulse there is -1 ~sec to turn the inflector 
magnet off before the front end of the train reaches the magnet 
again after one revolution in the ring. 

As soon as the pulse is parked on the injection orbit the 
R.F. is switched on at 9.54 MHz. corresponding to the bunch 
spacing on the injection orbit, A slow change in frequency then 
increases the energy and moves the orbit towards a correspondingly 
larger radius (see Fig.3). During this stacking process the R.F. 
voltage is run down from -20 KV to a few hundred volts. When 
the final orbit has been reached the R.F, is switched off. Two 
kinds of stacking are possible. In the "repetitive stacking" 
scheme the newly injected pulse is always deposited at the same 
place near the outside of the vacuum chamber and the previously 
stacked particles are automatically (as a result of the require
ments of phase space density conservation) pushed inwards. In 
this scheme both the R.F. voltage and the rate of change of 
frequency remain constant no matter how many pulses have already 
been injected. In the "non-repetitive" stacking scheme the pulses 
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Max. stacked beam Movable screen 

Fast kicker magnet 

I njected beam 

ISR vacuum chamber 

Stack width Jbcted 8p 

3Q5mm Max. stack width 43 mm 3Q5mm 

outside of the ring 

46mm 
Horizontal OfIerture 150mm -----i 

inside of the ring 

Stack width 
~ 

:c ... 
'0 

Fig. 3. Inflector magnet and stack. 

I 
30 of the ISR 
circumference 
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are put side by side, wothout disturbing previously stacked 
particles. In this scheme the R.F. amplitude is not constant and 
the time dependence of the R.F. frequency is more complicated 
than in the repetitive scheme. About 4.3 KHz frequency variation 
will shift the beam over -6 cm in -2 seconds. As soon as the 
R.F. is switched off the beam begins to debunch (as a result of 
momentum spread and magnet imperfections) and will gradually fill 
the entire circumference. The system is then ready for the next 
pulse from the accelerator. The stacked DC beam is to a good 
approximation not affected by the R.F. voltage which transports 
the next pulse across the chamber. 

I.5 Working Lines 

It is well known that in accelerators coupling between 
horizontal and vertical betatron oscillations leads to beam blow 
up. This happens if the condition 

n,m,k integers (I. 23) 

is satisfied by the Q - values of the machine. In storage rings 
where the same condition applies, there is the added complication 
that, as Q varies with radius, typically -2% over a -5 cm wide 
stack, there is a range of values ~~H' ~QV which must all be 
avoided if a stable stack is to be maintained. The Q - values 
can be adjusted with 24 pole face windings (extra coils wound 
around the main bending + focussing magnets of the ring) while 
in addition the radial dependence of Q is adjustable by means 
of 8 sextupole magnets, especially installed for this purpose. 
Fig. 43 ) shows the QH' QV diagram of the ISR. The straight lines 
satisfy (I.23). The curved lines ("working lines") indicate 
actual stacks ("1" = inner edge, CL = centre line, "2" = outer 
edge). The working line "bare machine" is seen to lie across 
a third order resonance (3QV = 26) and was found to give unstable 
beams. The line "ANNA" was obtained by shifting the "bare 
machine" line by means of the pole face windings. The line CLEO 
was obtained by applying sextupole corrections with the effect of 
rotating the stack in the QH' QV plot. The line FATA crosses only 
5th order resonances. Currents up to 6 Amp were reached with the 
line 15 FA. 

The QH' QV diagram can be probed for resonance lines by 
injecting just one pulse into one ring and movinr it outwards 
by changing the main magnetic field. An example4 is shown in 
Fig. 5. A beam of -14 mA is injected at - 32 mm with respect to 
the centre of the vacuum chamber. When moving the beam outwards 
losses occur at given radii. The corresponding Q - values satisfy 
the following resonance conditions: 
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8.6 

/ 
/ 

/ 
15 FA/. I 

/ 

//FATA L5 

/ 

Some working lines establ ished for ring 

I corresponds to the injection orbit, (l:>:) = - 0.018 

2 corresponds to a radial displacement of + 42 mm 

from the centre line' (~) = + 0.022 

J. C. SENS 

/ 
/ 

Fig. 4. Examples of working lines in the ~H' ~V plot. 
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Ring I. 15.343 CeV Ie 

<l: 
E 

E 

J 

5 

<6v> min 

Fig. 5. Probing the ~H' ~V diagram for resonances by moving one 
bunch across the vacuum chamber. The bunch is displaced 
by changing the main magnetic field of the ISR. CL 

73 

centre of vacuum chamber. The vacuum chamber is of ellip
tical shape (see fig. 3), its semi long axis is 80 mm. 
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POSITION RESIDUAL LOSS RESONANCE LINE 
(mm) (%) 

23 -+- 21 11 30H + °v 35 

15 -+ - 11 14 30V 26 

5 -+ - 3 23 20 + H 20 = 
V 

35 

+ 13 -+ + 16 7 30 + °H 35 
V and others 

+ 32 -++ 34 7 40V = 35 

When returning the beam to the inner side further losses occur 
at some (not all) of the resonance radii. 

Over 50 different working lines have been investigated to 
date. 

1.6 Beam/Gas Interactions 

Even if an ideal working line could be set up there would 
still be losses due to the interactions of the circulating protons 
with the residual gas. These losses fall into 3 categories. Nuclear 
scatteri~g is the least serious. For a nuclear interaction cross
section on the residual gas of 400 mb and a pressure of 10- 10 Torr 
the loss is 0.3% per 12 hours. Multiple Coulomb scattering results 
in a gradual growth of the stack. It has been computed5 ) that the 
height h of the stack varies with time t as 

-10 
(h in mm, t in sec) for a pressure of 10 Torr. It will thus 
take -300 hours to double the height of a -5 mm high stack. 

Experiments indicate losses which are very much higher than 
expected on the basis of nuclear interactions and Coulomb scat
tering alone. It appears that electrons and negative ions which 
have been liberated by collisions are attracted to the centre 
of gravity of the protons and set up coherent electron - proton 
oscillations. The oscillations are governed by equations of the 
type 

z 
e 

<j>2 rJ2 (z - z ) 
e e p 
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z 
p 

+ <p2 r? z 
p p 

2 2 
= <p n (z 

p p 
- z ) 

e 

75 

i.e. the driving force is provided by the distance of the electron 
from the mean proton position and v.v. '<Pe •p are the "bounce" 
frequencies of one particle in the potential of the other. 
is the betatron oscillation frequency. Both amplitudes grow. but 
the electron amplitude grows faster. resulting in a "shaking 
out" of the electrons from the beam. after which the proton 
amplitude reduces until sufficient electrons have been attracted 
towards the beam again. A beat-pattern results. Upon reaching 
the walls of the vacuum chamber more electrons are liberated 
and the background increases further. Good vacuum. clean surfaces 
and clearing electrodes (plates with several KV. to suck away 
the electrons) are the remedy. Fig. 6 shows the striking effects 
of the clearing electrodes. Considerable theoretical effort is 
going into understanding these instabilities. see e.g. ref. 6. 

1.7 Instrumentation for Beam Diagnostics 

Around the ISR there is a wealth of instruments designed 
to contribute in one way or another to monitor the behaviour of 
the beams and vacuum. In order to give you a glance at what they 
are like. four examples are shown in figs. 7. 8. 9. 10. 

Fig. 7 shows a luminescent screen monitor. It is located in 
the transfer lines. which connect the proton synchroton with the 
ISR. Beam passing through one of the fluorescent screens is made 
visible on a T.V. screen. 

Fig. 8 shows secondary emission profile monitor (S.E.M.). 
also placed in the transfer lines. It consists of a number of 
Aluminium strips. Each strip is connected to an amplifier in 
which the charges liberated by the beam protons are collected. 
There are guard electrodes to prevent secondaries escaping from 
the Aluminium from travelling away. There are 2 sets of strips. 
separated by an isolating electrode. 

Fig. 9 shows a Beam probe. This is mounted in the ISR rings 
themselves. It consists of Ti rods. Charge amplifiers detect at 
which positions the beam is intercepted. 

Fig. 10 shows a Beam scraper. Thin foils are moved into the 
beam and used to scrape away the tails of the stack. This last 
device has proven very useful in reducing background from low 
momentum tails. These tails occasionally reach out to the wall 
of the vacuum chambers and produce high background in the 
experiments. 
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I 

5,OA 
.,-----+-

4,5A 

I 
2 t~-----~ 

4,OA 

Imin. 

Effect on beam intensity decay of turning clearing fields off (I) 
and on again (2) in one octant 

Fig. 6. Arresting beam decay by means of clearing electrodes. 
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Fig. 8. Secondary emission profile monitor (S.E.M.l, used to 
measure beam profiles in the transfer lines between PS 
and ISR. 
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Fig. 9. Beam probe in the ISR. 
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Fig. 10. Beam scraper in the ISR. 
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II. ISR PERFORMANCE AND DEVELOPMENTS 

11.1 The Luminosity and Its Measurement 

The rate of collisions is given by eq. 1.7 

(11.1) 

We introduce one system of coordinates per beam with z vertical, 
x along the beam, y perpendicular to the beam. We assume that in 
the region where collisions occur the density distributions are 
independent of x. The densities of the beams in their respective 
frames are then 

Now define 

Eq. II.l then 

N 2crc 
c 

(II. 2) 

Transforming to the non-orthogonal 
Yl'Y2'z frame we have 

f ni(Yl,z)n2(Y2'z) dxldyldz (beam 1 frame) 

(II. 3) 

(II. 4) 

S. (z) = J n~ (y.,z)dy. U=1,2) 
l l l l 

(II. 5) 

becomes 

2 cos a/2 f Sl (z) S2(Z)dz sin a 

(II .6) 

provided the beams are uncoupled, i.e. the distributions in 
Yl and Y2 are independent of each other. Note that it is not 
necessary that within a given beam the distributions in y and z 
are uncoupled, as they indeed are not in most stacks in practice. 
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It has been pointed out by v.d. Meer l ) that the overlap 
integral 

(II.n 

can be measured by displacing the beams vertically by a distance 
h and measuring the collision products with a set of counters 
nearby. In order to keep the background from beam/gas collisions 
to a minimum the counters are generally put in pairs near the 
downstream part of the two rings, at several meters from the 
intersection: a coincidence between two particles emerging back 
to back from the intersection can kinematically not have been 
produced by a beam/gas collision. With distance h the counting 
rate is 

(II.B) 

where n takes accounts of geometry and efficiency factors. The 
rate integrated over all steps his: 

+00 

f R(h)dh 
-co 

(11.9) 

which is proportional to (11.7). Hence by measuring R(o) and 

+00 

f R(h)dh 
-co 

one obtains the normalized overlap integral: 

R(o) 
+00 

f R(h)dh 

fS I (z)S2(Z)dZ 

fSl (z) dz fS2 (z)dZ 

I 
(II.lO) 
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in a way which is independent of counter geometry and efficiencies. 
Eq. (11.10) defines the effective height of the system of two 
intersecting beams. With 
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where Ii is the current, we have, with IJ.6 and 11.10 

N 
c 2 , 

e ctga/2 heff 
- Lo 

In practice one measures only the quantity 

f R(h)dh 
-00 

J. C. SENS 

(n.ll) 

(II,12) 

and the currents. The monitor constant K _ no then follows from 
II.9 and II. 11: 

-00 

1112 
K -2-":;""=--

e c tga/2 
(II,13) f R(h)dh 

Once the constant K is known, then, at any later time: 

R = Rate/sec in monitor 
M 

KL (II,14) 

and hence the counting rate in an experiment, e.g. pp ~ pp is 
related to the cross-section to be measured, e.g. 0EL' by 

N pp ~ pp o 
K pp -7 pp 

(II,15) 

The conditions for validity are: 

-The monitor geometry must remain unchanged between the LUM. 
measurement and the data taking period of the experiment. 

-For each set of ISR-energies there is a different K since for 
counters at fixed angle the minimum visible (outside pipe) t 
is different for different beam energies. 

-Note that the shape, height, intensity of the stack need not 
remain the same between the LUM. measurement and the data 
taking. One can dump the stack and refill the rings in between. 

Some further comments: 

-In practice the displacements are made by small steering magnets 
mounted on either side of the intersections. Some non-local effects, 
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-0.3 mm displacements, have been observed in "other" intersec
tions. 

-No intensity effects have been observed in the range 2/2 to 
515 A. 

-For given currents the luminosity can be increased by vertically 
"shaving" the beam during stacking. The best result obtained 
this way is 

30 2 
L = 4.4 x 10 Icm Isec DESIGN L + 10% 

11/12A h = 3.2 mm llplp 3. B% 

shaving down to 30%. Stacks for 4 hours. 
-The steering method of v.d. Meer can be checked by measuring 
the profile of each beam with spark chambers and integrating 
to obtain the overlap integral 11.72 ). The results are 

11. Bill. B 15115 22/22 26/26 

heff(v.d.M.)-heff(profileJ 
2% -3.5% -3.3% +1. 5% 

heff(VdM) -3% +4.0% 

The current belief is that under "normal" conditions L can 
be measured to -5% accuracy, while with special precautions a 
-2% level can be reached. 

11.2 Luminosity, Limitations and Improvements 

Under present (1973) conditions the half life of the 
Luminosity is of order 30 hours. The main limitations are due to 
(we follow mainly ref. 3 in this paragraph) 
A) Beam-induced deterioration of the vacuum. This effect has been 

described above in section 1.6. Negative ions and electrons are 
attracted towards the beam, set up oscillations there and are 
shaken out. Positive ions are repelled from the beam and also 
strike the vacuum chamber walls. The electrostatic potential 
of a beam of IDA is 1.5 KV. The pressure rise, as a result of 
gas molecules liberated from the walls, is proportional to the 
number of protons and the number of gas molecules: liP - P.I (P= 
= pressure, I = current). Obviously there is then a critical 
current above which the pressure continues to rise. Note that 

nucleon density in the beam 
N 

2iTRiTab 

• 
a 
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1 6 x 1023 P.A nuc eon density in gas ----~~-=~~--
22.2 x 103 x 760 

(A = 28 for air, P = pressure (Torr)) 
For t~pical beam sizes the two densities are equal for P = 2 x 
x 10- 0 Torr and 5 Am~. There are thus as many stationary as 
moving protons per cm in the "beam area" of the machine. 

The current remedies for this problem are: 
1) Bake out of the vacuum chamber at 300°C and 24 hours every 

time a section is opened up. There have been 60 such bake 
outs in 1972. 

2) Surface treatment by ions from a glow discharge from a wire 
in the chamber. This is done in the laboratory prior to 
mounting in the ISR. 

3) More pumps. 500 additional Titanium sublimation pumps have 
been installed in 1972. 

4) Beam-induced pumping. Once the walls are clear and the vacuum 
is good, the beam itself may act as a pump: the beam sends 
ions off to the walls, but the number of ions desorbed/ 
incident ion becomes less than one. This effect has been 
observed in some parts of the ISR. 

B) Transverse instability due to the resistivity and inductance 
of the walls. This is a subject by itself and will not be 
discussed in details. Loosely speaking transverse instabilities 
are caused by coherent oscillations induced by some perturba
tion. The resulting local density variation is 

.........---... .... '~"C'" .... ~ -~---~ .. 

p (z, t) p exp(ikz - wt). 
a 

(ILI6) 

With a vacuum chamber made of 
metal of finite resistivity and 
inductance, the equations of 
motions resulting from this 
density variation will contain 
image charges as well. They 
effectively generate out of 
phase forces. This in turn 
implies an imaginary part in the 

frequency spectrum and an amplitude which grows with time. 

The remedy lies in a judicious choice of working lines 
(see section I.5). A feed back system has been designed which 
is intended to automatically counter run-away background build
up due to these effects. This device is being tested. 
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The current belief is that with the presently available 
tools or minor additions a factor of -2 can be gained in lumi
nosity. 

The luminosity versus time curve is shown in fig. 1. 

11.3 Low S S8ction 

Recall the expressions for the vertical and horizontal 
betatron amplitude (section 1.3) 

yes) = a vSCs) cos(<I>¢(s) + 8) 

Now since the luminosity 

L 
I I --- -76 

heff v 
(11.17) 

it is of interest to consider magnet schemes in which S can be v made as small as possible in the intersections. 

The enveloppe of the betatron oscillations around 1/8 of 
the ISR circumference is sketched in fig. 2. The oscillating 
character of the curve is the result of focussing forces of the 
magnets, of the straight sections, etc. The enveloppe indicates 
the extend to which the beam is vertically compressed and ex
panded by the magnet lattice. (There is a corresponding curve 
for horizontal oscillations). 

4) 
One scheme to reduce Sv in an intersection is shown in 

fig. 3. The normal magnets are indicated by F (focussing) and 
o(defocussing). By placing 6 more magnets (<I>l -<I>6) in each ring 
the enveloppe of fig. 2, dotted line, is obtained. A gain of a 
factor five is obtained in luminosity. The price is a narrower 
intersection Cbad for experiments at small angle, no problem 
for large angle experiments) and the fact that 5 of each 6 
magnets must be superconducting to reach this gain. 
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Design studies are also underway of an intersection in which 
both the betatron amplitude is reduced and the crossing angle 

is made equal to zero. Since the luminosity is given by 

L 
1112 

L 
1112 

(11.18) 2 • a=O 2 a 
hefftg~/2 e c a + 0 e cheffw/l 

CW,l width, length of intersection) one begins to gain as soon 
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1031~------------~------------~ 
L 
-2 -1 

em SK 

1d--------------~----------~ 1971 1972 

Fig. 1. The "DOW-JONES" curve of the ISR: Luminosity versus 
time. 
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TOPICS IN PARTICLE PHYSICS WITH COLLIDING PROTON BEAMS 

as wll < tg a/2 = 0.13. The luminosity then no longer depends 
on effective height only, but on width and length as well. 

II.4 Stochastic Damping of Betatron Oscillations 

An entirely different way of reducing the vertical betatron 
amplitude and thereby gaining in luminosity is based on the 
detection of the statistical fluctuations in the average position 
of the beam. Although the method (suggested by S.v.d. Meer) turns 
out not to be practical with present equipment, it represents 
a very interesting application of statistical mechanics to 
particle beams. We follow ref. 5 step by step. 
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Liouville's theorem implies that the density in phase space, 
i.e. betatron oscillations in the case at hand, cannot be influen
ced by magnetic fields that deflect the particles. This state
ment is true for an infinite number of particles and also for 
a finite number of particles if their positions in phase space 
were not known. It is manifestly not true if each particle could 
be located separately, since then a correction could be applied 
to its trajectory, resulting in a modified phase space density. 
Now if a beam makes coherent betatron oscillations (with all 
particles at a given ~ection going up and down at the same time) 
it behaves to some extent as if it were one particle, and hence 
a correction can be applied by means of a pick-up + deflection 
system. But even if there are no such "explicitly" coherent 
betatron oscillations, for a finite number of particles some 
coherence would make itself felt through the statistical fluc
tuations in the average beam position. This is like the drunken 
sailor holding himself to a lamp post: due to random motion his 
mean square distance from the lamp post increases proportional 
to the number of steps, or time (up to some limit e.g. neigh
bouring walls). Note that if his motion were completely coherent 
it would be the mean distance that increases proportionally with 
time. Hence we have some measure of the amount of coherence in 
his irregular motion: it is the amount of head-way he makes 
compared to how much he would have made had he been sober. Now 
after his mean square idstance has increased for some time his 
arm begins to feel the strain and pulls him back to a point 
near the lamp post. If this pull has not sobered him up the random 
motions will continue and the process repeates itself. As a 
result of the repeated pulling of his arm the time average of the 
mean square distance is thus reduced. 

Consider a damping system D which will react provided no 
less than n particles transverse it. The number n is more or 
less determined by the rise time of the electronics in D. The 
particles have oscillation amplitudes Al •.. An randomly taken 
from a distribution function F(A) with jF(A)dA = 1. The mean 
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square amplit~de is 

A A 

/\ / \ 

(II.19) 
n : 

\/ 'v' 
Damping system D 

Each particle occupies a point in phase space characterized by 

x. = A. cos lj!. 
l l l 

x' = A 
i i 

CII.2o) 

The centre of gravity of the particles before entering 0 
then has the coordinates 

, 
- I 'i' - I 'i' 
x = - LA.coslj!., x' = - LA.sinlj!. 

n l l n l l 

x 
(II. 21 ) 

Upon entering ° all particles get the same kick, such that 
the centre of gravity is returned to Co,o). The new position of 
particle i is then 

-
xNi = x. - x, xr:Ji l 

= x: - x' j (II.22) 
l 

the square of its amplitude 

2 2 '2 
ANi xNi + xNi (II. 23) 

and the mean square amplitude 

(II. 24) 

I 2 I 2 2 
- [LA. - - I CICA.coSlj!.)) + CLCA.sinlj!.)) }] 
n l n T l l l l 
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The action of 0 thus reduces the mean square amplitude by a 
fraction 

1;2 - J;i -A2 _ -A2 
e: = ___ -...;N;,.;. '" ___ N;,.;. 

R (II. 25 ) 

for e: « 1. e: is the reduction of a given root mean square ampli
tude. resulting from a given distribution of amplitudes Ai' The 
average value of this reduction. E. is found by weighing the 
amplitudes by their distribution functions and integrating: 

e: = 

Now since 

o 

we have 

00 21T 
If .. ·If ... 

o 0 

{ICAiCOSWi ) }2+ {ICAisinwi ) 

2n IA~ 
~ 

F C A ) _1_ dW 1 ... dW n dA 1 .•. dA 
n C21T)n n 

}2 
.FCA l )FCA2)·· • 

(II. 26) 

1 
=-

2n 
CII.27) 
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Hence on average the reduction is independent of the distribution 
of amplitudes. The average reduction is larger. the smaller the 
number of particles to which the system can react. i.e. the 
closer the single particle limit can be approached in the dam
ping system D. After 2n passes through the system the r.m.s. 
amplitude would be reduced by a factor e. provided the sample 
randomizes again after each passage Ci.e. provided the sailor 
does not sober up as a result of the pulls on his arm). The latter 
condition is easily met in the ISR since a package of n particles. 
with a momentum spread of 2%. traversing 0 changes its population 
before traversing it again. as a result of the 25 cm longer 
circumference for the maximum compared with the minimum momentum 



94 J.C.SENS 

particles. 

Why can this method, although feasible in concept, not be 
realized in practice? The answer is that the number of particles 
"seen" within the rise time of any present day electronics is 
necessarily too large. Suppose the rise time of 0 is T and the 
time for one revolution is TR (= 3 vsec). Then 

(II.28) 

where N is the total number of particles in the ring. From (11.27) 
and (11.28) we then have for the damping time constant Td 

for a rise time of 0.2 nsec and N = 4 X 1014 , Td ~ 40 hours, which 
is too long for damping practical stacks. Obviously, a short
armed sailor will on average stray less far from the lamp post 
than his long-armed friend in the same condition. 

11.5 Storage of Antiprotons? 

The 400 GeV CERN super proton synchrotron (SPS), presently 
under construction, will be equipped with a station for extracting 
external beams which is located at only -200 meter from the 
storage rings (see fig.4). This raises hopes that one might be 
able to use the external SPS proton beam to produce a relatively 
large number of antiprotons (compared to what could be produced 
at the 25 GeV PS) from an external target and guide them into 
one one of the two storage rings, the other one being filled 
with protons from the 25 GeV PS as usual. The interest of having 
high energy (say 11 - 25 GeV) antiprotons colliding with protons 
lies in the possibility of measuring the total cross-section pp 
in a range of c.m. energies where the pp cross-section has been 
shown recently to rise by -10%. A measurement of a(pp) in the 
same energy range would put strong constraints on current 
"asymptotic freedom". Fig. 5 illustrates the present status of 
the data on a(pp) and a(pp). 

The scheme of filling one ring with antiprotons from the 
SPS has been considered by Hubner, ref. 6. We shall repeat here 
the calculation of the expected rate of collisions, with the 
exception that experimentally measured7 ) rates at ISR energies 
are used instead of models to estimate the expected p yields. 
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1+11 

Fig. 4 . Layout of the CERN SPS, ISR and PS. The extracted beam 
emerging from the SPS towards the left passes the ISR 
at ::; 200 met er . 
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Notations: 

A 
p 

line density (No. of particles/cm path length) of the SPS 
external proton beam 

A- line density of the p beam produced in target T 
p 
n = number of nucleons in T/cm3 

x thickness of T 
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2 
.fI...JL 
dpdrl diff. cross-section for the production of 25 GeV p by 

protons; it is assumed that for reasons of shielding, 
bending power etc., the highest extracted proton energy is 
200 GeV. 

The line density of antiprotons produced is then: 

After transport from T to ISR 

N
P 

2'1fR A
P 

(II,29) 
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Here 

J. c. SENS 

[ d2N ) [ 27TR 
lip 

nt • nS ) (II,3O) = Ap nt dpdn lin -p p 

t t t 

SPS TARGET + INJECTION + RF 
TRANSFER ISR 

the radius of the ISR; 27TR = 105 cm 

the efficiency of the target in producing 2S GeV p from 200 
GeV p. nT is determined by the shape of the target. Coulomb 
scattering etc. Typically. for a 0 = 1 mm wire 20 - 3D cm 
long nT '" e- l • 

efficiency for trapping in the ISR. determined by alignment. 
aberrations in the focussing lenses. the ISR inflector 
magnet. and mostly by the RF system. Experience with the 
ISR beam transfer suggests nt '" 0.35. 

stacking efficiency: the efficiency for accelerating the 
antiprotons after arrival in the ISR in ord~r to make a stack 
(see section I.4). Estimate n '" 0.5. 

s 
2% the maximum momentum bite the ISR can hold. 

solid angle seen by the p transport system from the target. 
For a "matched" tarlet/beam transport system this number is 
typically '" 7T x 10- sr. 

In order to calculate the line density Ap the bunch struc
ture of both the PS. which serves as an injector to the SPS. 
and the SPS must be taken into account. The PS has 20 bunches/ 
pulse. The rep. rate is -1 pulse/2sec and each bunch is -30 
nsec long. With 1013 proton/pulse in the PS we have 1013/20 = 
= S x 1011 protons/bunch. The RF of the SPS is arranged such that 
1 SPS bunch is 5 nsec at the beginning of the acceleration cycle 
and has shrunk to 1 nsec after acceleration. Hence 

11 S nsec l = 4 x 1010 1 SPS bunch = S x 10 x 30 nsec x 2 proton/SPS 
bunch 

allowing for an efficiency of i in the transfer PS ~ SPS. After 
acceleration. when 1 SPS bunch = 1 nsec. we have 

4 x 1010 19 = 4 x 10 protons/sec 
10-9 
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and 

A 
p 

9 
1.3 x 10 protons/cm 

in the beam line between SPS and the target T. 

(11.31) 

In order to estimate the yield of antiprotons produced by 
200 GeV SPS protons, we use information recently obtained in 
sin~le particle produc~ion experiments at the ISR. At s = 2B2o 
GeV , PT = 0.17, x = 2PL/!; = 0.12, the invariant diff. cross
section has been measured to be 

E d2cr 2 
2 ---- = 0.6 mb/GeV 

p dpdrl 

To translate this into the required yield we assume scaling down 
to s = 37B GeV2, equivalent to 200 GeV Plab' This is a rough 
approximation since there is no exact scaling for p in the ISR 
energy range. Furthermore we take the PT dependence of ISR p 
data to extrapolate from PT = 0.17 to PT = 0 GeV/c: 

E d2cr 
2" 
P dpdrl 

2 
A exp(-BpT) with B 

E 
+ 2' 

p 
d2cr]= 0.65 mb/GeV2 

dpdrl p =0 
T 

Noting that: 

2.B 

PLAB = 200 GeV + y = 10.3 a = 0.99 
em em 

x LAB 
x = 0.12 + p- = 1.2 GeV/c + p- = 2B GeV/c 

p p 

close enough to the 25 GeV/c considered above, we then evaluate 
the invariant cross-section at s = 37B GeV2 and 

LAB 
p-

P 
2B GeV/c, PT o in the lab system: 
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100 
2 

6d2er ). 
-- = 0.65 

pdn LAB 

p-
PLAB x---

EpLAB 
18 mb/GeV/c/sr 

Hence the yield of antiprotons is 

dN 1 ier 
dpdn = erTOT dpdn 0.45 p/GeV/c/sr/interacting proton 

J. C. SENS 

(11.32) 

SUbstitution into eq. (11.30) then gives for the numbers of 
antiprotons storable in the ISR: 

8 N- = 7 x 10 = 35 ~A 
p 

resulting in a luminosity 

L 2 ex 
25 2 0.5 x 10 /cm /sec 

e ctg 2 heff 

(II. 33) 

(11.34) 

assuming a 20A proton beam in the other ring. This is 6 orders 
of magnitude lower than the maximum luminosity for pp collision. 
The number of pp collisions is 

N -
collpp 

25 -27 0.5 x 10 x 40 x 10 = 0.2 events/sec (II. 35) 

It is estimated in ref. 6 that the time needed to store the 
antiprotons into the ISR is of the order of 3 hours. 

It must be stressed that since this is a lecture. not a 
design study. the above calculation is meant to illustrate how 
one can go about getting the right answer. not to present a 
verdict as to whether storing antiprotons is feasible or not. 
The only definite conclusion is that the rate is very much on 
the edge of what one can do experiments with. even if the 
combined efficiency factors could be increased by an order of 
magnitude. as is perhaps possible in rigorous optimization of 
the parameters (primary energy. target dimensions. aperture of 
the ISR inflector etc.). On the other hand the rates obtained 
from estimates such as the one above do not a priori exclude 
the possibility of pp colliding beam experiments and hence make 
it of great interest to pursue this tantalizing problem in 
more detail. 
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III. ONE PARTICLE INCLUSIVE DISTRIBUTIONS 

This topic has been the subject of numerous reviews. The 
intention here is to write down the Mueller/Regge formulation 
of single particle production, to bring out some features of 
data taking and analysis, and to show recent results. 

III.l Three Particle Optical Theorem 

The l ) two particle optical theorem states that, in order 
to compute the total cross-section for a + b + ••••• it is not 
necessary to evaluate 

I(all ampl. a + b + ••••• ) 

but, instead, it is sufficient to know the quantity 

Im (elastic ampl. a + b + a + b at t D) 

This is summarized in statements such as 

1 Im < i crT = s I T I i > = l Im F(s,t=O) = lOISC Tab(s) 
s s s 

(III.l) 
in obvious notations, or pictorially as: 

The three particle optical theorem states that, in order to 
compute the differential cross-section for the inclusive produc
tion of particle c for a + b + C + ••••• it is not necessary to 
evaluate 

I(all ampl. a + b + c + ••••• ) 

I(all ampl. a + b + c(p,e) + •••••• ) 

but, instead it is sufficient to know the quantity 

Im(elastic ampl. a + b + C + a + b + c at t D) 
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i.e. 

pictorially: 

1 -= - Im < abc 
s 

o 

c 

b 

I T I - 1- 2 
abc> = - ImF(s ,sbc,M) s ac 

(III.2) 

----br--_-- O 

~---c 

~----- b 

Writing F(s,t) as a sum of Reggeon-exchange amplitudes we have 

L 
1 + - i nCY. • (t) 

sCY.i(t) F(s,t) yet) - e ~ 

sinnCY.. tt) i 

I 
~ 

I i 
RESIDUE SIGNATURE ENERGY 

(Im = ± 1) DEPENDENCE 

This expansion is valid at high energy, hence the rule: whenever 
the energy (subenergy) + 00, replace blob (sub-blob) by Reggeons. 

I 
2 

.. 
I 

I 
2 
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This then gives rise to two regions: the central region and the 
fragmentation region. In the central region (CR) both subenergies 
s + 00 and s + 00 as s + 00 and hence 

ac bc 

F ( M2 ) L ( s ) CY.R ( s ) CY.R ' s ,sb' + Y Y v ac c aR bR' JRR'C ac bc 
(III. 3) 
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__ ---:E+ ~+ ... 
~ ~ 

Now note that generally 

£ (O,O'mr sinh y, i mTcosh y) 

y tgh- l 8 + m 2) 112 

+ 1 (±y) p mT sinhy '" ± mT exp 
2 

S (p - Pc 
)2 

'" 4PaPc '" m m exp(y - y ) 
ac a a c a c 

(Pb 
2 

mbmc exp(yc - Yb) sbc - P ) '" 4PbPc '" c 

2 
S = (Pa + Pb) '" 4P aPb '" mamb exp(Ya - Yb) 

2 
Hence s sac sbc/mc 
Hence the first term in (III.3), with R R', given for (III.2) 

Hence for Pomeron exchange only, there would be neither s nor 
y-dependence in the invariant cross-section in the central region: 
the Mueller/Regge expansion resuits in Feynman scaling. The next 
term would be R = Reggeon, R' = Pomeron 
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For s '" s • i) '" 1 and a = b this is 
ac bc P 

d2 cr (_l_)i)P-i)R 2 ) (IlLS) E 
~ YaRYap HpRc (PT 'Yc c 1/2 

Pc s c 

1/4 
Since i)R '" 1/2 the approach to scaling goes approximately as s 

In the fragmentation region (FR). where particle c is consi
dered to be a break up product of. say. particle b we have 

s + (X) 

ac s * co bc 
0---_---0 

c ---~ ~------c 

b _---K.---b 

as s + co 

o ~~--,--------

• 

b ----""""""'------

and hence only one amplitude is now Reggeized. the other exchange 
is still represented by a blob. 

(III. 6) 

T 
REGGE BLOB FUNCTION 
AMPL. 

Now s = mamb exp(Yb - y ) 
a 

s m m exp(y - y + y - y ) 
ac a c cab b 

s -- m exp(y - y J + S exp(y - y ) 
mb c c b c b 

and thus 

(IlLS) 
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In particular if R Pomeron, 

Hence the invariant cross-section in FR is a function of Yb - Yc 
and, to leading order, independent of s: the Mueller/Regge 
expansion results in limiting fragmentation (Yang) and Feynman 
scaling in FR. 

The next term is R = Reggeon, and from (III.8) we then have 
that the approach to scaling in FR goes as s-1/2. 

III.2 Experiments and Results on Inclusive Single Particle 
Production 

There is no such thing as "typical apparatus" around the 
ISR; different particles (n°, KO versus charged particles) and 
different angular or rapidity ranges require different techniques. 
One piece of equipment, with which some of the problems that 
arise in the data analysis can usefully be illustrated is a two 
magnet spectrometer, placed on a rotating table, with which 
angles between 36° and 90° can be scanned2). It is shown in 
fig. 1. There are scintillation hodoscopes HIH2H3 forming the 
trigger and 6 spark chambers with magnetostrictive readout. The 
chambers are used to get straight line segments from the spark 
locations. A track is considered "good" if the appropriate 
segments meet in both magnets. An event is considered "good" if 
the track matches the hodoscope pattern. In this selection a 
number of real events get lost, since for example, some of the 
spark chambers did not fire when they should have. How is it 
that one does not loose normalization in this selection process? 

In order to normalize data, i.e. turn numbers of tracks, 
characterized by a momentum p ± dp and angle of production 
B ± dB into mb/sr/GeV/c one requires a "monitor", a set of 
counters which intercepts a fixed fraction of the collisions 
products, which remains unchanged in geometry, momentum cut-off 
etc. throughout the experiment, and whose counting rate has a 
known relation to the luminosity: 

RM = mono rate/sec = KL 

This relation is obtained in a luminosity measurement as 
discussed in section II. 

(III.9) 
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If during the time the spectrometer is taking data, we also 
count the events in the monitor LRM we obtain, with K, the 
required relation between events and cross-section. Now after 
each trigger (e.g. an HIH2H3 coincidence) there is a tranfer 
of the chamber + counter information to magnetic tape. One of 
the scalers whose content is transferred is the monitor scaler. 
It usually contains some 10 to 100 counts per event. After the 
transfer the scalers are reset to zero and ready to start 
counting again until the next transfer. Hence the pattern is: 

TRIGGERS + 

ACCUM. 
MONITOR + 

COUNTS 

I I 

Now there are three kinds of "events": 

a) Triggers + reconstructable tracks. These events are binned 
by momentum and angle; the content of a bin is related to 
the cross-section by 

dN(p,S) ~p~ cosS 
~p~ cosS 

where F(p,S) in the acceptance (see below) 
b) Triggers + non-reconstructable tracks, e.g. a good event, but 

a failing spark chamber. In this case one rejects the event 
as well as the monitor counts accumulated since the previous 
event. 

c) False triggers, e.g. a reconstructed track does not project 
through one of the trigger counters. In that case the trigger 
does not correspond to an event, one rejects the event but 
retains the monitor count accumulated since the previous 
trigger, i.e. the transfer was accidental and should not 
have taken place. 

A fraction of the events are not due to beam-beam but to 
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beam-gas events. One Wqy of correcting for this background is 
to run with one beam only and make a subtraction. If the 
background is low it is sufficient to examine the "diamond": the 
overlap region of the two beams. This distribution will have 
tails extending beyond the region of overlap. due to beam/gas 
events. Extrapolation of the tails into the diamond proper 

~ 20cm 

Diamond 

OP 

gives the correction. The beam/ 
gas ratio can be as low as 4%. 

Systematic errors can arise 
e.g. from misalignment of the 
spark chambers. This is most 
easily checked by reconstructing 
tracks with the fields off and 
requiring the tracks to be straight 
lines. A further check is provided 
by the momentum which is measured 
in each magnet separately. Consis
tency requires that 

has a standard deviation (s.d.) which agrees with calculations 
based on measuring errors. multiple scattering etc. The momentum 
dapendence of this standard deviation is sketched in the fig. 
Finally the acceptance function F(p.S) is calculated by generating 

0.15r-

! 0.10,... 

0.05,... 

l 1 1 J 
2 3 4 

GlN/c 

I 
5 

a number of events distributed 
over the diamond and tracking them 
through the apparatus. taking 
account of multiple scattering. 
absorption. decay. etc. 

Results of single particle inclusive experiments are shown 
in figs 2 - 17: 
a) To an accuracy of approximately ±15% there is a flat central 

plateau in y. in accordance with Mueller/Regge Pomeron 
exchange. See fig. 2. ref. 3. 

b) Recent data4 ) in which the accuracy is increased and on which 
more systematic checks (see above) have been made have 
revealed a slight dependence on rapidity at fixed s. and a 
dependence on s at fixed y. Neither PP exchange. nor RR exchange 
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J. C. SENS 

.. 0 Ii' 

Fig. 2. Summary of single particle data at PT 0.4 GeV. From 
Ref. 3. 
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alone would result in a y-dependence. see eq. (111.4). The 
data suggest. but by no"means prove. a dependence on y and s 
such that 

111 

with D ~ 0.15 ± 0.03. (yS = rapidity of the beam). Such a 
dependence is characteristic for frag~ents produced with Pome
ron exchange. see eq. (III.B) and thus suggests that fragments 
penetrate all the way down to y = 0 on the rapidity plot. See 
figs. 3. 4. 5. 6. 

c) As to the approach to scaling. the data are consistent with 
various forms for the s-dependence. The form s-1/4 is one 
possibility. but there are others. e.g. s-1/2. see fig. 7. 

d) Data on K+ and p are consistent with no y-dependence. K- is 
inconclusive and p data are definitely sloping. See figs. B. 
9. 10. 

e) In the fragmentation region. TI data at fixed Ya - y = 0.36 
versus PT show good evidence for scaling in the projectile 
frame. from s = 47 GeV2 upwards and out to PT ~ 1 GeV/c. 
provided the low s data are represented in the variable 
PL/PLmax(o) or. better still. PL/PLmax(PT) i~e. the one that 
takes the phase space boundary into accountS). See fig. 11. 

f) In the fragmentation region. K- and p at Ya - y = 0.36 scale 
in the ISR energy range. but differ appreciably from data at 
low s. see fig. 12 and 13. ref. 6. 

g) The.approach to scaling in the fragmentation region is 
consistent with s-1/2. This is shown in fig. 14 (ref. 6). 
where the K- and p yields are expressed at ratios to the 
scaling (see fig. 11) TI- yields. Other forms of s-dependence 
are likewise possible. however. 

h) For TI+ we have a behaviour similar to that of TI-. Fig. 15 
shows TI+ data at fixed x = 0.3B versus PT and fig. 16 data 
at fixed PT = 0.8 versus x7 ). There is no discernable energy 
dependence as long as PT < 1 GeV/c. 

i) For protons. the approach to scaling at fixed (X.PT) is 
illustrated in fig. 17. showing NALB) data versus s. compared 
with a curve A + a/!;. More about protons later. 

In summary one might say that the absence of energy depen
dence in inclusive single particle spectra continues to hold 
to an impressive degree. although the so called central region is 
perhaps less central (at ISR energies) than was thought originally. 
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100 n+ RAPIDITY DISTRIBUTIONS IN THE CENTRAL REGION 

o 5 = 2830 GeV2, YSEAM = 4.03 
BS COll. 

• 5 = 950 ", YSEAM = 3.48 

d3a E--

50 dp3 

(mb/GeV2, 

I 

J. C. SENS 

IQ--~ 

__ 0 

• _1---
I-Q- 0 P =0.3 

T 
I 

PT = 0.4 

~_O-
-0 .-

• YSEAM - Y 

10 • 
25 3.0 3.5 4.0 

Fig. 3. 
+ 

Invariant diff. cross-sections for the production of TI 

versus YBEAM - Y at s = 2830 GeV2 and at s = 950 GeV2 • 
Data at PT = 0.2, 0.3, 0.4 GeV/c. 
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10~----~--------~--------~---------

3 

ntRAPIDITY DISTRIBUTIONS IN THE CENTRAL REGION 
o 5 = 2830 GeV2 J 'LEAM = 4.03 

"B BS COLl. 
• 5 = 950 II II = 3.48 Zl 

:r: ~ __ a--

2.5 

10I I _.--
P = 0.5GrNlc 

2 PT =0.8 2 
! __ , __ i~ 

YSEAM - Y 

3.0 35 40 
Fig. 4. Same as fig. 3 for PT = 0.5, 0.6, 0.7, 0.8 GeV/c. 
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100~----~------~----------------~ 
n-RAPIDITY DISTRIBUTIONS IN THE CENTRAL REGION 

2 o s = 2830 GeV J YBEAM = '.03 
BS COLL. 

• s = 950 .. J YBEAM = 3.'8 

I § _Q 

401::.--- Pr = 0.2 GfN/c 

30 

I i 

• 

~ ,.. ---0 
~:.:-

~--t---QI p = 03 

1:;r:_--r 
I-~ 

r . 

PT = 0.' 
E---a~~-_. 

Y -Y BEAM 
10~----~------~------~--------~ 

I 2.5 3.0 35 4D 

Fig. 5. Same as fig. 3, for ~ • 
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10~----r-------~------~~------~ 
rr- RAPIDITY DISTRIBUTIONS IN THE 

CENTRAL REGION 
o 5 = 2830 GeV2, YBEAM = '.03 

BS COll. a i5-- tI 
.5 = 950 II II =3-'8 _.--

d3cr E_ 
d p3 

2 (mb/GeV2) 

YBEAM -Y-

.~.- PT. 05 GfN/c 

_Ir ---.... 

PT = 0.6 

Q _0---- 0 
----.-

i-

p. = 07 T . 

p. = 0.8 
T~ 

-0 

1~~--~~---------~-+---------~------------~ 25 35 40 
Fig. 6. Same as fig. 4, for TI • 
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x=O 

151- Ff = 0.4 GeV Ie o 17"+ 
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'- ------ ~ 

.17"-
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51-
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Fig. 7. 
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scaling in the central region versus 
s -1/4 (below). 
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Fig. 12. Fragmentation region, data at YBEAM- Y ~ 0.36 at various 
s for inclusive K- production. 
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Fig. 14. s-dependence of K In and pin versus s-1/2 at PT ~ 0.5 
GeV/c showing the approach to scaling for K- and p 
fragments. 
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Fig. 15. 
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showing how fragments scale as long as PT ~ 1 GeV/c 
(ref. 6). 
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x 

x-dependence at Pr = 0.8 GeV/c and various 550 < s < 
< 2800 GeV2 • showing how fragments scale at all measured 
values of x. 
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IV . SUMMARY OF lOW ENERGY MISSING MASS DATA 

IV. 1 History 

Missing mass experiments in pr oton-proton collisions on 
stationary target have been performed since 1960 . In summarizing 
the results we follow here ref . 1. A (hopefully complete) list 
of references follows below . 

BRIEF SUMMA RY OF LOW ENERGY (s < 50 Gev2) MI SSING MASS EXPERIMENTS 

CHADWICK BNL 1960 
COCCONI CERN 1961 
CHADWICK BNL 1962 
orOOENS CERN 1962 
COCCONI CERN 1964 
BELLETTINI CERN 1965 

ANDERSON BNL 1966 
FOLEY BNL 1967 
ANKENBRANOT BERKELEY 1968 
ALLABY CERN 1968 
BLAIR NIMROD 1969 
EDELSTEIN BNL 1972 
ALLABY CERN 1972 

PRL 4, 611 
PRL 7 , 450 
PR 128 .1 823 
PRL 9, III 
PL 8 , 134 
PL 18 , 167 

PRL 16,855 
PRL 19 , 397 
PR 170 , 1223 
PL 28B , 229 
N. C. 63A ,529 
PR 05 .1073 
Nuc l. Phys . 8 

ll(1236) , N(1520) 
N(1688) . N(14701? 

CONFIRMS N(1470)21<s <50 
SMALL t < 0 .01 
N(2190) 13<s<58 t<l 
t < 0 .2 
8<3<15 
s=38t<6 
7.3 < s < 17 SMAL L t 
13 < s < 58 
s "47 t < 6 ..... .......... ...... ... .... ... .. .. .................... ......... ... 

ALBROW ISR 1973 Nuc1 . Phys . B51 , 388 s 2030 
ALBROW ISR 1973 Nucl. Phys . 854 , 6 s • 960 
BROMBERG NAL 1973 Preprint s 190 
DAD NAL 1973 PRL 3D , 34 s 560 
SANNES NAL 1973 PRL 30 , 766 80 < s < 480 
BARISH NAL 1973 APS APRIL 1973 s 380 
CHI LDRESS NAL 1973 PRL (SUBMITTED) s = 380 

Note the jump in s . made with the start-up of NAL and ISR 
(dotted line). 

IV .2 Typical Apparatus 

Missing mass experiments require a precision measu rement of 
momentum and angle of the produced prot on in 

p +p-+-p+X 

The apparatus of Allaby et al . with which the latest low s data 
have been obtained is described in ref . 1. We shall list the 
salient features of this equipment below . The layout is shown in 
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fig. 1. 

12 - SLOW EXTRACTED BEAM; 350 mS8C SPILL; 10 p/BURST. 
- LIQ. H2 TARGET; SPoTSIZE -4 mm 0. ±0.5 MRAD. 10-20 cm. 
- SPECTROMETER WITH AXIS FIXED AT S = 37 MRAD. 
- CALIBRATION OF INC. FLUX BY Na24 ACTIVITY INDUCED IN AL-FoIL BY 

BEAM. 
- ~1'~2 IMAGE TARGET TO Fl. 

M2 BENDS 120 MRAD. AT Fl DISPERSION = 1.6 cm FOR ~ = 1.0%. 
~6'~7 MAKE BEAM PARALLEL FOR USE OF ~.M3 BENDS 120 MRAD. 
~3:~4'~5 PROJECT CENTRAL PLANE OF M2 ONTO CENTRAL PLANE OF M3 
F2 IS FINAL FOCUS. MADE BY ~8'~9' 

- ACCEPTANCE HoR. ±1.5 MRAD. VERT. ±4.5 MRAD. 
IIp/p = ±1. 5% 

DISPL. IN TARGET ±1.5 cm. -5 
ACC. DEFINED BY COLLIMATOR OF 0 = 8 cm; lin = 1.3 x 10 sr. 

- SMISM2. Ml for S F 37 MRAO. 
ANGULAR RANGE 12 + 152 MRAO. CONSEQUENCE p(S - 37) = const. 

- MAGNET CALIBRATION TO IIp/p = ±o.l% 
- OVERALL LENGTH 86 m. 

IV.3 Features of the Results 

Fig. 2 shows the data obtained with the apparatus of fig. 1: 
the diff. cross-section d2a/dtdM2 versus M2 at fixed lab angle 
(ref. 1). Note that the horizontal scale starts above the location 
of the elastic peak. Since the angle for each curve is fixed. Itl. 
the 4-momentum transfer. changes over the mass range covered by 
each curve. A valley is seen below the elastic peak. followed by a 
gradual rise with several bumps superimposed. 

Fig. 3 shows the structure in more detail. There is evidence 
for several bumps. Fitting the data with a polynomial describing 
the continuum (dash-dotted line in fig. 3) and Breit-Wigner formu
lae to describe the resonances (dotted line in fig. 3) the follo
wing results were obtained: 

SLOPE da/dt(t=O) a 

(GeV- 2) mb/GeV 2 (mb) 

ll(1236) 6.4 ± 0.8 0.18 ± 0.05 0.057 ± 0.017 
N (1400) 24.2 ± 2.5 11.6 ± 4.2 0.96 ± 0.35 
N(1520) 4.84 ± 0.24 0.91 ± 0.19 0.37 ± 0.07 
N (1688) 5.12 ± 0.08 2.35 ± 0.36 0.92 ± 0.14 
N(219O) 3.01 ± 0.17 0.16 ± 0.05 0.108 ± 0.033 

Some features of these data are 
- At I t I '" o.L the N(14oo). N(152o). N (1688) are excited with 



TOPICS IN PARTICLE PHYSICS WITH COLLIDING PROTON BEAMS 
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Fig. 2. Missing mass spectra taken at 24 GeV/c incident momentum. 
The elastic peaks are off the scale to the left. 
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comparable cross-section. The N(2190) and ~(1236) are excited 
with 1/10 the strength. 

133 

- The isolation of the ~(1236) is complicated by the fact that it 
is located in the valley between the elastic peak and the rising 
inelastic ~on5inuum. Its cross-section decreases strongly with 
energy, -s 2 •• Its dependence on t and s is shown in fig. 4. 

- The N(1400) has a steep dependence on t and possibly an (elastic
like) diffraction minimum + secondary maximum, see fig. 5. 

- The N(1520) and N(1688) have a t-dependence similar to that of 
elastic scattering, at t > 2 GeV2 • No dip is seen in the N(1500) 
and N(1688) t-distributions, neither at t ~ 1.4 GeV2 nor anywhere 
else. See fig. 6. 

- The N(1520) and N(1688) are weakly dependent on s at small t, 
strongly at large t. See figs. 7,8. 

- For completness the t-distr. of the N(2190) is shown in fig. 9. 
- The integrated cross-sections for N(1450), N(1520), N(1688), 

N(2190) are independent of s. 
- Comparing the production of N(1688) by pions and protons one 

finds factorization: 

rrp -+ rr N(1688) 
rrp -+ rrp 

pp -+ pN(1688) 
pp -+ pp 

The main conclusions to be drawn from low s missing mass 
data are thus: 

1) Dominance of minimal exchange, pointing to diffraction 
dissociation. 

0(1 = 1/2) is constant with increasing s (P-exchange) 
0(1 = 3/2) falls with increasing s (rr -+ exchange) 

2) The data support the Morrison/Gribov rule stating that for 
diffractively produced states the exchange of spin and parity 
are limited by the constraint ~P = (-l)~J: 

N(1688) N(2190) 

+ 
512 712 

3) There seem to be important "multiple scattering" effects at 
large t. 

4) The N(1688) cross-section in rrp and pp is consistent with a 
factorizable Pomeron. 
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Fig. 4. Differential cross-section for the production of ~(1236) 
at 24 GeV/c. Lower energy data are also shown. 



TOPICS IN PARTICLE PHYSICS WITH COLLIDING PROTON BEAMS 

10° 

It' ..... 
'" > 

CII 
0 -.0 .s 

1Cf - 0 
"0 
0 10' "0 

urI 

10""2 

Q) 

b) 

P+P - p+N(1400) 

--. 99 GfNIc I 
-_.- 015.1" EDELSTEIN 
-- ... --_ .... 20.0" ET AL.(19n) 
------ 0 '1!3.7 .. 
_ ... _ ... * 193 .. BELLETTINI 

~ ET Al.(1965) 
.~.~- • 24.0 .. THIS EXPT. 

" ;" ' 'i" , . ' ... 

0.1 02 03 

-- • 24.0 GfN/c THIS EXPERIMENT 

T i f 
I f 
I I 
I I 

+ I 
I 
t 

f 
I f 
i I 
I I 
t I 

t 

, 
I 
I 
I 
I 
t 

05 1D 1.5 

FOUR-MOMENTUM TRANSFER SQUARED, ItI (GeV2) 
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Fig. 6. Diff. cross-section for the production of N(1520) and 
N(1688) at 24 GeV/c. 



TOPICS IN PARTICLE PHYSICS WITH COlLIDING PROTON BEAMS 

P+P _ p+N(1520) 

10 0 
-- * 1;; G~~/c I EDELSTEIN 

2<10" ET Al. (1972) 
'B.7 .. 
24.0 .. THIS EXPERIMENT 

10-2 , 

t t 
1O-3L-__________ -L ____________ L-________ ~~ 

o 05 W 15 

a) 
....... 

~ 
<!) -.&J 

g 10 0 ..,------r------.-----,-----,-----,-----,-------.---. 

10-3 

10-4 

* 4.0GoNk I 
o 5.0" ANt<ENBRANOT 

6.1" ET Al. (1968) 
* 71 .. 

',,~ .. , .. :-oQ.-¥-~ 0 19.2 .. ALLABYET Al.(1968) 
"'- .................... ,_ • 24.0 .. THIS EXPERIMENT 

t .... t... --...~ 

.... -t ------i-_ 
----iF 

b) 

246 
FOUR-MOMENTUM TRANSFER SQUARED, It I (~2) 

Fig. 7. N(1520) production at various 5. 

137 



138 J.C.SENS 

P+P _ p+N(l688) 

10° 

. 9.9G~1 
o 15.1" EDELSTEIN 
... 2QO. ET AL. (1972) 
D 29.7 .. 
• 24.0 .. THIS EXPERIMENT 

10-1 

10-2 

--N 

=t a) 
(!) - 10""3 ..Q 

E- O 0.5 1.0 1.5 

ij 10° • 4D~1 - ~( 0 5.0" ANKENBRANDT 
-8 ~'t.. 6.1" ET AL. (1968) 

10-1 ~ -----"*f- D 7.1 .. 
.... -0.. ' 

.... <>-0.... 

• 19.2 
.. AL1..N3V ET AI... (1968) ~ ---0. 

~ .......... -N • 24.0 
.. THIS EXPERIMENT 

' ...... 10-2 " ....... ~,~ -'-..,.-~ 
\, ... ~--

It. --+----f 
10-3 111. 

"-
t " 

t't , 
10-4 III 

"-

" t't 
10-5 ~'t.... 

"-
lo, , ..... 

10-6 "'t-lt. 
b) ..... ,.. ..... 

1O-7~ __ ~ ____ ~ ____ -L ____ ~ ____ L-__ ~ ____ ~~ 

o 2 4 6 

FOUR-MOMENTUM TRANSFER SQUARED, Itl (GeV2) 

Fig. 8. N(1688) production at various s. 



TOPICS IN PARTICLE PHYSICS WITH COLLIDING PROTON BEAMS 139 

p +p _ p + N (2190) 

-'" 
~ 10-2 -JJ 
E 

-:::E 
0 
"0 

10-3 

- - 0 20.0 GeVlc } 
---- * 29.7 GfNk 

EDELSTEIN ET AI... (1972) 

- .24.0 Gf!N/c THIS EXPERMENT 

~-4~ ____________ -L ______________ L-____________ ~ 

o 0.5 to 1.5 

FOl..R- MOtv£Nl1.JM TRANSFER SQUARED, I t I (GeV 2) 

Fig. 9. N(2190) production. 



140 J.C.SENS 
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V. HIGH ENERGY (s > 100 GeV2 ) MISSING MASS EXPERIMENTS 

This section, and the next, deals with missing mass experi
ments at NAL and ISR. First, some kinematical relations relevant 
to MM experiments with stationary targets and with colliding beams 
will be listed. This is followed by a discussion of three experi
ments and of some results. More complete summaries of results can 
be found in various recent review articles l ). 

V.I Kinematics 

Consider p + p + p + X 

1+2+3+4 

(m proton mass) (V.l) 

where 3 is the particle observed and 4 stands for all the other 
particles combined. Then (£ = p, iE/c) 

- s - t 

M2= 2 
(p 1 

2 2 
2P3(Pl P ) - (Pl + P2 - P ) = + p ) - m - + 

3 2 2 (V.2) 

In the c.m. : 

+ + 
Pl + P2 0 

hence 

M2 2 
2 Is" E~t~ (Ei; of 3 in system) s + m - energy c.m. 

3 3 

and 

M2 2 rs/x2s 2 2 s(l-x) (V.3) s + m 2 + PT + m '" 4 

2pl'; Irs. The maximum value of is attained 
2 

where x - x when M = 
3L 

x max 

( 2 2 ] 112 4 PT + m ) 

s 

Note that xmax depends on s. For example, for PLAB 
and PT = 1 GeV/c xmax = 0.98. 

(V. 4) 

100 GeV/c 

2 
m : 
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2 
The dependence of M on the momenta involved (PI' P2' P3) is 

obtained from: 

3m2 -+-+ -+ -+ + + 
- 2PIP2 + 2E E + 2PIP3 - 2E E + 2P2P3 - 2E2E3 1 2 1 3 

(V. 5) 
Putting oPl/P l ~ oEl/E l = e: one gets by differentiating 

2 + + ++ - 2E IE3) oM = e: (-2p P + 2EIE2 + 2P IP3 1 2 

(V. B) 

At this point we note that in missing mass experiments the momen
tum of 3 is close to its maximum value and the angle is small. We 
take 3 to emerge near to the direction of 1; 

Then (V.B) becomes: 

with 

we then have 

e: s 

or 

(V.7J 

For example, for s 200 GeV2 and ~p/p = 1% oM2 = 2 GeV2 • 

The dependence in M2 on the uncertainty in P2 can be calcula
ted by putting OPL/PL ~ oE2/E2 = e: and differentiating (V.5) with 
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respect to p : 
2 

and thus 

(V. 8) 

2 
Likewise, for the dependence of the resolution in M on the 

accuracy with which the produced proton is measured we have 

8M2 (M2 2 s) = E - 3m -

8M2 
llP3 

(V.g) '" - s 
P3 P3 
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Note that we work with invariants, hence for missing mass experi-
ments on stationary target we have 

8M2 
IIp 1 

8M2 0 8M2 
llP3 

(V.IO) s -- -s 
PI PI P2 P3 P3 

Hence in either case, colliding beams or stat. target, there is a 
strong dependence on the knowledge of the momentum of one of the 
incident protons, resp. the incident protons, and of the produced 
proton; there is little or no sensitivity to the momentum of the 
"target" proton. 

Next, we consider the energy loss. For stationary targets we 
have from (V.5) 

o 

Hence for small t 

llE 

(E + m - E )2 
1 3 

M2 _ m2 

2m STAT. TARGET 
(V. III 
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e.g. El = 300 GeV M = 1. 5 GeV ilE 730 MeV or 0.25% 

For colliding beams we get 

M2 = ((E l - E ) + E )2 - ((p - p ) + P2)2 
3 2 1 3 

for small crossing angle and (as always) high momenta. Thus 

m 
2E-

1 cOLl. BEAMS 
(V.12) 

e.g. 11/8/11.8 GeV M = 1.5 GeV bE = 31 MeV or 0.25%. 
Hence in colliding beam experiments we have a very much smaller 
energy loss for given s, than in stat. target experiments, although 
the percentage loss is the same. 

let us look a little closer at the differences between 
colliding beam and stat. target experiments on diffraction 
dissociation. There is single diffraction dissociation in which 
either the beam or the target proton breaks up or double diffrac
tion dissociation. So far we have compared single diffraction 
dissociation of either beam in colliding beam experiments with 
target diffraction dissociation in the case of stat. targets. 

STATIONARY TARGET COLLIDING BEAMS 

TARGET DISSOCIATION BEAM 2 DISSOCIATION 

1 + 2 -+ 3 + X4 
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STATIONARY TARGET COLLIDING BEAMS 

... 

BEAM DISSOCIATION BEAM 1 DISSOCIATION 

1 + 2 + X3 + 4 

BEAM + TARGET DISSOCIATION BEAM 1 + BEAM 2 DISSOCIATION 

Obviously in the latter case there is the other, non-symme
tric, possibility of beam dissociation, with a single recoil 
proton coming off the target. In that case 

- t 
2 2 (p - p) = (p - p) = 2mT 

...l...1. 2 -.1 4 
(V.13) 

where T4 is the kinematic energy of the recoil proton. and 

(V .14) 
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2 
In recoil detection the sensitivity of M to the momentum of 

the incident beam is 

(V.15) 

RECOIL OF STAT. TARGET 
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Comparing this with (V.10) one sees a reduction in sensitivity 
by a factor S/M2, i.e. typically 20. The sensitivity to angle and 
kinematic energy of the recoil proton is sketched in fig. 1. For 
example, at M2 ~ 20 GeV2 and t ~ 0.15 GeV/c2 , a ±5% measurement 
of the kinetic energy results in 8M2 ~ ±0.6 GeV2. The sensitivity 
to angle is 8M2 ~ ±l GeV2 per ±0.25°. Comparing thds with 
colliding beam experiments at the same s: a ±0.5% measurement of 
the momentum of the produced proton results in (see (V.9)) 
8M2 ~ ±3 GeV2, i.e. a factor of 5 worse although the accuracy of 
the energy measurement is a factor 10 higher. Hence missing mass 
experiments with collidin6 beams have intrinsically (i.e. indepen
dent of the quality of the detectors) a worse mass resolution than 
experiments on stationary targets in which angle and momentum of 
the recoil proton is measured. 

Finally there is the question of minimum t. We have (consi
dering protons only) 

- t 

(V .16) 

Note that (V.16J does not depend on P2' In colliding beam machines 
the minimum angle at which positively charged particles can be 
detected is not zero, and is in fact rather large, due to the 
dimensions of the primary beams and the vacuum chamber in which 
they move. Typically eLAB = 35 mrad. Example: (P3 ~ Pl) 
Pl = 15.5 GeV/c P2 = 15.5 GeV/c s = 960 GeV2 tmin = PIP3e2 
152 x (35 x 10-3 )2 = 0.28. But since tmin does not depend on P2 
we can reach a smaller tmin by running with unequal energies: -3 2 
Pl = 11 GeV/c, P2 = 22 GeV/c, s ~ 960 GeV2 , tmin = 112 x(35xlo ) 

0.15 GeV/c2 • 

For stationary targets and observing the fast proton (target 
dissociation), assuming emin = 1.5 mrad and Pl = 300 GeV/c we 
have tmin = 0.20 GeV/c2 • On the other hand. by measuring recoils 
one has (see (V.13)) t = 2mT. Using solid state devices or 
proportional counters one can measure down to (for example) 100 
KeV. Thus t = 0.0002 GeV2 • This is another advantage of recoil 
detection on stat. targets. 
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V.2 Missing Mass Experiments at NAL and ISR 

Two counter experiments have recently been performed at NAL 
in which angle and momentum of the target recoil in 

p + p + X + P 

is detected, from which the diff. cross-section for excitation of 
mass X is then deduced. 

The experiment of Sannes et al. 2J has been done by letting 
the circulating beam in NAL run through a hydrogen jet which is 
turned on twice at precisely defined times during the acceleration 
cycle, once at a fixed instant near the beginning of each cycle, 
the other at some chosen later time; the incident energy is varied 
by varying the latter switch-on time, while the relative norma
lization is obtained from the ratio of the yields during the two 
intervals. The acceleration ramp lasts -2.S sec, the jet is pulsed 
for 2 x 2S0 msec. The proton density in the jet is 2 x 10-7 g/ cm3. 
The beam profile is -2 x 3 mm. The target x beam intensity in 
each burst is monitored by detecting elastically scattered events, 
at 86° and with T = 11.S MeV, in a suitable placed solid state 
detector. Since the differential elastic cross-section is inde
pendent of s (apart from a 2.2% correction for shrinkageJthis 
detector provides the absolute normalization (up to a geometrical 
factorJ through: 

(~~ ) finite t + 

t 
USING 
SERPUKHoV DATA 

L (~~) t=O 

2 
°T 

L lS'JT 
t 

USING 
SERPUKHOV + 

ISR DATA 
(±2.S%J 

The target recoil is detected by range, see fig. 2. A coinci
dence CIC2C3C4CSC6 signals a proton stopping in absorber No.2, 
with a momentum S60 < P4 < 660 MeV/c; a coincidence CIC2C3C4CSC6C7 
signals a stop in absorber No.3, with 660 < P4 < 780 MeV/c. 

The experiment is run in one of two ways 

aJ keep P4' 84 fixed and vary PI in the range 40 < PI < 260 GeV/c. 
Since 

s = 2mE l , -t 2mT4 , 
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H 2 jet target 

window 

Vacuum 
pipes 

Accelerated 

beam 

"'8 . eam pipe 

Absorber I 

Absorber 

Absorber 

Fig. 2. Missing mass experiment of Sannes et al., at NAL. The 
missing mass is determined by angle and range of the 
recoil proton. 
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t and M2/s are determined by P4 and 84 , For example: 

0.6 
0.7 

55.6° 
55.6 

t 

- 0.33 
- 0.45 

0.18 
0.17 

Proton stops in: 

absorber 2 
absorber 3 

b) keep sand P4 (i.e.t) fixed and vary 84 by rotating the whole 
set up. In this way a range 0.06 < M2/s < 0.21 is covered at 
fixed t. 

The final normalization is made by extrapolating down to 
s = 56 and 47 GeV2 (BNL and CERN data). 

The data show an inclusive differential invariant cross
section whose s-dependence is in good agreement with the form 
A + B/I; at several pairs (x,t), see fig. 17 of section III. 
Furthermore the invariant cross-section at fixed t and s shows a 
minimum at x ~ 0.9 followed by a rise up to the highest measured 
x ~ 0.93. The shape does not depend much on s. 

A second counter experiment3 ), also detecting recoil protons 
has been done using an array of solid state detectors. 18 pairs of 
detectors are placed on a circle of -1 m radius around a CH2 or C 
target in an extracted proton beam at NAL (see fig.3). They are 
uniformly spaced between 48° and 89° with respect to the beam, each 
counter pair subtending -0.4°. Each pair consists of two detectors, 
the first 1/2 mm thick, the second 5 mm thick, both 1 cm2 in area. 
The first measures dE/dx, the second the total energy, if the 
kinetic energy T is less than 30 MeV, or otherwise the energy loss. 

In the latter case T can be deduced from dEl/dx and 
dE2/dx up to T = 100 MeV. The relative calibration of the different 
pairs is monitored by means of elastic scattering: at each angle 
elastically scattered protons have a definite kinetic energy (see 
eq. (V.14) for M = m) and t, e.g. at 8 = 75° T = 143 MeV, t = 0.28 
GeV2 (see fig. 1). The diff. cross-section versus M2 for fixed t is 
obtained by taking the rates at fixed T, i.e. t, in the various 
pairs, hence the importance of relative normalization. 

The data on protons are obtained by subtracting the data on 
C from those on CH2' The normalization necessary for this procedure 
is obtained from deuteron and triton production which is the same 
in both targets. In the region of elastic events the C-background 
is small, but in the inelastic region the pp-spectrum is obtained 
by subtracting 90% of the data. Dead time corrections are relati
vely large since solid state detectors are inherently slow and the 
experiment is mounted very near to an intense primary beam. The 
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absolute normalization is by scaling the integrated elastic peaks 
to bubble chamber results on do/dt at the same energy. This is 
expected to be accurate to ~ 30%. The missing mass revolution, 
obtained from the slope of the elastic peaks is 8M2 = 1 GeV2 
(FWHM) at It I ~ 0.03, 2 GeV2 at t = 0.11 and 4 GeV2 at t = 0.17 
GeV/c2 . This is thus the measured resolution and includes the 
effects of finite resolution in e and T. 

At ISR missing mass experiments are being done with the set 
up shown in fig. 44 ,5). The spectrometer consists of 5 magnets, 3 
Cerenkov counters and a number of spark chambers and scintillators 
placed between the magnets. The axis of the spectrometer is at 85 
mrad in the vertical plane through the intersecting beams, but 
other angles can be reached by moving the two first magnets and 
Cerenkov counters up and down. In this way particles produced at 
angles other than 85 mrad are guided towards the fixed part of 
the spectrometer. This feature is similar to that of the spectro
meter mentioned in section IV (see fig. 1 of that section). In 
order to reach the smallest possible angle the first magnets are 
placed very close to the primary beams. Current-carrying septa 
cancel the strong stray field which would otherwise perturb the 
beams. The minimum angle is then determined by the available 
"free" space along the downstream beams and the thickness of the 
septa. In practice at ISR 35 < e < 180 mrad. At a given setting 
the spectrometer accepts bD = 10-4 sr, bp/p ~ ±15%. The momentum 
resolution is 8p/p ~ 0.8% (FWHM), related to 8M2 as in eq. (V.g). 
Particles are identified by the Cerenkov counters and by time of 
flight. 

Aspects of the data analysis have been discussed in section 
III. The normalization is obtained by means of monitor counters 
after calibration with the v.d. Meer beam steering method (section 
II). 

A point particular to colliding beam experiments is the very 
broad range of momenta in the primary beams. This is because in 
filling the rings the successive pulses are put side by side by 
means of slight acceleration with an RF cavity. (see section I). 
The result is a ~ cm wide ribbon (-3 mm high) in which the 
momentum varies from inside to outside by -2%. Locating the point 
of origin in the diamond then gives the primary momenta of the 
event in question. The data can then all be scaled to, say, the 
central values of the primary momenta, by use of the relation: 

bx = a bp/p 

where s is the coordinate "across" the beam and a is the known 
momentum compaction function. In this way the lack of knowledge of 
the primary momentum is reduced from, say, 500 MeV/c at 26 GeV/ 
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26 GeV to -60 - 100 MeV/c and. with eq. (V.7). 8M2 ~ 50 GeV2 ~ 
~ 7-10 GeV2. The remaining spread is due to the smearing out of 
the momentum/position relation by the betatron amplitudes. The 

CONTINUOUS STACK - . 
~x + ~p ~ 60 - 100 GeV/c 

DISCONTINUOUS STACK 

spread can be further reduced by 
stacking discontinuously: in that 
case the only remaining uncer
tainty in momentum is that of the 
original bunch as it came from 
the accelerator which feeds the 
storage rings. This spread is 
of the order of 5 - 10 MeV/c. 
Hence by running with disconti
nuous stacks the effect of the 
spread in primary momentum on 
8M2 is reduced to a level below 
that contributed by the error 
in the momentum measurement of 
the secondary proton. Fig. 5 
shows data obtained with a stack 
consisting of three separate 
bunches. The top histogram shows 
the distribution of points of 
interaction across the vacuum 
chamber. as reconstructed from 
spark chamber tracks in the spec-
trometer of ref. 4. The histograms 

below show the distribution in momentum of events in the spectro
meter. originating from each of the 3 bunches. A loose collineari
ty requirement on a particle going off in opposite direction has 
been applied in order to enrich the fraction of elastic events 
in the samples. The FWHM thus obtained is then a measure for the 
resolution of the spectrometer itself. 

V.3 A Few Results 

The data on pp + pX show the following features: 

1) At fixed medium x and PT or t the data approach a scaling 
limit from above in the range 100 < S < 360 GeV2 and do not 
vary appreciably with energy for s > 550 GeV2. see fig. 6 and 
section III. fig. 17. 

2) At high x a peak develops indicative for single diffraction 
dissociation in which the observed proton remains intact 
while the other one breaks up into a mass M2 ~ s (I-x). 

3) The shape and magnitude of the forward peak varies little with 
energy. Fig. 7. 

These features will be analyzed in the next lecture. 
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100 

p - 11669 11S06 11933 MeVlc 

~H.~ 

ORIGIN OF 

SPECTROMETER 

- BUNCH 

MOMENTUM DISTR. 

ELASTIC EVENTS 

1·'. 
r---t 

SPECTR.ACCEPTANCE I 

CENTRE BUNCH 

FWHM 

O.so,. 

-x--.. 

+ BUNCH 

FWHM 

0.70'0 
200 

Fig. 5. Data on (quasi)-elastic scattering obtained with a 
discontinuous stack at ISR. Top histogram: distribution 
of origins of tracks in the spectrometer of ref. 5. 
Bottom histograms: momentum distribution of (quasi)
elastic events originating from each of the three 
bunches. The left bunch is at the edge of the spectro
meter acceptance and hence contains less events than the 
others. 
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Fig. 6. Proton spectra at various ISR energies and fixed PT' 
versus x. 
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2 • s = 551 GeV 

i • s = 930 " 

,. ! ~ s = 1995 " 
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Fig. 7. Inelastic proton spectra at various ISR energies and 
fixed PT' at high x. 
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VI. HIGH ENERGY MISSING MASS DATA AND THE TRIPLE-REGGE LIMIT 

In this section the ISR high energy missing mass data will 
be considered in the light of Reggeon-exchange. 

VI.I The Triple-Regge Limit 

Let us recall the Mueller-Regge picture of section III. 
Using the 3 particle optical theorem and Reggeizing the exchange 
if the appropriate (sub) energy + 00 as s + 00 we have obtained 

159 

the central and fragmentation regions. We now go to the extreme 
end of the fragmentation region, i.e. there where one of the 
incident protons does not break up in the interaction with the 
other proton but retains its identity, just changing slightly its 
angle and momentum. This is the triple-Regge limit. Pictorially: 

CENTRAL REGION 
s-+oo s-

ac bc 
+00 

with s + 00 

a 
R 

c 
R' 

b 

~ TRIPLE-REGGE LIMIT 

FRAGM. REGION OF b 
s - + 00 with s + 00 

ac ~i; 

± 
OPT. THEOREM 

R+P + R+P 

AT t = 0 

R+P + R+P 

MEDIATED 

BY R' { 

, 

~ 
/RR'\ 

Putting the contributions of each vertex together into 

3 
E 5!...2. = 1. DISC 

c d 3 s 
Pc 
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one obtains 

2 
m 

a 
2 

167T 
L G"j J.J. s iij 

J. C. SENS 

( ) 
2 a.. (t) (M2) o!. (0) (t).§.... J. _ J. 

2 2 
M m (VLl) 

a 

To first order there are 4 terms: PPP, RRP, PPR and RRR. Their 
contributions are sketched in fig. 1. The invariant cross-section 
at t = 0 depends on x as listed below. Also indicated are the 
dependence on s of the integrated cross-section at t = O. 

(t 0) X cr. = lmax dcr J.nv 

-1 2 
PPP Cl-x) - In sl2m 

RRP const. -1 2 - 2m Is -+- canst. 
s -+- 00 

PPR 
1 Cl_x)-312 - const. 
rs 

RRR 1 Cl_x)-1/2 - c c' 
0 - + --+-

re- s .;;; 
s -+- 00 

F~g. 1 and the table above show the trend of the various 
terms there are two scaling, two non-scaling t~rms. Only PPP has 
both a peak at large x and, after integration, rises with increa
sing s, as a result of the s-dependence of the limit of integra-
tion X ~ 1 - 2m2 Is. 

max 

VI.2 Parametrization of the ISR Missing Mass Data 

The observations on inclusive protonspectra, both at NAL 
and ISR, and in particular the occurrence of a pronounced peak in 
the inelastic data have met with great interest. Most simply 
stated the reason is that in observing the lone, unexcited 
proton in one c.m. hemisphere one measures the probability of 
raising the proton in the other hemisphere to an energy M, at a 
momentum transfer It, directly; this in contrast to e.g. the 
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1.0 

I 
I 
I 

X DEPENDENCE AT FIXED t OF LEADING 
TRIPLE - REGGE TERMS 

- PPP - - - PPR 
- .. _RRP _._ RRR 

ARBITRARY RELATIVE SCALES AT EACH t FOR 

~ EACH TERM SAME SCALE AT t = 0 AND t = 0.2 

t=O 

RRR 5=550 

, 

'~-. 
" 

~S.~~ 
-~':~~"~~~50 
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5 =2800 

" / 
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t = -0.2 GeV 
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\ 

\ 
\ , , 

" , 

" ... ,-
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,,-

" " 
,,-

-x / -x 

0.95 1.0 0.95 

.' --

Fig. 1. Leading terms in the triple-Regge expansion. 
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observation of inclusively produced pions whose relation to the 
basic exchange of forces is "second hand", i.e. requires either 
an additional decay mechanism or information on the correlations 
with other particles produced simultaneously. Diffraction 
dissociation, of which the asymmetrically shaped inelastic peak 
is a manifestation, is responsible for approximately half of the 
average multiplicity of the secondaries. For this half it provides 
a qualitative understanding of the population distribution on 
the rapidity plot. The M2, t and s-dependence of its cross
section has direct bearing on the nature of the Pomeron. 

Triple-Regge fits to ISR 

p 

s = 1995 GeV2 0.5 < x 

missing mass data have been made 

2 

by several authors l ). The follo
wing is a summary of a recent, 
unpublished, analysis, and of 
some older results, by Albrow 
et al. 2 ). The fits were made on 
the following data: 

< 0.82 
5 

0.7 < PT < 1.2 GeV/c 

s = 551 GeV2 5 < M < 30 GeV2 0.15 < t < 1. 25 GeV/c 

930 GeV2 < M2 2 
GeV/c s = 7 < 50 GeV 0.45 < t < 1.65 

The data at s = 1995 GeV2 are shown in fig. 2, a sample of 
the data at s 930 GeV2 is shown in fig. 3. 

In fitting the medium x data (x < 0.82 5) at s = 1995 GeV2 it 
has been assumed that the cross-section there is dominated by 
just one term in VI.l, the scaling RRP term. In view of the 
energy independence of the data (see section V, fig. 6) non 
scaling terms such as RRR or interference terms may be expected 
not to contribute more than, say, 20% to the cross-section. For 
the RRP term, with R = f = effective meson trajectory, we have 

3 2 20: f (t) 2 O:p (0) m 
E~ 0 

GffP(t) (~2 J (M2 ) 
dp3 

--2-
16'Tr s m 

0 

(VI. 2) 

with 
2 

1 and O:p(O) = 1 m 
a 

E 
d3a GffP(t) (M: ) 1 - 2 0: f (t ) . 
dp3 16/ 

(VI.3) 



TOPICS IN PARTICLE PHYSICS WITH COLLIDING PROTON BEAMS 163 

10,----~---.----.---.----.----.---.----.-, 

("'II 

~ 
C> - -......... 
...c 
E -

~ 
w 

101 

Fig. 2. 

INELASTIC PROTON SPECTRA 

AT s = 1995 (GeV)2 

0.7 

o. 

.1. Pr = 0.7 GeV/c 
o 0.8 

0.9 
A 1.0 
• 1.1 

o 1.2 

2 
Data on pp + pX at s = 1995 GeV • The points at 

I 

0.5 < x < 0.825 were used to obtain the RRP trip1e-Regge 
cross-section. 
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0.1 

Fig. 3. 

p+p~ p+X MISSING MASS 'SPECTRA I 

AT 5 = 930 GeV2 

• I I • • • • I 

20 10 0 10 20 :l) 40 50 60 70 

J.C.SENS 

Data on pp + pX at s = 930 GeV2• The points at 
7 < M2 < 50 at 0.45 < t < 1.65 were used to obtain the 
PPP triple-Regge cross-section. Elastically scattered 
protons have been removed. 
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Data at s = 1995 GeV2 are consistent with 

a f = 0.45 + 0.75 t (VI. 4) 

for an effective meson trajectory. The trajectory is shown in 
fig. 4, the dotted line there indicates the sensitivity to a 
change of slope. Note that this result is independent of the 
absolute normalization. Substituting (VI.4) into (VI.2) one 
obtains for GffP(t) 

(VI. 5) 
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independent of t. The latter result is dependent on normalization. 

The analysis of the forward peaks at s = 551 and 930 GeV2 is 
less straight forward: 

a) A sUbstantial fraction of the raw data in the peak is due 
to elastic scattering. They are separated from the inelastics 
by requiring a second particle to emerge collinearly in the 
opposite hemishpere. The effect of applying a col linearity 
cut is shown in fig. 5. The elastic peak thus obtained is 
used to check the momentum scale. The t-dependence of the 
elastic data is checked to be in agreement with published 
resu lts. 

b) The momentum spread in the primary beams and the measuring 
errors on the secondary proton momentum (see section V.1J 
modify the shape of the peak. The elastic scattering data in 
a) show a peak whose width is a measure for the overall 
resolution of the equipment. The result, expressed as ox, 
oM2 and standard deviation of the momentum curve for elastic 
events: 

sl oM2 ox (FWHM) St.dev.in p 

551 GeV2 11 GeV2 2% 0.85% 

930 GeV2 9.6 GeV2 1% 0.42% 

These data are used to fold resolution functions of the 
specified withs (corresponding to Gaussian with standard 
deviations of 4.7 and 3.9 GeV2 resp.) into the triple-Regge 
formula (VI.2). 

c) At high x the spectrum is composed partly of diffractively 
scattered protons, partly of high momentum fragmentation 
protons. The latter contribution can be subtracted by 
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M 

.gl~ 
w 

o ELASTIC PROTON SPECTRUM 
• INELASTIC PROTON SPECTRUM 

5 = 929.5 (GeV)2: e = 35 mrad 

100 

0.1 

14.5 
15.0 PL (GeV/c) 15.5 

167 

Fig. 5. Separation of elastic from inelastic events by means of 
applying a cut on the angle between the proton in the 
spectrometer and one other particle going into the 
opposite hemisphere. 
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assuming its x-dependence to be specified by the scaling RRP 
triple-Regge term, as suggested by the data at s = 1995 GeV2 
above. The effect of subtracting a "background" of the form 
of eq. (VI.2) with trajectory (VI.4) is shown in fig. 6. 

With these problems out of the way we now look at the data 
and note that 1) there is little if any dependence on SJ 2) at 
the lowest t measured the slope of the M2 distribution is 
B(t 0.15) = 0.98 ± 0.06. This suggests dominance of the PPP 
term, since, at t 0: 

PPP 1 (:2 rl cr. - -- -
~nv I-x 

_.-1. - 1 1 (:2 ) -1.5 cr. 
~nv is Cl_x)3/2 is 

PPR 

1 1 --1. (:2 ) -0.5 cr. ---
~nv is Cl-x) 1/2 is 

RRR 

while interference terms such as PRP would have B(O) - 0.5 
(although this term would scale). If we then assume PPP to be 
the only important term we have 

(VI. 6) 

Fitting this to the data, and taking into account points a, b, c 
above, gives the result: 

(VI. 7) 

as the effective Pomeron trajectory, see fig. 7. Note again that 
this result is independent of the normalization. The data at both 
energies, s = 551 and 930 GeV2 , are consistent with the same 
traj ectory. 

Encouraged by the results we now look for confirmation or 
denial in other processes. If elastic scattering were dominated 
by Pomeron exchange we would parametrize the differential cross
section with the expression 

(VI. 8) 
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Fig. 6. Decomposition of the forward peak in pp ~ pX into 
contribution arising from leading protons and from 
fragmentation protons ("background"). 
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2 Using recent data at the same energies, s = 551 and s = 930 GeV , 
we then find the crosses in fig. 7, also suggesting that the 
Pomeron trajectory has a small, but non-zero slope. 

It is of interest to check the whole triple-Regge idea in 
reactions where quantum number exchange restricts the possible 
exchanges. One case is pp + n+X. The only possible terms are now 
RRP and RRR with R = nucleon trajectory. Since RRP + canst. and 
RRR + lire (see table above) we expect the scaling limit to be 
approached as A + B re, in accord with data (see section III, fig. 
17) A fit 3) to data (see fig. 8) at fixed PT = 0.8 GeV/c versus x 

p 

p p 

4) 

p 

at s = 2000 GeV2 results in 

aN = - 0.35 + 1.0 t ,(VI.9) 

a not unreasonable value for the 
nucleon trajectory. Note that 
experimentally such data are 
difficult to obtain due to the 
very steep drop in cross-section 
with increasing x in the absence 
·of PPP and PPR contributions. 

Recently ,data on pp + nX at s = 530, 930, 2025 and 2800 
GeV2 in limited regions of x and PT have been analyzed with a 
single RRP term dominating the spectrum at all x. As expected 

the data show no forward peak. 
The data, shown in fig. 9, are 
not complete enough to map out 
a full trajectory but they are 

p p 

p p 

consistent with an effective 
meson trajectory given by 

o + 1.5 t (VIoIo) 

This is suggestive of the n-domi
nance at the np vertex. Note that 
this is in contrast, but not in 
contradiction, to the effective 
meson trajectory (VI.4) which 
is dominated by p exchange. 

In conclusion one might say that in spite of the many 
assumptions and the very incomplete data, the classical Regge
exchange picture of strong interactions, carried as close to its 
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Fig. 8. Inclusive n production versus x at PT = 0.8, compared 
with a fit to the R(=N) R(=N) P triple-Regge term. 
(M.G. Albrow et al., unpublished). 
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o s = 2800 GeV2 
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Fig. 9. Data of ref. 4 on PP ~ nX at various s and PT' These 
data have been used to extract an effective meson trajec
tory. by fitting to the RRP triple-Regge term. The result 
suggests TI-exchange dominance in pp ~ nX. 
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asymptotic limits as present apparatus permits. provides a 
consistent description of particle production data and leads to 
"reasonable" effective Pomeron. nucleon and meson trajectories. 

VI.3 Processes Contributing to the Rise in crT8T 

The da~a discussed in section VI.2 on pp + pX at s = 551 
and 930 GeV permit one further conclusion. Either by substituting 
the trajectory (VI.7) into (VI.S) or by using the "experimental" 
numbers for the slopes of the M2 distributions at fixed t on a 
log-log plot one obtains the quantity Gppp(t) as a function of t. 
The result is shown in fig. 10 ("trajectory" data above. "measured 
slope" data below). The result at the two energies is the same. 
both in slope and in magnitude. (This latter conclusion depends 
on the normalization). The t-dependence is non-exponential and 
can be parametrized in several ways. e.g. as 

with 

or as 

2 Gppp(t) = A exp (Bt + Ct ) 

A 2 150 mb/GeV B -2 
4.3 GeV 

Gppp(t) = Al exp Bl t + A2 exp B2 t 

with Al = 140 A2 = B.B mb/GeV 2 

C 

4.3 

(VI. 11) 

-4 
1.09 GeV 

(VI.12) 

(The latter fit is drawn as the solid line in fig. 10). 

The quantity Gppp(t) is of fundamental interest. It links 
various processes and prescribes their behaviour at energies 
above the presently available ones. Inspection of the triple
Regge diagram shows that Gppp(t) is the product of 4 factors: 

(VI.13) 
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r ~ 
1.5 

Fig. 10. The »overall» PPP coupling constant as a function of t. 
extracted from pp + pX data at s = 551 and 930 GeV2• 
see text. See eq. (VI.13J for a break-down of GpppCtJ 
into its components. 



176 J.C.SENS 

p p 

Now in elastic scattering 

p 

(VI,14) 

while the total cross-section is given by 

cr = e p(o) e p(o) sapCO)-l 
T pp pp 

(VI,15 ) 

and t,hus 

dcr 2-2a (t) -1/2 
gppp(t.t.O) = Gppp(t) [167T crT dt (t)s p ] (VI,16) 

Hence the triple-Pomeron coupling constant gPPP can be determined 
from a combination of data on elastic scattering. the total 
cross-section and diffractive inelastic scattering. In putting 
in various recent data (details omitted here) it turns out that 
the t-dependence of GpppCt) is largely cancelled by the t-dependen
ce of the bracket in (VI.16). yielding a triple Pomeron coupling 

. -1 t constant gppp(t) ~ 0.4 GeV • not or very weakly dependent on 
in the range 0.15 < t < o.B GeV2 (above t ~ o.B the dip at t = 
= 1.4 GeV2 affects the results). 

This result can be put into a different form by rewriting 
the triple Pomeron expression for the cross-section. with (VI.2) 
and (VI,13): 

with 

(VI,1B) 
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(only the PPP-term has been retained for clarity; other terms 
could be included). 
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crpp(M2 ,t) is the Pomeron-proton 
total cross-section at total 
energy s = M2 and with mass2 = t 

Since dependence on t in (VI.18) enters only through gppp(t) the 
result above (constant gppp) seems to say that there is no strong 
dependence on the "Pomeron mass". As to the dependence on M2: 
if PPP is a good description of the data, then cr(M2,t) should be 
independent of M2. Explicit evaluation of (VI.17) and (VI.14) using 
the elastic and inelastic (with peaks corrected for fragmentation 
protons as in section VI.2) data at s = 551 GeV2 and at t = - 0.15 
and - 0.35 GeV2 gives the points shown in fig. 11. The result is 
independent of energy (M2), as is pp scattering in the same 
energy (s) range. 

This view of the interaction in terms of the total proton
Pomeron cross-section has another interesting consequence. In 
the limit where this picture is valid (high s, high M2, small t) 
the average multiplicity of events produced in proton-Pomeron 
interactions should depend in the same way on the total energy 
s = M2 as the overall average multiplicity in proton-proton 
interaction depends on s. In particular the coefficient A in 

< n > - A In M2 o - < n > = A In s 

should be the same. There is evidence in NAL bubble chamber 
experiments that this is in fact the case. 

One remaining question is the value of gppp(t) at t = 0 and 
how this value is approached. To get a feeling for how this might 
go we extrapolate the PPP cross-section obtained from the ISR 
data to the t-range covered by the recoil detection experiment at 
the same s at NAL (see section V)~ The RRP term has been 
added in order to account for the contribution of the fragmentation 
protons at large M2. The result is shown in fig. 12. It is seen 
that in the mass range in which the PPP fit has been made 
(5 < M2 < 30 GeV2) the agreement between the NAL data and the 
PPP + RRP curve is reasonably good. One might interpret this as 
saying that down to It I = 0.056 GeV2 there is no sign of any 
turn-over in Gppp(t). If this trend were to continue down to 
t = 0 we would have that 
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PROTON POMERON CROSS -SECTION 

VERSUS M2 AT 5 = 551 GeV2 

ot =-0.15 • t = -0.35 GeV/c 2 

DATA ACGHT COll. (ELASTIC) 
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t ·0 
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J.C.SENS 

Fig. 11. Total effective Pomeron-proton cross-section as a 
function of the total energy M2 and the "Pomeron mass" 
t, deduced from data on elastic (pp + pX) scattering, 
see eqs. (VI, 14 ) and (VI,17l in the text. 
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Fig. 12. The PPP cross-section obtained from ISR data (ref. 3) 
at 0.15 < t < 1.25 GeV2 , extrapolated down to 
t ~ 0.056 GeV2 and compared to NAL data (ref. 5) at some 
total energy. The PPP line has been obtained in the range 
5 < M2 < 30 GeV2 . At smaller masses other contributions 
enter, as suggested by the large peak at low t. 
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-1 
gPPpCo) ~ 0.4 GeV 

J. C. SENS 

This result is tentative and needs confirmation; ISR cannot 
easily contribute to its solution, due to the relatively short 
straight sections, making momentum measurements at small t very 
difficult to do. 

The increase in crToT with s observed recently naturally 
brings up the question as to which oneCs) of the processes 
contributing to crToT causes this dependence on energy. The rise 
in crToT is 4.1 ± 0.7 mb between s = 551 and s = 2788 GeV2 • 
Subtracting the Crising) elastic cross-section we are left with 
a rise of 3.3 ± 0.7 mb to be accounted for by inelastic processes. 

Consider first diffraction dissociation. We have seen that 
the inelastic peak in pp + pX roughly scales and that at small t 
the dependence on mass, dcr/dM2, suggests something close to 11M2, 
This suggests PPP dominance and hence we have proceeded to 
parametrize the data in this way after subtracting of the 
contribution of fragmentation protons and in a mass range where 2 
a) the contribution of fragments is reasonably small, M2 < 30 GeV 
and b) where PPP dominates over any PPR terms, direct resonances 
or whatever, ML > 5 GeV2. The result thus represent a parametri
zation of the PPP content of the diffraction peak and hence by 
integrating it we whall get the triple-Pomeron part of the cross
section for diffraction dissociation. This is 

16'1T 
[M: ) 

1-2ap Ct) 
2 s d cr 

~ dtdM2 

-1-2a't 
z dtdz cr = 1~'1T ff GpppCt) 

2 
M Is. The limits of integration are On • m ] 

p 
with z 

2 
m 

s 
z 
max 

m2 2 2 [Ms2) 2 -Cl-x) ~ m 
x 

s 

t max 
00 

There are some delicate points about this integral, concerning the 
relevant range in mass and the influence of very small t. We 
shall not belabour this further here. To get an estimate we 
assume tmin ~ 0 and GpppCt) as given by eq. CVI.12). Then 
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M2 
A. B. - 2a' In min 

1 In 1 s 0. 
32"ITa~ M2 1 

B. - 2a' In max 
1 s 

and this results in 

2 2 
0(2788 GeV ) - 0(551 GeV ) ~ 1.5 mb. 

Restricting the integration to e.g. 2 < M2 < 50 GeV2 results in 
1.2 mb. Note that although we have obtained our PPP parameters 
in a restricted range of M2 and t, we now extend the range in 
making the integral. Our tentative conclusion is that the PPP 
contribution to the rise in the diffraction cross-section is 
somewhere in the range 1 to 2 mb, and hence does not account for 
the entire rise in o. l' lne 

Other contributions to the rise in 0ToT could originate 
from: 

1) pp + pX with M~ ~ 3 GeV/c at small t. In this range terms 
other than PPP may contribute (see fig. 12). 

2) "IT+ and "IT- production at X ~ 0 and small PT' At PT ~ 0.1 a 
small rise is observed. 

3) At very large PT there is a rise with increasing s in the 
invariant diff. cross-section for "IT-production. 

4) pp production at x ~ o. 

Data are not yet good enough to make quantitative estimates 
of the various contributions. 
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