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ABSTRACT 

A novel Cerenkov counter technique has been used to measure 

charged particle multiplicity in TI - Nucleus collisions at 100 

and 175 GeV/c. The results are: a) In the forward direction 

the multiplicity is independent of the target nucleus; b) In the 

backward direction (in the TIp c.m. system) the multiplicity is 

approximately proportional to the nuclear thickness; and c) The 

data are consistent with the assumption that the relevant para

meter which describes the mUltiplication process is the absorp

tion cross-section of the incident particle rather than that of 

the produced secondaries. The results are in excellent agreement 

with Gottfried's model of the space-time development of particle 

production. 
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Introduction 

Experiments on multiparticle production using nucleons as 

targets give data only on the asymptotic states produced and 

thus cannot yield direct information on the space-time develop

ment of the production process. A study of correlations in 

the asymptotic states can provide this information but only in

directly. In order to study the evolution of the production 

process it is necessary to interfere, in a controlled manner, 

lwith the process while it is taking place. Reasonable estimates

indicate that at FNAL energies hadronic interactions take place 

over distances of many ferrnis in the laboratory frame of refer

ence, i.e., in distances greater than the mean free path of ha

drons in nuclear matter. This suggests that nuclear targets may 

be ideal for studying the evolution of the production process. 

We have studied the development of hadronic showers inside 

nuclear matter, by measuring the multiplicity of charged rela

tivistic particles as a function of angle and nuclear size in 

TI -nucleus collisions. 

A novel Cerenkov counter technique was used for counting the 

number of charged particles produced in each interaction. The 

experiment was carried out in the M6 beam line at the Fermi Na

tional Accelerator Laboratory. 

Brief Description of the Experiment 

The target in this experiment was placed at the second focus 

of M6, a three stage secondary beam line of 175 GeV/c maximum mo

mentum. Four thirds of a radiation length of lead at the first 
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focus eliminated the few percent electron contamination in the 

beam. Data were taken at 100 and 175 GeV/c with a negative 

beam. The beam composition at 100 GeV/c was measured2 to be 

94.1% iT , 4.4%K-, 1.5% p. At 175 GeV/c the K and p contamina

tion is known to be smaller. 

The target was surrounqed by a multiplicity detector con

sisting of twelve hodoscope counters and a high resolution Cer

enkov counter in the forward direction, as shown in Figure 1. 

Particles produced at large angles were counted in the hodoscope 

counters, while those produced at small angles were counted 

th~ough the pulse height in the forward Cerenkov counter. The 

angular range covered by the two parts of the multiplicity detec

tor was determined by the position of the target relative to the 

detector. The principle of operation of the forward Cerenkov 

counter is illustrated in Figure 2. The detector is sensitive 

only to relativistic particles with ~ ~ 0.85. 

The incident beam passes through the forward detection system. 

Thus, to avoid two or more beam particles arriving within the 

resolving time of the detector, or being swamped by single particle 

events, it was necessary to use a selective triggering system for 

defining a beam particle and an inelastic event. 

The beam defining telescope is shown schematically in Figure 1. 

Digital and pulse height information from it was used to reject 

all beam particles which were within 200 nsec of each other. As 

an extra precaution against pile-up, a beam of less than 10 5 parti

cles/sec was used throughout the experiment. 

An inelastic inte.raction was detected with trigger counters 
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which required either two or more particles in the forward di

rection or one at large angles in two sets of counters (see 

Figure 1). To avoid simulation of a real interaction by a-rays 

from a non-interacting beam particle, the event trigger also 

required that the beam particle did not reach the third focus 

of the beam, i.e., that it lost at least 1 GeV. 

Whenever an "Event" was detected by the trigger counters, 

information from the multiplicity detector was stored in one of 

eight separate octants of a 4096-channel pulse-height analyser 

(the pulse height from the forward Cerenkov counter was stored 

in octant #1 when no hodoscopes fired, in octant #2 when one 

hodoscope fired, etc). Eight octants are adequate because the 

probability of more than seven particles produced at angles 

greater than 26 0 
, the minimum angle subtended by a hodoscope 

counter at the target, is negligible. 

Data were collected for the following matrix of beam energies, 

target materials, target thickness, Cerenkov radiator thickness 

and angular ranges: 

Beam momenta: 100 and 175 GeV/c.
 

Target materials: C, CH AI, Cu, Ag, Pb, and U.
2, 

H results were calculated from CH2 2-C 

difference. 

Target thickness: Several for each target material in range 

2.0.25 and 6 g/cm

Cerenkov radiators:0.5, 1.0, and 1.5 cm at the center. 

Separate angular ranges· covered by the detector: 0o-3.50 , 

0°_26°, 26°-110°. 

The laboratory angles of 3.5° and 26° correspond to the laboratory 
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seudo-rapidity3 n of 3.5 and 1.5. The corresponding angles 
0 

in the rrp center of mass system for a B = 1 particle are 48 

0
and 1490 at 100 GeV/c and 610 and 156 at 175 GeV/c. 

At least two runs were taken for each target. To avoid 

drift problems a target out run was taken between every two or 

three target in runs. Approximately 105 events were stored 

for each point in the multidimensional matrix. 

For each run the data consist of eight pulse-height spectra 

as described above. One such spectrum is shown in Figure 3. 

In principle, after a target out subtraction, the average 

charged-particle multiplicity can be immediately extracted from 

the data by adding the average number of hodoscopes triggered 

to the mean multiplicity of particles passing through the 

forward Cerenkov counter. The mean multiplicity in the latter 

is given by the first moment of the pulse height spectrum di

vided by the first moment of the one-particle spectrum. Our 

trigger system rejected one-, two-, and a small fraction of 

three-particle events. To correct for the resulting loss of 

inelastic events, we first eliminated all of these events from 

the raw data; then, at the end of the analysis, a correction 

4. was applied for events with up to three charged particles

The statistical error on the raw multiplicities obtained 

is very small (~1.5%). Furthermore, even over long periods of 

time, the raw multiplicities reproduced to within these errors, 

indicating that no drift problems were encountered. 

To extract the true multiplicities many correction factors 

have to be applied to the raw multiplicities. Uncertainties in 
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these correction factors dominate the errors. All of the im

portant correction factors are listed below: 

1) Secondary interactions in the target; i.e., extra

nuclear collisions, o-rays and y-conversions from nO,s. All 

these processes were corrected for by extrapolating to zero 

target length (~6% for a 1 g/cm2 target). 

2) The fact that the pulse height produced by n secondary 

particles is not identical to that produced by n pions of 100 

GeV (~2%). The two differ because the multiplicity of second

ary interactions in the radiator isa function of energy. 

3) y-conversion in the radiator and in the hodoscope counters 

(~6%) • 

4) More than one particle striking the same hodoscope counter 

(~5%) • 

Data from radiators of various thicknesses were used as a 

consistency check. 

The quoted errors on our results include the uncertainties 

in all such correction factors, as well as the uncertainty in the 

correction for the one-, two-, and three-particle events. It 

should be noted that to a large extent the above correction factors 

cancel in the calculation of the ratio R of the multiplicityA, 

from nuclear target A to that of Hydrogen. 

Results 

The method used in this experiment is new; therefore it is 

important, first of all, to present those results which can be 

compared with data obtained using orthodox techniques. 
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In Figure 4 we compare our measured values of the absorption 

cross-sections with those of Denisov et alSo The two are in 

good agreement with each other and with the power law G
A 

= G o AO. 7s , 

predicted by a simple optical model calculation in'which a Wood-

Saxon distribution of nucleons is assumed. It shows that at high 

energies hadron-nucleus absorption can be described by the most 

naive classical picture: that of the collision between a hadron 

and a collection of independent nucleons each of a size equal to 

the single nucleon absorption cross-section. 

Our preliminary values for <n> 
HZ 

, the average charged multi
_ 

plicity of relativistic (8 ~ 0.85) particles in TI p collisions 

at 100 and 175 GeV/c, are 6.5 ± 0.4, and 7.7 ± 0.5 respectively. 

These results are to be compared with the FNAL bubble chamber 
~ 

measurements 6 of 6.80 ± 0.14, and 8.02 ± 0.12 for the multipli

city of all charged secondaries at 100 and 205 GeV/c. (The frac

tion of charged particles with 8 < 0.85 is not known, but it 

should certainly be less than 10%). 

The most important results of the experiment are summarized 

in Figure 5. They confirm the old observation from cosmic ray 

phYSicS7 and the more recent emulsion measurements8 at FNAL that 

the average multiplicity grows sloWly with the atomic weight of 

the target, that the rise is primarily in the target fragmenta

tion region, and that RA is independent of energy. 

Figure 5 shows the variation with nuclear size (measured in 

terms of V, the average number of absorption mean free paths 

encountered in the nucleus by the incident particle9), of the ob ~ 

served mUltiplicity for the four angular regions for which we 
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have separate measurements. The most striking result is that 

there is no multiplication of particles for Slab < 3.50 
, while 

at large angles the multiplicity is approximately proportional 

to nuclear thickness. A pion encounters on the average 3 mean 

free paths in a Uranium nucleus and yet for the forward cone, 

which contains almost half the produced particles for rrp inter

actions, the multiplicity in a rr-Uranium collision is the same 

as that in a rr-p collision. The Slab> 26
0 

data indicates that 

at large angles there may be a small amount of cascading within 

the nucleus. 

The dependence of the multiplication process on the nature 

of the incident particle is shown in Figure 6, where various 

measurements of R are plotted a) as a function of A and b) asA 

a function of v. In Figure 6b the only data shown are those 

for which the nature of both the incident particle and target 

nucleus are known. For a given value of A the value of R forA 

incident pions is smaller than that for incident protons. On 

the other hand, comparison of our data with the world average 

value of REm from p-Emulsion measurements at FNAL shows good 

agreement when plotted as a function of v. This comparison 

suggests the striking conclusion that the relevant parameter 

which describes the mUltiplication process is the absorption 

cross-section .of the incident particle rather than that of the 

produced secondaries. It should be pointed out, however, that 

because the comparison is between very different experiments 

the data in this respect are not sufficient to be conclusive. 

Finally in Figure 7 we show the dispersion 0 as a function of 

-
T 
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average- charged multiplicity <n>. It is interesting to note 

that in TI-nucleus interactions D depends linearly on <n> in 

the same way as in TIp interactions. In neither is it Poisson

like, where D a <n>1/2. 

Comparison with Theory 

The observed slow increase in multiplicity with nuclear 

size and the energy independence of R rule out all cascadeA
 
l O
 models which assume that in hadronic cOllisions the asymp

tot~c multiparticle final states are formed in a distance short 

compared to the mean free path of hadrons in nuclear matter. 

Our data are in excellent agreement with the energy flux 

cascade model(EFC model) of Gottfriedl l• In our energy range, 

Gottfried predicts no difference in multiplicity between nuclei 

and Hydrogen for rapidities greater than 2.5; at 100 GeV/c we 

observe <n>A/<n>H (for particles with n > 3.5) = 2 

1 + (-0.005 ± 0.050) (~ - I), and <n~_/<n~ (for particles 
2 

with n > 1.5) = 1 + (0.17 ± 0.07) (v - 1). Gottfried predicts 

<n>A/<n>H (all n) = RA = 1 + 0.38 (v - I), independent of energy; 

we find R = 1 + (0.43 ± 0.05) (v - 1) at 100 GeV/cA 

and R = 1 + (0.41 ± 0.06) (v - 1) at 175 GeV/c. It should be
A 

pointed out once again that the above quoted errors are not only 

statistical; they include all systematic effects as well as the 

-error on v. 

The difference, if any, between our data and the EFC model 

can be attributed to particles produced at > 26 o , where theel a b 

model is least reliable since it does not take into account the 

transverse development of the energy flux. 
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I~ Figure 8 we compare our results with Gottfried's model 

and also with R = 1/2 + 1/2 V, a relation recently suggested
A 

12by several authors . 

To conclude, this experiment has confirmed the puzzling 

cosmic ray observation that there is almost no showering of 

hadrons inside nuclear matter. It has shown that the little 

intranuclear multiplication that does occur gives rise to an 

increase of particles only at large angles, that it is energy 

independent, and that it is compatible with the assumption that 

the absorption cross-section of the incident rather than of 

the produced particles determines the multiplication process. 

These results place severe constraints on models of multi 

particle production, in particular on the space-time develop

ment of the production process. Whether the constraints will 

prove useful depends on how difficult it will be to interpret 

detailed dynamical models of high energy interactions in terms 

of the evolution of the production process in the presence of 

nuclear matter. 

.. T- RF ?p = 
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FIGURE CAPTIONS 

dE	 and dE1.	 Multiplicity detector and trigger counters. 
dXl dX2 

have thresholds set at 2 x (minimum ionizing). 

2.	 Principle of the experiment. 

3.	 A typical pulse-height spectrum. It was obtained in a 

10-minute run using a 4.4g/cm2 Al target. The spectrum 

contains 20,000 events. 

54.	 nA absorption cross-section: comparison with Denisov et aI, 

and with the optical model. 

-5.	 <n> I<n> versus v for various angular ranges.
A H2 

<n>A is the average charged multiplicity of relativistic
 

particles produced in a collision with nucleus A, and v is
 

the average number of absorption mean free paths encountered
 

in the nucleus9. Errors on V are shown at the bottom of the
 

graph. The errors on en> I<n> are statistical only. Sys-
A H2
tematic errors are as follows:
 

00
100	 GeV/c < Blab < 3.50 + 6% 

00	 +< Blab < 260 - 2% 

260 < e b < 1100 ± 10% 
.1.a 

00 < Blab < 1100 ± 2% 

175	 GeV/c 00 < Blab < 26 0 ± 3% 

260	 1100 ± 10%< Blab < 

..,J 
00	 ±< Blab < 1100 3% 
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6.	 Comparison of various measurements of multiplicities in 

hadron-nucleus collisions. 

a) R
A 

versus A, where R = <n> /<n>
A A H2 

The Echo Lake data13 are an average over the energy 

range 80-500 GeV for incident particles consisting of 

approximately 30% pions and 70% protons. The 69 GeV 
1 4	 1 5 p-Emulsion data and 60 GeV n--Emulsion data are from 

Serpukhov. The p-Emulsion data8 and p-Emulsion (light 
1 6 elements) data at 200 GeV are from FNAL. 

Errors on all measurements are statistical only. In 

this comparison we have not included the very high values 

of RA found by Florian et ~17 in 30 p-Ag collisions and 

32 p-w collisions at 300 GeV. 

b) RA versus v for data where both the incident particle 

and target are well~defined. The errors include all systematic 

and statistical uncertainties. 

7.	 Dispersion D = J'«n - <n»2> versus <n> for this experi
18 6menti the data of Berger et al ,Bogert et al , and the 

low energy data compiled by A. wr6blewski1 9• 

8.	 RA versus v: comparison with theory. Best fit to our data 

gives R = 1 + (0.42 ± 0.05) (v - 1), where the error includesA 
all systematic and statistical uncertainties. See text for 

a discussion of the two theoretical predictions. 
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