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1. Summary

We propose to Study the inclusive number and angular
distributions of hadrons produced in interactions of hadrons
on complex nuclei. The experiment would employ the spark
chambers currently in use in Experiment 230 together with

targets of various solids (e.g., Ch C, Al, Fe, Cd, Pb).

o1
We propose to use nucleon beams currently available in the
Meson Laboratory; specifically the M1 and M3 beams. The beam
utilization would be semi-parasitic. As little material would
be in the beam (<0.051), it could operate in the M3 beam
upstream or downstream of E27 during the forthcoming tuneup
of E27. 1In the Ml beam, it could operate beyond the end of
‘E7, separated from the last elements’ of E7 by a shielding
collimator. Low beam intensity is appropriate (~107-10°7 perx
pulse) as every inelastic nuclear interaction would be a.
potentially useful event. Data would be taken with neutrons
(M3), protons (M3 or M1l).

We request a total of three calendar months or two six-
week "“periods" of running for this experiment. We belieye that

" data collection will require 30-40 hours of beam time each
in- the neutron and proton beams.
II. Physics

" It has been noted repeatedly that the key to understanding
stwng interactions at high energy may lie in using the nucleus
as a laboratory; and in comparing the inclusive distributions

. . 1
of a number of parameters as functions of atomic number.- These



points of view have been stressed most recently by K. Gottfried,
who comments that the multiperipheral, the diffractive (Nova),
and the hydrodynamical model all fail to explain éven the
meager existing inclusive data. While he proceeds to generate
his own model, the important point to note is that there is
now very little solid data, and good experiments are needed.2
A recent conference report by Van Hove also stresses the
impbrtance of this class of experiments.3

A secondary reason for accumulating such data is the
desire to more clearly interpret air shower and other cosmic
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ray‘data in terms of strong interactions in the 10
energy range. Currently several parameters are involved in
this physics; Gistcibutions of multiplicity, angles, momenta,
and particle type from interactions in air, as well as primary
cosmic ray composition. The present data and interpretation
leads to the conclusion that there is a growing transverse
momentum and a shorter mean free path with increasing energy
and a multiplicity increasing at least as El/4 and perhaps as
52, oOn the other hand, there is little guidance on relating

phenomena on nitrogen to phenomena on free nucleons. Data

even at 100-300 GeV can materially imporove this situation.4

III. Discussion

An earlier proposal from Michigan to place solid metal
targets within'£he 30~inch bubble chamber was rejected by the

program committee. While we believe that this experiment




should be done eventually, we are impatient to move into this
area at minimal cost to the Laboratory and to other ongoing
experiments. Results from this proposed experimént will
greatly amplify our existing knowledge of inclusive reactions
and will guide future experiments in what we are confident
will be a burgeoning area.

Specifically, we seck to study:

A) The angular distributions of secondaries

The rapidity distributions in available data appear
to peak backwards in the center of mass for heavier nuclei,
as 1f the multiplication or intranuclear cascading were
entirely in the spectator frame.

B) The rapidity correlations

Available data (Appendix A) suggest a change in two-
particle interval distributions with A, and this sort of data

can be greatly augmented.

C) The ratio of v's to charged secondaries, the total

multiplicities, and the correclations between the

v (7°) multiplicity distributions and the charged

prong (Wi) distributions.

This would be accomplished with the lead plates
between the two wide-gap chambers as used in E230.

D) The charged particle average multiplicities and

multiplicity distributions as functions of I, A,

and incident hadron (n and p)

Momenta and secondary particle type would not be

identified.



Only the last objective overlaps the objective of E178
(W. Busza, et al., of MIT). The bubble chamber data using a
neon filling of the 30-inch chawber will yield one point on
the various distributions as a function of A but will not
map out the A-dependence.

Our own experiment E230 has brought wide-gap spark chambers
into efficient operation and has developed essentially all of
the_equipment necessary for this proposed experiment. In fact,
total inclusive data on the targets used in E230 will be useful
in interpreting the 7 production events being collected there,.

Figures 1 and 2 show some events recorded in E230.

IV. Experimental details

Two wide--gap spark chambers, each of 40x40 inches con-
taining two 6-~inch gaps are separated by lead sheets of 1/4 inch
and trigger counters. The last chamber is viewed end-on
through a screen electrode to visualize a "beam's eye" view
distribution of prongs. Tle photographs of E230 have recorded
over 150 prongs (in the second chamber) from a single event,
and tests of spark chamber efficiency confirm our excellent
detection efficiency even for high prong numbers. For a target
100 inches ahead of the chambers, the chambers "see" angles
from 0° to 127° in the nucleon—ﬁucleon center of massg; closer
target spacings permit more backward angles to be detected at
the expense of tighter spacing of the forward tracks in ‘the

spark chambers.
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Nuclear prongs (slow protons, aipha particles, otc.)
generally have E < 100 MeV and would largely be absorbed in
the target or would be absorbed or ‘scattered in the 1/4v
plywood of the spark chamber electrodes and the plastic scin-
tillators so that they sould be readily separated from
relativistic produced secondaries.

Events would be triggered with incident neutrons by
requiring at least one charged particle emerging from the
target with no incident charged particles. The effective
(average) energy of the incident neutron beam is known from our
present calorimeter data. With incident protons, a loose
trigger requiring over 1.5 times average minimum ionization
in two or three thin counters beyond the target would be used.
Data would be taken at target distances.of 100 inches and 30
inches, with and without lead converters between spark chambers
and with different target thicknesses, especially in the case
of high-Z targets (in order to correct for ry-conversion in
the targets). Some of the running time would be used to vary
other conditions in order to look for and evaluate experimental

biases.

V. Historical notes

The qualitative fact of the low rise of multiplicity
with atomic number has been known for over 20 years from cosmic
ray exposures of nuclear emulsions. However, to our knowledge,

the first reference to the gquantitative study of inclusive
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distributions on nuclei as a tool for the study of the nature
of the interaction mechanism was made by one of us (Lawrence
W. Jones) at the Conference on the Expectations of the New
Accelerators at Wisconsin in April, 1970.5 In the only
systematic attempt at such a study to date, targets of C, Al,
Fe, Sn, and Pb were used in the Echo Lake cosmic ray experiment
over the period 1969 -~ 1971 following the liquid hydrogen
data collected. Mr. P, Vishwanath is currently completing
his doctoral thesis at Michigan on these data, and a report
on some of his results was presented at the 13th International
Conference on Cosmic Rays at Denver in August. A copy of
this report is appended *hereto as Appendix A.

The present vroposed eéxperiment is an attempt by our

group to significantly extend data of the sort collected

earlier with cosmic rays.
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Figure 1.

_ The wide-gap spark chamber configuration proposed.

A1 1S 10"x 11"
A2 IS 3"x 3"
Tt IS 4"X 4"

The

uppelr sketch illustrates the relative orientation of the counters,

target, spark chambers,

and camera to scale,
an anlarged detail of the spark chambers,

The lower sketeh is
The stippled area rep-

resents the sensitive regions of the chawmbers,
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Figure 2. 2An cvent with a very high multiplicity. The side views

of the two chambers are seen at the top of the field, and the dircct
view (through a screcen clectrode) of the last gap is at the bottom
of the ficld. In the original negative, over 175 separate sparkes
are visible in thoe direct view.




APPENDIX A

HADRON INTERACTIONS WITH NUCLEI

Paper to be presented at the 13th International Conference

on Cosmic Rays, Denver, Colorado, August 17.- 30, 1973.



g bt

345

HADRON INTERACTIONS WITH NUCLEI*

P.R. Vishwanath, A.E. Bussian, G.D. DeMecester
L.W. Jones, B.W, Loo, D.E. Lyon, Jr,

University of Michigan
Ann Arbor, Michigan 48104

J.J. Jones, J.G. Learned, D.D. Reeder, R.J. Wilkes

University of Wisconsin
Madison, Wisconsin 53706

Bruce Cork

Argonne National Laboratory
Argonne, Illinois 60439

F.E, Mills

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

After initial studies of hadron-proten interactions in
the Echo Lake Cosmic Ray Project, hadron-nucleus interactions
have becen pursued by replacing the liguid hydrogen target
with targets of heavier clements. The elements uscd were
aluminwa, iron, tin, and lead. &n attenpt has been made to
study the inclusive properties of the interaction as func-
tions of atomic weight and cnergy. In particular, the an-
gular distributions, multiplicity distributions, and averaqge
multiplicity will be xreported. The predictions of different
high cnergy interaction models will also be examinced in
connection with these results. The data contain about 200
events from each heavy element target at encrgics above 100
Gev.

*Supported by the U.S. National Scicnce Foundation.



http:ABSTf'v"\.CT

(IS AN

45

1. Tntroduction. The Icho Lake cosmic ray experiment has
been used to study the interaction of hadrons (mostly protons)
of above 100 GeV with targets of heavy nuclei: AL, JFe, Sn,
and Phb. EZarlicry cosmic ray data had explored the nature of
strong interactions at high energy primarily with targets

of nuclear cmulsion or of metallic elements from which the
nature of free nucleon interactions were inferred indirectly.
Recently the Echo Lake coomic ray data and the excellent
accelerator results from .A.L..and C.E.R.N. have greatly
elucidated the nucleon-nucleon interaction from 100 to 1500
GeV., It is now recognized that the interpretation of this
data in terms of varicus models of inclusive reactions would
be clarigiced by guantitative inclusive data on heavicer
elements. t

2. Experimental Details. The Echo Lake apparatus as pre-

viously dcscribed4 was used in this experiment except that
the liguid hydrogen target was replaced by a target of metal
plates (¥Fig. 1). Two runs

. " TOP COUNTER
were taken, one with a R e it
target of Al and Fe : seatic
plates side by side, - | cHevonr
and the other wilth a A e
target of Sn and Pb | et
plates. Each target C TARGET Y %&?&m
consisted of G plates, ) S
spaced aboult 15 am . . L
vertically and total- ) s iOE GAi
ling about 20% of a , : SPARK
nuclear interaction CHANBER

mean free path., The
event vertex recons
struction permitted
determination of the
particulaxr target el-
cment and platoe mwber.
(Earlier, data had also
been taken on a caxbon
target.)

Dalta were taken dur-
ing 1969 and 1970. Jrom

the raw data sanple, use- Fig. 1. Vertical section of the
ful events were scelected experimental configuration. (Shower
as was done with the counters arce around the targgt.mid
hydrogen data. Table X plance and are not shown explicitly
lists the number of events in the diagram.

of above 100 CcV finally
used in the data analysis.
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Table I

Useful Interactions above 100 GevVv

Element Al Fe sSn Ph

Humber of Events 230 220 185 ‘ 139

3. Riases. (a) The BEcho Lake results on pp,intoractions2
differ somewhat from those obtained at N.A.L.3 in average
nmultiplicity and multiplicity distributions. It has been
determined that the difference is due to the inceificiency of
the spark chambers for large prong numbers.  From the data
on spark efficicncies in the separate gaps vs., prong nuwthor,
we have developed a self consistent prong corxrection program.
We have underitaken te correct the prong nunber distributions
for the heavy elements with the same bias proygram which
brings the Echo Laké pp data into agreement with the N.AL.L.
bubble chamber data,

(b) ¥Yrom carlier results, we have determined that the
incident flux contains a mixture of pions and protons, with
T/p = 0.3.

(¢} There is an energy bias in interactions due to
scoendary pronfre vihioch micae tha calorimeter geometry. This

is understooud and corrections ave applicd basced on 2 Monte
Carlo precgram.

4. Results. Average prong multiplicities and multiplicity
digtributions are still being analyzed o properly include
cffects of these biascg. The raw data show an increase in
average prong number with atomic weight. Preliminary results
on the increase in average charged prong number with atomic
weight suggest (n) o AR with 0.1 < » < 0.25. We belicve that
nuclear fragments (black and grey prongs in emulsions) are
not included in the observed distribultions in view ol the
average range required (several g om”?) to escape the target.

Angular distributions have been obtained for the four
heavy targets in the form of 7, = log tan ¢, plots, where 0,
is the angle of a secondary relative to the incident particle
projected into a plane containing the incident trajectouy
and a noxrmal to the optic axis. Fig. 2 contains mp distribu-
tions for the four elements for incident energics 100 ~ 300
GeV. Three scts of plots are given; one for the "leading
particle" (most negative np), one for all prongs from cevenls
with n < 6 and one for n > 6.

The plots for the leading particle are very similar
from clement to element. Yhe sinplest interpretation of
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this is the conclusion that the momentum distributions of
the leading particle are nearly indepondent of A and conse-—
guently that the inelasticity does not vary significantly
with A. (4his agreces with older cosmic ray data.4) The
plots for low multiplicity events do show significant shifts
with A, with a signifjicant shift of prongs toward larger
angles for heavier clements,

That there remains a leading particle" and that the
sccondary particles are degraded through intranuclear cas-—
cading is alco apparent from studies of the ordered log
tan Gp distributions, prepared as for the pp data,

BEven at this stage of analysis, our results confirm
the remarkably slow change 1n inclusive paramctoers with
nuclear size, both as refilected in multiplicities and in
angular distributions,

5. Acknowledgments. The authors wish to thank Dr. Mario

o

ITona and the University of Denver for their continued
hospitality and the use of the Echo Xeke High Altitude
Laboratory.
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Hadron Interactions with Nuciedi

P.w, Vichwanath ot al.
(Ceho Liake Cosmnic Ray Project)

Addendum to the Paper to be Presented at the 13th Intcernational
Conference on Ceosmic Rays

(1) variation of ﬁc with Atcmic Weight

A simple Monte Carlo model has been used to correct the
raw data for extra tracks arising from secondary.interactions and
gamma conversions and for tracks missing due to spark chamber
inefficiency for large prong events. This corrected data is pre-
sented in Pig, 3 for two energy rangeg: 100-200 CGeV and 200400
GeV, The events Lrom the bHotlom-mostc plate of the target need
very little correction and they have also been shown in the figure.
J.R. Florian et al (a recent paper submitted to 1273 meeting of
the Division of Particles and Fields) report a coherent production
model put forth by Fishbane and Trefil. This model in which an .
intermediate excitation propagates through the nucleus before it

decays, predicts

— .....l I 1/3_ o
ns = Z(OeJA ‘fl)lx:ﬂ

vhere EP is tho wultiplicity on 2 hvdrogen target ., EH found in
1 -1 - 2 X

the Beho Linke p-p interaction study has been corrvectdd iecenlly

Ay
4

for the spark chamber inefficiencies.and is now more consistent
with the accelerator data at energics 1200 CGeV. t higher ener-
gies, other effects set in and Fcho Lake multiplicities are still
lower than the Bubble Chamber multiplicities. The data points
in Fig. 3 do not disagree with the CPM model when one uses these
corrected p-p multiplicities given by the Icho Lake deta, While
the present values of the absolute multiplicities could be s
“lower than the true multiplicities, the observed slopes are not
expected tobe very much dififerent from the true slopes. Florian
et al. do see higher multiplicities with 200 GeV protons on
enmulcions but their slopes are compatible with the CIPM model.
Carbon data have been taken frém older ¥cho Lake results and have
been corrected for spark chamber incefficiencies.
(2) Angular distributiones

Additional material on the Angular distributions is prescnted
in Fig. 4. At a fixed charged multiplicity the obscrved sccondavy

tracks werve ordered by their individual

log, Lland  values ancd
1ot p YT
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plotted separately. The first plot contained the track from
each event that had the closest angle relative to the beam
direction, the next plot contained the track from ecach event
that had the second closest angle relative to the beam direc-
tion and so on. If the momentum distribution of all the par-
ticles is of form 4PL/1, the average values of these distri-
butions should be egually spaced. Fig. 4 shows a plot of the
differences Dbetween the average values of these distribution
for fixed chayged multiplicities of 5, 6, 7 and 8 prongs.
There is obviously a leading particle as evidenced by the
larger first interval in most of the cases. There is also a
wniform decrease in the average interxval for lighter elements.
In Pb, there scemns to be no soppesan: correlation between the

average intervals.

v
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Average Interval is the Difference Between the Average Vol
of the Ordered LogyTanly Plots.
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