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We have heasured the yieids éf positive and negative particles
resulting from the collision of 1.05 GeV/ﬁucleon and 2.1 GeV/nucleon
_protons, deuterons and alpha particles with targets of Be, C, Cu, and Pb.
Single partiéle ihclusive/speétra were obtaiﬁed at 2.5° (lab) for ni,
K+, p, d, SH, 3He, and 4He. In this paper we limit our discussion to those
aspects of these spectra which are related to possible applications and
tests of various high eﬁergy interaction models. In_particular, we will
indicate how our results bear on such concepts as limiting fragmentation,

scaling,>and the "parton' structure of the alpha particle and deuteron

projectiles.

t
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We report here some preliminary results of an experiment to measure
single parti;le inclusive spectra resulting from the collisions of 1.05-4.2
GeV (kinetic energy) protons, and 1.05 and 2.1 GeV/nucleon deuterons and
lalpha particles with targets of Be, C, Cu, and Pb, The yields of "t’ p, d,
3H, 3Hé, and 4He were measured as a function of momentﬁm at a fixed labora-
tory angle, 6 = 2.5°. The initial motivation for this experiment was to
measure negative pion production from a variety of targets bombarded by rela-
tivistic deuterons and alpha particles to search for very energetic pions;
pions with energies considerably larger than those which could be produced
in a collision of a single nucleon with a nucleus. A second phase of the
experiment consisted of reversing the polarity of our spectrometer and
measuring positive particle yields. It waé fhought that the high energy
fragmentation of deuterons and alpha particles might provide a heretofore
unexploited means of studying particle momentum distributions and correlations
inside these projectiles. It seemed quite possible that the fragmentation
of these particles, even in the range of 1-2 GeV/nucleon, would already have
reached some kind of 1imiting or asymptotic distribution, and that measure-
ments of these fragmentation spectra might thus also afford rather interesting
"tests of such concepts as limiting fragmentatioh, scaling, and factorization.
We were curious to see to what extent the various mechanisms proposed to
aescribe very high energy elementary particle collisions could be applied to
deuteron: and alpha particle interactions at these energies. In this context,

a series of questions present themselves:



(1) What is the role of diffractive dissociation, Regge or Pomeroﬁ
exchange processes, multiperipheralism, fireballs, and other similar
concepts in the collisions Qf high energy heavy ions with complex
targets?

(2) Is there any relation between the characteristic energies of a system
te.g., the spacing of thevenergy levels) and the energy at which
asymptotic éonsiderations become valid?

(3) What can be learned about the "parton" structure of these particles
in experiments of_this type? ‘After all we are dealing with systems
whose nuclear structure is thought to be reasonably well understood,
and so we should be able to test some of theseideas in a more familiar
context, namely, the decomposition of a nucléar particle into its |
constituents..

Aithough'we cannot answer.all of these-questibns completely with the data
presented here, we would like to indicate how our méasuréments bear on some
of these concepts.

The experiment was performed in the external beam of the Bevatron,
Fluxes of particles ranged from 109-10lO per pulse for alphas, and 1010—1011
per pulse for deuterons. A double focusing spectrometer was used to moﬁentum
analyze the‘secondary particles and to transmit them to our detecting
system. The detection system was extremély simple, consisting of two scin-
tillation counters to measure the time-of-flight of the secondaries oﬁer a
iS meter flight path, and a pair of scintillation counters to record their
 pu1se heights and in this way to distinguish between singly and doubly

charged particles. The time-of-flight spectra were stored in a 400 channel



analyzer and then read onto.magnetic tape; Data were typically taken at
momentum/chargé intervals of 0.25 GeV/c over the range, 0.5 f.k 5_5;0 GeV/c.
No attempts were made to make measurements. below 0.5 GeV/c because in the case
of pions the leptoh contamination and the decay corrections became too large
to bé easily manageable. For protons and heavier fragments the multiple
sﬁattering and energy loss considerations made it impracticabie to go to
lower momenta.‘ Tﬁe upper limit of 5 GeV/c'was set by limitations on the
current in the magnets of the beam transport system. A monitor telescope
(threé scintillation counters in coincidence) was placed about 3 meters
from the production targets at about 90° to thé incident beam. The monitor
counts, which were proportional to the amount of beam striking a given target,
were used during the experiment as a relative normalization for our yields.
:To obtain an abéolute normalization the monitor counts for each target
were periodically calibrated against the beam intensity as measured with
both an ionization chamber and a secondary emission monitor which were located
in the primary beam just upstream of the production targets. Some unresolved
questions still exist about these calibrations, and also about the effective
solid angle accéptance of our spectrometer, so thaf the aEsolute normalization
of our particle‘yields are not final. The momentum dependence of these yields
for each target is not affected by tﬁese uncertainties.. During the course of
running, a scintillation screen viewed by a TV camera was moved into the beam
to check the spot size of the beam at our>production target and to see that
the beam had not wandered off the target.

We turn firsttto thé fesults on negative pion production. In Fig. 1
we show the single particle inclusive n~ spectra at 2.5°\(Lab) resulting

from the collision of 1.05, 1.73, 2.10, 2.66, 3.50, and 4.20 GeV protons



with a 0.64 cm long Be target. Similar séectra, not shown here, were obtained

with C, Cu, and Pb targets; In these spectra as well as in all of the other

pion yields to be reported here the results were corrected for lepton v ;
contamination. in the beam (as measured with a gas-filled Cherenkov counter),
decayrin flight, and effects due to the finite lengths of the targets used.
Except for thevpdints at the very tails ;f these distributions the statis-
“tical errors are very small, and do not constitute the major uncertainty

in our results. Systematic effects due to focusing and steering the primary
beams onto our targets constituted the main source of error outside of the » f
aforementioned monitor calibration problems. When these resﬁlts are
replotted in terms of the Lorentz Invariant cross section %Y'%égi' versu§

*

the scaling variable x' = TEQI;- (where kK is the longitudinal momentum
1 ‘max

of the outgoing pion as measured in the overall center-of-mass system) a ‘ R
rather remafkablé;result appears (Fig. 2). All of the spectra tend to fall
on top of each other. This scaling property, where ﬁhe pion yiéld becomes
a function only -of the single scaling variable x', usually at a fixed kL
and independehf of the total energy, is familiar‘at_higher energies, but
here we see that even at 1 GeV the scaling behavior is qﬁite well satisfied. .
It should be kept‘in mind that because the experiment was done at a fixed

angle in the labdratory system (9y, =2.5°) the transverse moméntum, ky,

is not strictly constant (22A5_klgi_220 MeV/¢) . However, especially at the .
lower momenta k; stays small and does not vary much in an absolute seﬁse.
At the higher ﬁomenta (e.g. 3-4 GeV/c) this variation of k, may well be
responsible for the observed differences in the various spectra.

125 . .
as a function of pion momentum,

The laboratory cross section, %58" R



k, for pion production by 1.05 GeV/nuCleon'aﬁd 2.10 GeV/nucleon protons,
deuterons, and alpha particles on Be is shown in Figs. 3 and 4. Two
features stand out: ,
1) Pions are produced more copiously by deuterons and alphés
than by protons, and
2) The pion spectra induced by deuterons and alphas extend
to higher momenta than those induced by protons.
Preliminary attempts to fit the observed deuteron and alpha induced
pion production spectra with a model in which the nucleons moving
inside the projectile collide individually and indepéndently with the
target nucleus seem to réproduce the qualitative features of the

spectra,
E d20
k2 dadk

production by deuterons and alpha particles is shown in Figs. 5 and 6.

The Lorentz Invariant.cross sections vs x' for pion

Again the scaling property'of these distributions seems to be satisfied.

It is aiso interesting to note that.these distributions fall much more

steeply with x' as the mass of the projectile is increased. This

feature is not unexpected since a complicated loosely-bound object

like an alpha particle probably has a much harder time transferring

a large fraction of its energy to a single pion than does a proton.
In'fig. 7 we show the pion yield as a function of laboratory

momentum for 2.1 GeV/nucleon alpha particles on various targets. It

"is seen that the'shape of these spectra is almost independent of target

material. 'This feature is true of all the pion spectra measured in this

expefimeht, except at the very lowest mementa where a slight target

dependence becomes noticeable. As shown in Fig. 8 the pion production
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cross sections for 2.1 GeV/nucleon alpha particles (as well as those
for other projectiles and energies) are proportional to Al/3 when

k 3 1 GeV/c.

Next we turn to our results on the fragmentation of protons,
deuterons, and alpha particles into positively charged particles. A
large amount of data was amassed (incident energies: 1.0S5 and 2;10
Gev/nucieon; incident particles: protons, deuterons and alpha

particles; targets: Be, C, CH2, Cu, Pb; fragments: ™, p, d, 3H, 3He,'

4He.) As an example in Fig. 9 is shown the fragmentation of 1.05
GeV/nucleon alpha particles by a Be farget. The "parton'" structure of
the alpha particle is clearly displayed. Not only does 4He,consist of
proton and neutron constituents, but also deuterons,'sH,.and 3He. We
thus expect that high energy diffractive dissociation of alpha particles
in reéctions of this type should provide us with a reasonable clean
"snapshot' of nuéleon correlations and momentum distributions without
having the interaction itself seriuosly disturb the pré—existing
cbnditions in the projectile. Care should be exercised in interpreting
the magnitudes of the various peaks, because as has been pointed out

.previously the data were taken at fixed © 2.5°, and consequently

lab -
different transverse momenta are involved in these distributions. These
effects can be significant since typical Fermi momenta are 100 to 200
MeV/c and at elab'= 2.5° a k = 2 GeV/c.particle has a transverse momen-
tum of ~100 MeV/c. In any case, it is evident that the fragmentation

of 4He into deuterons has a cross section comparable to that for fragmen-

tation into protons. It should also be noted that the position of the pro-

ton, deuteron, and 3H, 3He peaks occur as expected at one-fourth, one-half,



and three-fourths of the momentum of the incident alpha particle. These

facts are neatly summarized in a plot of the Lorentz Invariant cross

2
section igfgﬁgi Versus y., the rapidity of the outgoing fragment. Such a

plot'is shown in Fig. 10. Several features stand out:

1) The peaks of the rapidity distributions all coincide with the

rapidity of the incident alpha particle projectile.

2) The heavier the fragment the more sharply peéked (i.e., the

narrower) the distribution.

3) The diffractive dissociation peak is cleanly separated from

other identifiable regions of the rapidity distribution, i.e.,

it is well separated from the rapidity of the target, and stands
out clearly from the central (”pionizatiqn") region. Again, this
feature is not unexpected. On the contrary it would be surprising
to fipd large numbers of these fragments in the central region,
and the bulk of the particles resulting from target fragmentation
are too lpw in momentum to be detectedrby our detecting system.

4) Because.of the 0.5 GeV/c lower limit on the momentum of particles

detected in this experiment the rapidity_distribufion of the pions
(because of their sma}l mass) extends to much higher values of
rapidity than do the distributions of the heavy fragments.

In Figs. 11,and 12 are shown the laboratory cross sections and the
Lorentz Invariant rapidity distributions resulting from the fragmentation
_of 1.05 GeV/nucleoh deuteroﬁs on Be. The momentum distribution of the
protons is again centered at the same point as in the case of the alpha
particle, but heré the distribution i§ éignificantly narrower. This is

not unreasonable since the deuteron is a much more loosely bound system



than 4He. This can also be seen by comparing the rapidity distributions.
The shape of the deuteron spectrum is reminiscent of other inelastic
scattering processes, and it may well be that rather similar theoretical .
considerations apply to gll of these processeé.

Finally, in Figs. 13 and 14 are presented the laboratory cross
sections and the Lorentz Invariant rapidity distriﬁutions of protons
resulting from the fragmentatioﬁ of 2.1 GeV/nucleon deuterons and alpha
particles by Be. Agéin the protons from the alpha fragmentation have a
broader momentum (and rapidity) .idistribution fhan do the protons from
deuteron disintégration. At first sight a comparison of Figs. 10, 12,
and 14 would seem to indicate that these proton distributions have not yet
attained any kind of limiting characteristic, but here again the pitfall of
measurements at a fixed 1abora£ory angle must be taken into account. Although
a definitive statement about limiting distribution§ in this case must
await further experimental investigation, it seems likely that the observed
distriﬁutions are indeed at some kind of asymptotiC'limif. |

Lack of space and time prevents us from showing the détailed behavior
of these distributions for different targets. In practically all cases,
however, the shapés of the distributions shown above for the case of Be
are almost identical to those of the other targets. Only in the case of
very low momentqm heavy fragmenté do target dependent effects manifest
themselves., . : o _ .

In this paper we have tried to show that. single particle inclusive
spectra resulting from the interactions of relatively modest;energy protons,

deuterons, and alpha particles with nuclear targets show many of the features
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such as scaling and limiting fragmentafion-that are characteristic of

very high energy elementary particle interactions, and that experiments of

. the type discussed here may shed additional light not only on the nuclear.
;phfsics aspects of these reactions but also on possible high energy ¢
3 ) -

e

interaction mechanisms.

We thank Dr. Hermann Grunder and the Bevatron Staff for their important

contributions to this experiment. We also thank J. Wiss for help with the
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data analysis.
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