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ABSTRACT

Pion Production at 180? in Nucleus-Nucleus Collisions
by
Stephen Alan Chessin

A survey experiment of pion production at 180° in nucleus-nucleus zolli-
sions is presented. Beams of 1.05 GeV/A and 2.1 GeV/A protons, slphas, and
carbon were used, as well as proton beams of 0.80 GeV, 3.5 GeV, and 4.89 GeV,
and argon beams of 1.05 GeV/A and 1.83 GeV/A. This is the first such experi-
nment to use the heavier beamns. Targets ured ranged from carbon to lead. An
in-depth review of the literature, both experimental and theoretical, is also
presented. The systematics of the data are discussed, and comparisons are
made both with prior experiments and with the predictions of the models
reviewed. The cross sections appear consistent with a simple single nucleon-
nucleon collision picture, without the need for collective or ather exotic effects.

Suggestions for future work are made.



CHAPTER I

INTRODUCTION

This dissertation is a report of a survey experiment of charged pion pro-
duction in the backward direction {180°). As Table ] indicales, various combina-
tions of beam energy, beam type, and target species were used. This allowed for
a systemeatic study of the dependence of pion production on these parameters.
A search for positive kaons was also made and results of that search will be

reported.

The production of pions in nuclear collisions has long been used as a probe
into the nature of the nuclear force. Unlike the nuclear fragments produced in
a collision (i.e., protons, deuterons, and heavier fragments), pions do not exist
in the nucleus prior to the collision, but must be created in the collision pro-
cess. Thus they provide a different perspective into nuclear dynamics than the
production of nuclear fragments. For example, pion production can give
insight into the axistence of clusters or collective effects in the nucleus[1]. As
kinemnatics puts a strict upper limit on the energy of a pion produced in a sim-
ple nucleon-nucleon {N-N) collisivn, cbservation of pious with energies greater

than the N-N kinematic limit may indicate the presence of such clusters.

Three reasons make it interesting to concentrate one’s study of pion pro-
duction on the backward direction. Firstly, the backward direction provides a
cleaner environment for observing high-energy pions than does the forward
direction. In the center of rrass system in which the pion is created, and
assuming isotropy, it wmll of course go forward or backward with equal likeli-

hood. When transformed into the laboratory frame, however, the high energy of



the collision throws everything forward to such an extent that the forward-
going pions have to compete with other beam fragments {and unscattered
beam) for detection. In contrast, there is a lot less clutter in the backward
direction to interfere with the detection of high-energy pions. As these high-
energy pions may indicate the collective effects mentioned above, the useful-
ness of the backward direction becomes apparent.

Secondly, it is easier to study the effects of large A-values (4 is the
number of nucleons in the nucleus) on pion production in the backward direc-
tion. In the regime of limiting fragmentation, forward-going pions are
projectile-related whereas backward-going ones are target-related. As heavier
targets are presently more accessible than heavy projectiles, effects due to
large A-values, such as clustering, can be mor= easily studied in the {heavier)
target fragmentation region, and in particular, in the backward direction.

Thirdly, cerlain models[1c,2] that were developed to explain forward pion
production also make predictions for the backward direction. These can be
tested by looking at the backward-going high-energy pions measured in this
experiment.

Up until the time of the present work, most of the experiments on pions
had looked only at forward pion production[3]. Those that looked at backward
production had not vsed projectiles heavier than alphas[4, 5). As this experi-
ment was the first to use beams witli A>4. it provided not only the first possibil-
ity for studying the effects mentioned above, it also allowed for the oppartunity
to explore any systematic dependence on the A-value of the beamn.

Previous experiments of intercst that helped motivate the present work
have been those of Baldin, et al.[4], and Papp, et a&[3]. Also of interest is the

earlier work of Cochran, et al.[8]. 1 will briefly describe their experiments and



findings below. The interested reader is encouraged to consult the original

references.

Baldin, et al., studied the process [§]+A-1r*(150')+}( for 5.1 and 7.5 GeV
protons, and 3.4 GeV/A deuterons, corresponding to momenta of 6 and 8.4
GeV/c for the protons, and 8.4 GeV/c for the deuterons. They observed
backward-going pions with energies up to four times greater than the free N-N
kinematic limit, and claimed that this gave evidence for collective effects. Fig-
ure 1{a)-1(d) shows their data for n~ production from 8.4 GeV/c protons. The
invariant cross section is plctted as a function of the pion laboratory kinetic
energy. The arrows indicate the maximum allowed pion kinetic energy for a
free N-N collision. Pions are clearly produced weil beyond this value. Figure
1{e) shows the results of a fit to the cross secticn R of the form R=R,A™. The
exponent n is plotted against 7/ Thay. the pion kinetic energy divided by the
free N-N kinematic limit. The fit goes as A%/9 for low-energy pions, and changes
smoothly to about A'! for pions with en=rgies greater than the free N-N
kinematic limit. This may indicate that low-energy pions are produced from the
surface of the nucleus, whereas higher-energy ones are associated with the

interior.

Cochran, et al.{B], did a survey experiment of pion production by low-
energy (730 MeV) protons on various nuclei (from H to Th} at laboratory angles
ranging from 15° to 150°. For pion procuction from hydrogen, they found their
data to be in good agreement witk a one-pion-exchange model dominated by
the A resonance[7]. Their carbon data could be fit by a Monte Carlo calculation
of an internucleon cascade process{8] in which the initial pion is produced via a
“free” N-N interaction, and then is followed along on its way out of the nucleus,

allowing for rescattering, energy loss, and absorption. Using a similar model,



Sternheiin and Silbar{8] rere able to fit the heavier-target data. Their calcula-
tions also included charge-exchange effects, which become more important as
the namber of nucleons ircrease. It should be noted that the energies of the
pions enitted fror: the heivier nuclei were also well above tbe corresponding
N-N kinematic limit.

Papp, ¢f al.[3]. investigated ?orward pion production (9, =2.5°) using many
beams, at differing energies, on. a veriety of targets. Of particular importance

E:;:) was

was the obsermalion of scaling when the invariant cross-section (

plotted against the scaling parameter z* = ﬁ.——. where kj is the longitudinal
¢/ max

momentum of the pion as measured in tl.e projectile/target center of mrass sys-

tem. (The longitudinal momentum is that componert of the momentum that is

parallel to the beam direction.) A model developed by Schmidt and Blanken-

becler{2], referred to as SB and to be discussed later, not only predicted the

scaling see.: ty Papp, it even predicted the form of that scaling. Figure 2 sbows
the data for the reactions [§J+C-1r‘(2.5“)+x with the prediction of SB superim-

posed. The agreement is amazingly good. Would the same results, namely, scal-

ing by z and fit by SB's prediction, be seen in the backwacd direction?

Thus we find many reasons for measuring pion production at 180-. At low
energies (Cochran data). pion production in the backward direction from nuclei
is consistent with single N-¥ scattering, whereas at higher energies (Baldin
data) there seem to be indications of collective effects. This raises the gues-
tion, at what energy does Lhe transition from single scattering to clusters take
place? ¥e also see some indication, from Baldin's A-dependence, that perhaps
different mechanisms :re responsible for producing pions of low and high

energy, as well. Finally, the amazing success of SB's model in the forward



direction, combined with its similar predictions for the backward dGirection,

practically begs for testing with an experiment in the backward direction.



CHAPTER II

THEORY AND PHENOMENOLOGY

A Kinematics
Before discussing the data and the various models pertaining to it, it is

necessary to explain which variables are most useful in that discussion.

This experiment measured cross sections for reactions of the form

a +b& ~»c +anything. Two forms for the cross section thati seem most useful in

discussing the daia are the Lorentz invariant cross section, { Jdﬂdp s.p).

and the laboratory frame cross section, ﬁd—(s p). In both cases, the cross

section is a function of the beam and target particles a and b, the Lotal center

of mass energy Vs, and the produced fragment ¢ and its momentum p.

The laboratory cross section is useful because it is directly derivable from
the raw data. If N, beam particles are incident on a target containing », target
nuelei per unit area, and N; particles of type ¢ are produced into a phase space
volume AQAp, Lhen the laboratory cross section is

Qb _ N 11 1
dildp Ny mn, ADAp°~

As the spectrometer directly selects the momentum of the observed fragments,

za.c

d0dp versus p. In this experiment we only

the natural unils for the data are

measured particles produced at 180°, so that p=|p|.



Another way to present the data is as [—]dﬂdp versus T, the kinetic

energy of the pion as measured in the laboratory frame. Although it may seem
strange to plot an invariant quantity against a non-invariant one, a little
reflection will show the usefulness of this approach. Consider the target
nucleus to contzin a gas of pions, all in thermel equilibrium with each other.
They will then be distributed in phase space according to the Boltzmann distri-
bution, that is, proportional to @~¢*T, where ¢ is the cnergy of any particular
pion, k is the Roltzmann constant, and T is the temperature of the pion gas.
Since the invariant cross section is proportional to the number of pions popu-
lating a region of Lorentz invariant phase space, if the cross section falls off
exponentially with the pion energy, th:. the parameter describing the fall-off
can be associated with the temperature of the target during the collision. To
be technically accurate, this concept of temperature is only meaningful if the
pions are being produced isotropically in the frame in which the energy is
defined, that is, in the rest frame of their source. As we only look at 180" pions,
we cannot guarantee that this condition is met. Instead, we will assume that
the backward pions are representative of those pions produced from a source
at raest with respect to the target, at least in the context where temperature is

being discussed[10].

k
Finally, we will find various scaling variables, such as Zg, = FT“—-. useful
[| /max

as well, where k; is the longitudinal momentum of the pion in the ab center of
mass system, and the subscript “max' represents the maximum value alloved
for that variable by kinematics. This parameter scales the pion momentum by
the maximum value cllowed, and thus collapses the momentum scale onto the

range —1sz'sl independent of the energy available in the collision. Scaling



parameters can be useful in obtaining insight into the dynamics of the collision
by stressing important concepts over irrelevani ones. For example, if the data
were found to scale by z’, {that is, if the cross section plots all had the same
shape, or all fell on the same curve, when plotted against z'), that would indi-
cate that the relative momentum’ of the pion is more relevant than its absolute
vaiue. Additionally, certain models predict scaling by different parameters,
even when they don't predict absolute magnitudes for the cross sections. Thus

scaling parametars are helpful in tesling these models,

B. Models

Many models and thecories have been developed in the attempt to under-
stand nuclear collisions. I wilt only discuss those models that are r:levant to
pion production in the backward direction. For a good review of tf = state of
the art in relativistic nuclear collision theory, see Ref. [11] and references
therein.

The models 1 want to discuss generally fall into two categeries: hard

scattering models, and statistical models.

B.1. Hard Scattering Models

Hard scattering models assume that one nucleon in the projectile nucleus
interacts with one nucleon in the target nucleus, producing the pion in a single
hard collision. Figure 3(a) is a generalized Feynman dicgram for this process.
The amplitude ¥, (¥p) refers to finding an off-shell nucleon a (b) within A (B);
Teonz iS the off-shell scattering matrix for the reaction a+b-m+z; and

represents distortions due to final state interactions{12].

Hard scatlering models make two assumptions in order to simplify the cal-

culations. First, they neglect final state interactions. These interactions mix



incoherent processes of higher crder with the first order coherent ones (see
_ Fig. 3). When models are written to include the distortions to the wave function
caused by final state interactions, they generally use the optical model to cal-
culate the distorted waves. This implies that, after the collision, the nucteus is
still around to distort the wave function, a somewhat questionable assumption.
While a rigorous handling of final state interactions is possible, it is me=sy and
therefore usually not done[13]. Although this simplifles the calculations, it also
draws into question the validity, or at least the proper interpretation, of any
results. For example, Amado and Woloshyn[14] argue that, at low momentum
transfer, final state interactions are as important as the primary interaction
and exactly cancel the first ordzr effect.

Secondly, in the absence of a detailed field theory, the scattering matrix
Tapms 19 evaluated as if it werz on-shell; that is, the particles @ and & are
treated as if they were on the mass shell po=(p*+M?)!/2, and the off-shell rates
are related to the on-shell rates by taking s=(p,+p,)2 The symbols p, and p,
are four-vectors; three-vectors are denoted us p.

With these assumptions, the diagram in Fig. 3(a) simplifies to that of Fig.
3(b). The hard scattering models then become more phenomenological tools
than actual theories, but nonetheless they aid in discerning possible important

physical effects in the study of nuclear collisions.
Mathematically, the cross section R is given by hard scattering models as:

R(B+A+n+X) x f %‘%GA (a)Gs(b)R(a+b »m+z;s't ' u')P (2)

where G,{e) is the pseudo-probability for Anding a nucleon with momentum a
and energy £(a) in the frame of the 4 nucleus (corresponding to the amplitude

¥4). and similarly for Gp(b). P is the phaze space factor, and limits the domain
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of the a, b integrations so only kinematically-allowed pions are produced in the
sub-process.

Hard scattering models thus provide a framework in which to examine the
momentum distribution of the nucleons in the nucleus. The differences
between various hard scattering models lie in their specific choices for G,(a)
and Gg(b), their parameterization of the a+b-m+z rate, and the kinematic

region where P is non-zero.

B.1.a. Schmidt and Blankenbecler

Schmidt and Blankenbecler (SB)[2,12] developed their hard scattering
model by assuming that high-energy pions are produced in a nuclear collision
only when the nucleon involved in the collision {a or & in the diagram) carries a
high internal momentum. and the 4-1 (B-1) remaining nucleons recoil
coherently and share the recoil momentum equally among themselves. Figure
4(a) represents this process.

With this and other assumptions, SB were able to derive simple counting
rules that give the form of the G factors to be (1-z)5)?74~%)-! (and similarly
for b), where T = 1, 2, or 3 depending upon the model used for the elementary
nucleon-nucleon interaction, and x4y is the scaling vari~ble discussed above.
When SB compared their model to the data of Papp. et al.[3], they discovered
that T=3 gave the best it. This value corresponds to the nucleon-nucleon
interaction being mediated by the exchange of vector mesons, such as p's and
w's, and is also the same result one would get by counting quarks. The model

thus predicts thet the cross section for the reaction
B+A-n [139" X (3)

should go as (1-z)5)°, where
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S=68-3-26;, for 0® (projectile fragmentation), and

(4
84-3-26g, for 180° (target fragmentation) !

(6 is the Kronecker delta function, and accounts for the fact that a proton
beam or target has no internal motion).

Although one of the assumptions of this model implies that it is only good
for predicting the shape of the high-energy pion spectrum (that is, near z'~1),

we saw in Fig. 2 that it Ats the low-energy pions as well.

B.1.b. Landau and Gyulassy

As we shall see later, the SB model failed to fit the early results of this
experiment, that is, the proton-induced pion spectra[15]. 1t also failed to fit
the data of Baldin, et al.[4(a)), and the data of Cochran, at al[8], as analyzed by
Landau[18]. This prompted Landau and Gyulassy (LG)[12] to introduce two
modiflcations into the hard scattering model of SB.

First, instead of sharing the recoil momentum (p or k) equally among the
A ~1 residual nucleons, the LG cluster model has the recoil momentum shared
coherently by ¢ —1 nucleons, with 1<c<4, and the remzining A—c nucleons act-
ing as spectators. This situation is described by Fig. 4(b). here we are just dis-
cussing the target fragmentation case, where the incuming projectile hard
scatters off a target cluster. For projectile fragmentation one interchanges A
and 5 in this discussion. The cluster ¢ is treated as if it were at rest with
respect to the target 4, this is called a “frozen” cluster by LG. Then the model

of SB is assumed to hold when applied to the 5c subsystem:
R[B+A(c)»n{180°)+ X]ec(1 -z ), (5
Sy =6¢c ~3-26p, : (6)

for target fragmentation, and
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R{B(c)+A-n{0°)+X] (120 ) "M Q]
tor projectile fragmentation, where Sy, is given by Eg. (8) with A« 5.

Note that ¢, the number of particles in the cluster, is an important param-
eter in this model, a3 it determines both what center of mass system to use
when evaluating &y, and the value of (%{)mas: 209 therefore affects the value of
z’ that corresponds to each laboratory momentum,

The second modification of LG was to allow the cluster to have some inter-
nal! motion with respect to the nucleus. They introduce phenomenological
pseudo-probability distributions g.{p) to describe the motion of the cluster
within the nucleus. These distributions are phenomenological since they are
not calculated from any theory, and pseudo-probabilistic because of the
neglect of final state interactions. Restricting the folding to just the z-axis,
they obtain:

R[B+A(c)~m{(180°)+ X1 | dpyp. (pa 12 5 (= u )]
x§9(1-£[B.A(c) ([ B.A(c)]~z )} (8)

=./::dp.p=(p.)[1-zh,(z;,,)]sh.

As the integration is done in the laboratory frame, zj is written as a function
of £} to indicate that a Lorentz transformation is needed. Since now O=zj <1,
the maximum value of zp, is given by £(8.4(c}] = zjgy(za= 1). The first ¥
function in the integral represents conservation of energy. in that it prevents a
pion from being created with a larger momentum than allowed by kinematics in
the BA frame, and thus determines the maximum cluster momentum P n.e. The

second ¥ function enforces z;5.s1 and determines the minimum cluster momen-

tum p oy,
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LG choose two forms for s(p,). an exponential and a Gaussian. Comparison

of their model with the deta will be presented later.

B.1.c. Wong and Blankzabecler

Prompted by the work .of Landau and Gyulassy, Wong and Blanken-
becler[17] derived a new scaling formula for hard scattering. They re-examined
the SB model, and found that the counting rules were really only valid for very
energetic collisions, that is, when the rest masses o.f the nuclei can be
neglected[18]. As LG[12] had explained, the success of the counting rules in
the forward direction was the result of kinematical effects. They therefore
undertook a cloger examination of the six-fold integral (Eg. (2)) and found that
for both target and projectile fragmentation the integrand is strongly peaked
when a and b are near the mass shell. Expanding (for target fragmentation)
about the point z=b/ B, br=ar=0, they determined that the cross section Ea.
(R) is predominately a function of w7 and zy, where zy is the lower limit of tbe
a-integration and is given by:

- P+VF-afu'+CF) | my(8,-87) C,~C; 9)

i u'+Cf m.B(A, —Az) - A,~Az

where

¥=(d?-a?~u’)/2,

u'=(my B/ mg—C)?, (0

and where @, b, A, and B refer to the objects indicated in Fig. 3(a). C refers to
the pion, d {corresponding to z in the figure) is the minimum mass of the
(a +b) combination (taken to be the mass of the deuteron), and my is the mass

of particle i. To obtain z for forward pion production, one performs the fol-

lowing interchanges: C; ++» —C,, a ¢3b, A, ++B,, Ay+* =B,, m, «*m,, and m,«—mpz.
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Although this derivation is more rigorous than the original SB model, it is
less transparent. As a result, the scaling variable it derives, 2y, does not yield

easily to direct physical interpretation.

B.l.d Quan—'l"o-Body Scnlin;_

Quasi-two-body scaling (QTHS), although a hard scattering model, was
derived in a different fashion than the hard scattering models discussed above.
Originally developed to exzplain' backward proton production[18], it was
extended to pion production by Perdrisat, et a2 [5].

The reasoning behind QTBS is as follows[19,5] (see Fig. 5). As backward
production of nucleons is forbidden in free nucleon-pucleon collisions, back-
ward p_ro.duction in nucleus-nucleus collisions can ve attributed to the internal
motion of the nucleons. The assumptions made (similar to the assumptions of
the hard scattering formalism) are (Fig. 5(a)):

{1) The observed backward particle is a constituent of the target;

(2) The observed particle was freed from the Larget in a single. low-

momentum-transfer interaction;

(3) No large momenturn transfer occurred to the rest of the target;

{4) Final state interactions can be ignored.

With these assumnptions, the argument is made that the observed momen-
tumn q cannot be too different trom the internal momentum k of the target
nucleon. As the probability of finding a nucleon with momentum k falls off
rapidly with increasing k&, one expects the process to be dominated by the smal-
test k possible, &y, (Fig. 5(b)). Since p+k=q+p’ or {as p and q are fixed)
p—q9=p'—k. the smallest ¥ comes when kip" This gives |kyy|=|p~q|-Ip'l.

(Note that —k is also the recoil rnomentum of the residual {4 —1) target nucleus,
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and that p' is the projectile momentum after the collision.) Dsfining
P = |p-q| = |p'~kl, and e = £, ~E, +m, = E .+, we get that

K= 2—(:-21_—#r!}7(22—}-*—m’+ﬂ’)—:{(ﬁ—P’—m’—H’)z«kJeszz]V’]. (11)

Here m is the nucleon mess and ¥ is the invariant mass of the target residual,

M3=FEE. Note that k., is smallest when i is smallest, that is, when #=m,_,.

Frankel bad originally argued[19(b}] that the cross section d%/ dg? could
be factored into a part C proportional to the elementary interaction with a
nucleon of momentum &gy, and a part depending on the probability of inding a
nucleon in the nucleus of momentum kg, He then obtained
dla/dqd = C(p K in) G{kmn)/ | p~ql, where C varies slowly with kp and
Gk )= f Pk )kdk evaluated at k =k, where F(k) is the internal momentum
distribution. Thus one would expect plots of |p—qid®s/dg3 vs kg, to scale.
However, Amado and Woloshyn[14,19{c)] pointed out thal two of the as. ump-
tions used i the derivation of QTES, namely that both final state interactions
and the excitation of the target can be neglected, are invalid, and that QTES
works just from kinematics as long as 1) the detected fragment is indeed from
the target, and 2) Lthe recoil momentum —k is distributed over many particles in
the residual target, not just one. Frankel then responded{19(d)] by rigorously
re-deriving QTHS, and producing the same formalism as before, but with the fol-
lowing re-interpretation: The vector k is not now ascribable to an internal
nucleon, but is just the recoil of the residual target. C(p.kem) is proportional
to the mensured p-p cross section, and not derivable from first principles as
originally done by Woloshyn for Frankel{20]. G(k .4 ) still appears in the formal-
ism, but now it has little, if any, relation to the actual internal momentum dis-

tribution.
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Be that as it may, the extension of QTBS to pion production is done in two
steps. First, the case p+A4-+7+X is examined (Fig. 5(c))_. 1t is clear that Eq. (11)
still applies, except that in this case p' is the residual momentum of the two-
nucleon system, and so corresponds to its invariant mass. Again, the smallest
possible k., results when m is as small as possible.

In the second step, the projectile is allowed to be a nucleus of 5 nucleons
(Fig. 5(d)). Now p' is the momentum of the 5+ system, and m becomes mp,,.
In the calculstion of k. the smallest my_,; and mp,, are used.

1G[12] relate QTBS to their cluster model previously described.

B.2. Statistical Hodels

Whereas the hard scattering mode's assume that each nucleon in the pro-
jectile or target interacts with at most one other nucleon, producing a pion in a
single hard collision, the statistical models assume that the pions are generated
as a result of collisions between groups of nucleons. Also, the hard scatiering
models focus on the internal momentum distribution, while the statistical
models are more concerned with the numbers of interacting nucleons. Statisti-
cal models factor the pion cross section into two paris: one part determined by
geometry, and the other part determined by the dynamics of the interaction,
The geometrical part is related to the impact parameter of the collision, which
determines how many nucleons from the target and the projectile participate in
the interaction. The dynamical part determines the momentum distribution of
the produced particles, given the energy and mass of the participants. The way

these two paris are specified differentiates the different statistical models.
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B.2a Firestreak

The firestreak model[21] is a descendant of an earlier mode), the fireball
model[22]. In the fireball model, the nuclei are treated as sharply defined
spheres that sweep out cylindrical cuts in each other (see Fig. 6(a)). The
nuclear matter in the overiap region quickly reaches thermal equilibrium and
expands until it reaches a critical density p. (also known as the freeze-out den-
sity), at which point the nucleons cease interacting with each other and the
final particle momentum distributions are fixed.

With two major changes the fireball model becomes the firesireak model
Firstly, instead of thermalization proceeding across the entire overlapping
volume, the overlap region is considered to be made up of infinitesimal parallel
streaks (see Fig. 8(b)), each of which thermalizes independently from the oth-
ers. The second major change is that instead of being sharply defined sphei es,

the nuclei are assumed Lo have d&ffuse surfaces.

Mathematically, the firestreak model can be expressed thusly:

Fi(p)=f2nbdb [ [dzdyw, (z.y)7,(p:H.6). (12)

Fy(p) is the Lorentz-invariant momentum space density for particles of type j.
The inner integral is for a giver: impact parameter &; w, (¢ ¥) is the combined
target-projectile density projected onto the z,y plane perpendiculcr to the
beam (the geometrical part of the model) and f;(p:H.f) is the Lorentz-invariant
momentum space density for particles of t - 2 j emitted by a system (the
streak) of mass A and velocity 8 in the laboratory frame (the dynamical part of
the model). The cocrdinates z.y determine the loration of the streak; the
values of M and f obviously depend on z and y. The distribution w is a func-
tion of the impact parameter b; hence the outer integral over all impact param-

eters.
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letting Np and Ny represent the amount of material contributed to the
streak by the projectile and target, respectively, one can define the parameier
n=Np/ (Np+Ny) ax the fraciion of the streak tiiat comes from the projectiie.
This 7 is also a function of z and ¥, and uniquely determines & and 8, given the
projectile and target types and the projectile energy. This parameterization

allows one to separate the integrals in Eq. (12) as follows:

f;(p>=‘£_‘,l Yin)f TpiM (). B(n)]
(13)

Fm)= £ 1 2ot [ [ tzdsrun(z )06 -y (2 9]

where the yield function ¥(7;) contains all the geometry. Thus the 7 range can
be conveniently divided into equally-sized intervals, and the yield i 2nctions can
be tabulated separately. Once the yield functions have been tabulated for a
given target-beam combination, different values of the dynamical function f;

can be easily tested.

The diffuse density distributions, which go into the computation of w, have

the form
[1_(“3)._3,, sinh(r/a) <R
a r/o '
p(m)=po)[ (1)

R B e T/s
Zcosh{R/ a)-sinh(R/a)|——, r2R
a r/a

LY
where R=1.184"% and a=VI72.

The dynamical functions f; determine the phase space distributions of the
produced particles by assuming thermodynamic . juilibrium between ol the
particles at the freeze-out density p.. It contains two parts, one pertaining to
the equilibrium of the final state particles, and one due to the two-body decay

of resonances which are themselves in thermal equilibrium at the time of
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freeze-out:

Fi=l1gtS 24- (15)
Since f; is a Lorentz-invariant quantity, it can be evaluated ‘n any frame. This

evaluation is easiest in th= center of mass frame of the streak, where

3
f;[p:ll(m)-ﬂ(m)]=!;[p':ﬂ(m)-0]=E'%Y§- (18)

and primed quantities are measured in the streak center of maas.

The thermal part is

S (p)=£'— (zlf ;.:) [M]* 1] Qa7

where E'=(p'2+m?)!/2 is the total energy of Lhe particle. m; is its mass, 5 its
spin, and yu; its chemical potentia’. ¥V and T are the volume and temperature,
respectively, of the system at the freeze-out density, and the + or — sign indi-

cates a fermion or *;oson, respectively.
The two-body decay part is

Wp(2Sp+1) Vmp T®

S 24 (P')=2 181!’]) 'Po

n=l

”'R (1+a“)+2 LL-—e"‘-‘(nz+1)]L {18)
where
Z= S’%(E'Entp'm)-#x}/ T (19)

and mp, S, and up are the mass, spin, and chemical potential of the resor:ance,
E' and p°’ refer to the energy and momentum of the resonance as measured in
the streak center of mass, and Ep and pp refer to the decay total en<rgy and

momentum of tae particle of type j in the resonance rest frame.
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All the chemical potentials can be expressed in terms of the chemical
potentials of the neutron and proton (for example, p+n«sn+n+n* implies
{gi=Hp= ftn, and n+n+pen+d implies py=un+ 4p); thus the problem that
remains involves solving a system of thermodynamic equations for s,, &,. and
T. The only variahle parameter in the model is the freeze-out density p., which
indirectly determines the freeze-out volume V. From a calculational stand-
point, another parameter is the number of resonances used in the sumination
in Eq. (18). )

In their calculations, Gosset, et af.[21b] used resonances {(meaning both A*
and A, and excited nuclei) up to mass 5. They also found that varying g, over a
reasonable range of values did not change the shapes of the spectra, only their
normalizations. In no case could they simultaneously normalize the curves of
the different particles to match the data of Gosset, et al.[22b]. They cbose a
value of p,=0.12+0.02 hadrons/ fm? which resulted in the curves for p. d, t, and
JHe all being too low by a factor of 2. The spectra for *He were tben low by a
factor of 4, which they attributed to the A=5 cutoff in the resonance calcula-
tions.

While the baryonic spectra are all too low, the pionic predictions are too
high. Figures 7(a)-7(d) compare the data of Nagamiya, et al.{23] and Nakai, et
zl.[24] for high- and low-energy pions, respectively, with the firestreak model.
The firestreak predictions in Figs. 7(c) and 7(d) have been multiplied by 1/2.

Comparison of the the firestreak model with the data of this experiment

will be presented later.

B.2b. Bohrmann and Knoll

Although Bohrmann and Knoll (BK) originally developed their model{25] to

describe only nucleon spectra, they later extended that model to include pion
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production[28]. The basic premises of this later model are that each nucleon
interacts with a limited number of other nucleons, and that, subjent to conser-
vation laws, the final momentum distributions of the nucleons and created
pions 1l all available phase space uniformly. Thus the single particle inclusive
cross section is an incoherent sum of contributions from different groups of

interacting nucleons:
¢ B8 = 5 0o (H.N) Fage(p) (20)
dp® ik

where £ and p refer to the total energy and momentum of the observed particle:
£=\/E"’+_p!. The contribution from each group of nucleons (# from projectile
A. N from target F) can be factored into its formation cross section g,3(#.N)
(the geometrical part), and the normalized momentum distribution Fiy(p) for
producing a pion with momentum p from M +N nucleons (the dynamical part).
Equation (20) is of course general; the mode] becomes specific in its choice
of ¢ and F. BK define o,.,5(M.N) as the cross section for finding exactly ¥
nucleons from 4 and N nucleons from B inside a tube aligned parallel to the
beam direction and with cross-sectional area equal to the total nucleon-

nucleon cross section. Fyy(p) is deflned in reference to the following equations:
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Fun(p) = § M Pitsin (S )P e P)

Fan(e) = g

d d5
¢}r=f%"'7:£¢x(m'“l’x)

i (=1)
vx{pr - Px) = 5[‘§l-‘-‘¢ -5]5’[‘2?1 -P]/ Iels)

3 3,
e 4225 G-l

Nem—~1
Mithin = | s - BN [pm (5 ) A ERHH N 3m,
(2mh)3 n o

Pymn is the probability for producing exactly m pions from a system of
HM+N nucleons at center of mass energy Vs . It is proportional to Agmm, which is
the number of states available to the & +N+m particles at energy V¥, svbject
to conservation laws. This is the same approach used by Fermi in his statistical
model of pion production in nucleon-nucleon collisions[27].

¢kwn(p) is the one-particle Lorentz-invariant momentum distribution,
obtained by integrating ¢ mn (py * * - Px), the multi-particle momentum distribu-
tion (K=M+N+m), over all but one pion momentumn. Jx(s) is the normalization
factor, £ and P are the total energy and momentum available to the system,
and s =£%-P* is the squere of the invariant mass.

The only free parameter in the model is the coordinate space volume V
that appears in the expression for Ayy,, the number of states available to the
M+N+m system. This volume can be expressed as a density p. when related to
the number of nucleons (4 +N) occupying the volume. The statistical nature of
the model comes from the defin’tion of g; and of Agny,. both of which are basi-

cally phase space parameters.
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This model differs from the Arestreak model[21] described above in that
the firestreak model treets eech independently interacting group of nucleons
as bulk matter~temperature, volume, and chemical potential are the important
quantities, while momentum and energy are conserved only on the average. In
the finite particle number mo_del. each tube of nucleons retains the character
of a collecticn of nucleons and pions—the energy and momentum are shared by
all the particles in an equilibrated fashion, hut conservation laws are obeyed at
each possible point in phase space, and not just on the average. One would thus
expect the medels to differ in their results in kinematic regions near the edge
of available phase space.

The purpose of the BK model is to study the effect of finite particle
numbers on the pion spectrs; hence they compare their results not with the full
fArestreak model, but with a “firestreak simulation”, obtained by replacing the

expression for F with
W(p)ﬂiﬂ"':- Poutarn 9lpm(p). (22)

This bulk limit differs from the actual firestreak model in that it ignores isospin

{charge conservation) and delta resonances.

To compare their mode! with data, BK choose a value of p, =2pg (where p, is
the normal nuclear density, 0.18 fm™Y) in order to fit the pion multiplicity data
of Sandoval, et gl.[28], for beam energies around 1 GeV. Figure 8(a) is a com-
parison of their model with the data of Lemaire, ef al[29]. It shows that their
meodel tends to reproduce the slopes of the data but not the actual normaliza-
tions. Figure 8(b) shows the proton-induced data of Papp, et al.[3], which tech-
nically cannot be handled by a firestreak model, as the assumptions of the fire-
sty cak model make no sense for a single-nucleon participant. Note that the

firestreak simulation runs into trouble near the kinematic limit, as



expected (Fig. 8(b)).

B.2.c. Meng Ta-Chung
The model of Meng Ta-chung[30} differs from the previous statistical

models in that it does not predict the shapes of the cross sections; instead, it

uses the statistical line of reasoning (factorization of the cross section) to
predict certain patterns the data should follow. Also, whereas the previous sta-
tistical models assume that the backward pions are produced when the overlap-
ping regions merge into a single object (what Meng calls a2 violent collision},

Meng's model assumes that they are produced only in gentle collisions, where

the oyerlapp'mg regions just pass through each other while retaining their indi-

vidual identities.

Meng presents a single physical picture[31] for discussing both nucleon-
nucleus and nucleus-nucleus collisions. and is able to derive some interesting
{and testable) predictions from this picture[30].

The basic assumptions of Meng’s mode! are[30{a}]:

(1) The time needed for the formation of multi-body final states in nucleon-
nucleon collisions is long compared to the traversal time of a relativistic
nucleon through a nucleus. Thus, in a nucleon-nucleus collision, the
nucleons in the path of the projectile can be viewed as acting collectively,
and to £. . order can be considered as a single object. called an eflective
target (E'7).

(2) The nucleon-£7 interaction can be deseribed by the same picture[32] used
to describe a nucleon-nucleon interaction. This picture divides collisions
into two types: gentle, where the two (spatially extended) cbjects pass

through and excite each other, then fragment separately: and violent,
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where the two objects stop each othgr and form a conglomerate which
expands, reaches a critical volume, and decays. Gentle processes are asso-
ciated with large impact parameters (peripheral collisions), while violent
processes tend to be associated with more central cotlisions.

The mass of the ET is proportional to its average “thickness”, that is, to
the average number of nucleons in the path of the incident nucleon. Meng
defines Mpr=vgrM, where Mpr and M are the mass of the ET and the
nucleon, respectivel.y. and vgy is the number of nucleons in the £7.
Deflning the effective projectile (EP) in an analogous manner, a high-
energy nucleus-nucleus collision can be considered as the simultaneous
collizion of all possible £P-ET pairs. As the binding energy per nucleon in
each nucleus is s:nall compared to the collision energy, the transverse
dimension of the EP’s and ET's is that of a single nucleon. This is similar
to the rows-on-rows model of Bohrmann and Knoll[28]. Each collision
between an EP and an ET can be either gentle or violent, as described
in (2).

In general, a high-energy nucleus-nucleus collision will contain both gentle
and violent £P-ET interactions. To the extent that one or the other type

dominates, the collision can be called gentle or violent, respectively.

Since gentle processes are associated with larger impact parameters,
nucleus-nucleus fragmentation will most likely take place in a peripheral

collision of two nuclei.

Meng notes that the fragmentation products of gentle collisions tend to be

confined to the forward and backward regions, whereas the violent collisions

will also populate the central angles (as measured in the center of mass)[32].

In particular, pions at 0° and 180° are more likely to be produced in the gentle,
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peripheral collisions{30(a), 30(b)]. The violent collisions can be described by a
stutisiizal model of Meng's[30(b),32.33] which will not be discussed here.
Insiead, we will examine in more detail the gentle collision, from the point of
view of the target.

Let ¢ be the beam kinetic energy per nucleon. Then the ET has E:,".,‘,=VE7£
kinetic energy in the projectile frame. After the collision, this energy can
ei‘ther remain as the kinetic energy of the ET, or go into the production and
emission of low-mass particles, or go into some combination of the two. The two
extremes are (1) the £T retains its original velocity, until it breaks up (isotropi-
cally in its rest frame) into single and muilti~nucleon fragments, and (2) the £T
uses the maximum amount of its kinetic energy in emitting energetic low-mass
particles in its direction of motion (the backward direction in the laborator:;
frame), while it slows down to some minimum velocity. This second process is
analogous to bremsstrahlung.

Meng then makes the following points:

1. Since the maximum amount of energy available for producing backward
pions is vgre, the relevant variable to use when comparing energy distributions
of pions near ¥4, =180° (wiich is the same as B,,,;=0°) from collisions involving
different targets and/or different beam energies is not af, the kinetic energy
of the pion in the laboratory, but this quantity measured in the projectile frame
and scaled by the total amount of kinetic energy available; that is, one should
USE Upry=efil / vere. For forward pions, the relevant variahle is wy,, =ef/ vgpe.

2. As the backward pions are produced from the £7, and not the £P, the

inclusive cross section can be factored as follow::
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where F, describes the EP and Fj describes the ET.

Since this is a peripheral process, Fppr; is proportional to the areca a; of
the ring on the periphery of the nucleus (see Fig. 9(c)). Taking the nucleus to
be a sphere in its rest frame, with radius R, we get:

Faprog = @3 = 2ri{ Rp=ARy/ 2)AR, (24)
where AR, is the depth of the ring.

3. The number vgr of nucleons in the ET is proportional to the thickness

of the ring-shaped object (Fig. 3(d)):
Vgr = to= %{(znz-mz)mzjw = -1; (T 7. (25)

4. From 1, 2, and 3 above, we find that we can write
Fz prog (A2 80000y ¥0.850) = ao(d,)Go(e.00my) (28)
where Gz depends only on the variabie wpmy=efmy/ vere = efh/ /aze. Thus one
would expect plots of (d%/ dp¥)pps vs efre;/ £ to scale, for constant beam and
target.

By similar arguments, one would expect plots of (d%/ dp¥),, vs efff/ = for
forward pions to scale, again for constant beamn and target. Figure 10(a). the
proton-induced data of Papp, et al.[3], is just such a plot.

To check the A, dependence given by 4 above, one needs a more specific

model. Assuming Lhat the projectile is a sphere of radius

A= A7 (rg=1.2fm) (27)



and writing
ARy = ¢(A2)Tg, (28)

we can write

‘ag = 1rr§§z and tp = %fu\/s_g. (29)
where
sz = (2447 -£)¢ ' (30)

Thus, according to this model, one would expect plots of s3'(d%/ dp3),y vs
e,",‘q,/ +/sae to scale, independent of energy and target. Similarly. one would
also expect plots of s7'(d%/ dp)ep Vs e/P/ /5 z for forward pions to scale.
independent of energy and projectile.

The only parameter not yet specified is ¢; Meng uses the ansatz £(4)=A"18,
A plot of s{! (d%y/ dp%)y,, vs efff/ /5, for the data of Papp, et al.[3] using this
ensatz is given in Fig. 10(b).

Similarly, a plot of s5'(2%/ dp3),p, vs efin/~/sge is given in Figs. 10{e)
and 10(d) for the data of Baldin, ef al.[4(a), 4(b}].

These graphs indicate that Meng's model works very well in both the for-
ward and backward directions, at least for the range of targets, projectiles, and
energies considered. It should be noted that, until the present experiment, a

broad range of projectile energies had only been used in the forward direction.

Based upon the preliminary results of this experiment[15], Meng
observed[30(c)] that the invariant cross section for 1B(® pions van be
expressed as kd%/dp%=Cexp[-effy+ T(c)], where Ty is the slope parameter
and depends strongly on ¢ while C depends only weakly on £ From the argu-

ments above, Meung would expect the cross section to go as
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C'exp[—afi0;/ (avgre)], where a is independent of ¢ and 4. Equating the two
expressions, performing the requirsd Lorentz transformation, and neglecting

the pion ma3ss, Meng obtains

averd

To(e)=aver %[HM—-\/?(:TET)']':{" L (31)

where M is the nucleon mass. If one does not neglect the pion mass, then Eq.

(31) becomes

Tole)=aver cﬁ ie(“%ﬂﬂ-xﬁ(ﬁ?ﬂ)‘[uz%r]
pre.

[ m ( m,
{1+ ;m—")+u—y?(?$2m 1+2;,§r (32)

which shows that, for less-energetic pions, the exponential parameterization
may not be appropriate for this model.

It should be noted that this model does not distinguish between positive
and negative pions, whereas the preliminary results{15] of this experiment
showed that there were indeed differences. At our urging, Meng examined the
origin of 7~/ n* ratios, and predicted that, for low-energy (¢ < 1GeV) protons on
nuclei, 0.09 < /7% < 0.19. As the incident energy increases, the ratio should
approach one.

Comparisons of Meng's predictions (concerning scaling, 73, and n/n*

ratios) with the data will be done in a later section.



CHAPTER I

METHOD

The experiment wes performed with a single-arm spectrometer that pro-
vided momentum selection, as well as transporting the backward~produced par-
ticles through the detection system. The detection system identified particles
by their momentum, time-of-flight, and d£/ dz. The data were recordeq on-line
by a PDP-9{34] computer, and the magnetic tapes thus produced were later
analyzed off-line.

The experiment was located in beam line 30 in the EPB[35] hall of the
Bevatron/Bevalac facility at the Lawrence Berkeley Laboratory. Figure 11{a) is

a plan view, and Fig. 11(b) an elevation view, of the experimentai setup.

A. Primary Baam

Carbon and argon beams were accelerated to an energy of 8.5 MeV/A by
the SuperHILAC, and delivered through a transfer line to the Hevatron for
acceleration to fAnal energies. When running in this configuration, the
SuperHILAC/Bevatron combination is called the Bevalac. Proton and alpha
beams were produced in the Bevatron's own injector, a 20 MeV proton linac
which has been modified to also accelerate deuteron, alpha, and carbon beams.

No matter which injector was used, the beams were accelerated to the
desired energy in the Bevatron main ring, and delivered by a s.ries of bending
and focusing magnets to the experimen.t.al cave. A quadrupole doublet (1 and
Q2 in Fig. 11(a)) was. used to produce the Anal focus of the beam spot on the

targets. A small bending magnet (M1S), mounted so that it could be rotated

30
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about the beam axis, provided the ability to make small steering corrections in
both the horizontal and vertical directions.

Three multi-wire proportional chambers (30-1WC, 30-2WC, and 30-3WC)
were used to monitor the beam position. Each chamber consisted of two planes
of 32 wires each; the wires were spaced six millimeters apart in 30-1WC and
30-3WC, and two millimeters apart in ~-2WC{38]. The upstream steering mag-
nets were used to center the beam in 30-1WC, and M1S then used as necessary
to center the beam into 30-2WC. Chamber 30-2WC also monitored the focusing
of the beam by Q1 and Q2. (As 30-2WC was only about 80 centimeters down-
stream from the target position, compared to about 9 meters from the quadru-
poles, focusing on 30-2WC was sufficient to focus on the targei.) During data
taking, B.O-ZWC was conuected to the on-line computer to monitor and record

the beam spot position and size. The use of 30-3WC is described later.

B. Targets

The standard targets used were two-inch squares of carbon, aluminum,
copper, tin, and lead. For certain runs targets of polyethylene (CH,). deu-
terated polyethylene {CD;), and silver were also used. All targets wore mounted
in a target holder that had space for up to six targets. Normally one target
position wags left empty so that background runs, referred to as “target-empty”
(MT) runs, could be done.

The nominal thickness of the standard and silver targets was one-eighth
inch; for the polyethylene targets the nominal thicikmess was one-quarter inch.
Multiple squares of each target were available. The targets mounted in the
holder were equipped with pegs in the upper two corners. The extra targets
were drilled with matching holes so that they could be slipped ontv the pegs

and increuase the thickness of the target, in steps of the nominal thickness, as
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desired.

For studies of the effect of target thickness on the measured cross sec-
tions (a method of chzcking the credibility of the experiment), squares of 1/32"
copper and 1/84" aluminum were used. These squares were mounted in the MT
position using Scotch tape[37].

The target holder was mounted in a target positioner that allowed for
remote selection and positioning of the desired target. An odometer-type dial
mounted on the positioner frame, snd monitored with a TV camera, indicated
the target position. This arrangement permitted the proper target to be moved
into the correct location by remote control. so that an experimenter did noc

have to enter the cave.

C. Beam Flux Monitor

The bearn flux was monitored with an ion chamber (IC) placed in the beam;
this monitor was checked with two telescopes placed above and below the beam
line (MU and MD, respectively, in Fig. 11(b)) aimed to pick up the spray from the
ion chamber. Alumrinum piates were placed in front of these telescopes to allow
only the harder spray to get through. This kept the photo-multiplier tubes
from saturating at high bearn intensities so that the linear relationship between
the integrated current from the ion chamber and the counts from MU and MD
could be maintained. The ion chamber was calibrated for each beam/energy
combination by doing carbon-11 activation runs[3B]: A disk of polystyrene was
placed in the target position and exposed to the beam for a measured length of
time, and the integrated ion chamber current for this period of time was
recorded. Carbon-11 produced in the disk by the passage of the beam through
it was then measured in an off-line gamma-ray spectrometer. By applying vari-

ous corrections for the rate of irradiation, time elapsed between irradiation and
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measurement, etc., the total amount of carbon-11 preduced couid be calcu-
lated. Using the known value of the !2C-+!1C cross section for the particular
beam and energy. the total number of beam particles passing through the disk
could be determined, and compared to the integrated current produced by the
ion chamber.

A third telescope (ML) was positioned to one side and slightly downstream
of the target, and aimud in the general direction of the targets. 5y observing
the counts in ML while the target was slowly moved across the beam spst, the
calibration of the target positioner could be checked. Figure 12 shows the
results of such a scan. ML was also used to monitor the beam flux, although the

measurements obtained this way were obvicusly target dependent.

D. Spectrometer

The spectrometer consisted of a dipole mmgnet, M2, and a quadrupole
doublet. Q2/Q3. A second dipole, M3, was vsed to reduce the background, as
will be explained later. M2 momentum-analyzed the backward-going particles,
and the quadrupcle doublet increased the accepted solid angle of the spec-
trometer by producing an image of the target at the rear counler. The accep-
tance of the spectrometer varied somewhat with the momentur: sclected, but
was generally 1 msr in solid angle and +8% in momentum.

Particles were detected by two scintillation counter telescopes, F1/F2 in
thz front (between M2 and Q3), and R:/R2 in the back. A coincidence was
required between both telescopes. The size of F1 determined the angular
acceptance of the spectrometer.

Collimators were placed on either side of the front telescope, just inside
the exit of M2 and the entrance to Q3, to reduce the number of particles that

might reach the back telescope wbile missing the front one. The collima’crs
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were disks of lead, one inch thick, with square holes cut in t*2m. The holes
were sufficiently large so as not to affect the angular acceptance of the spec-

trometer. Four disks were used in front of F1 and six were placed behind F2.

The front member of the rear telescope consisted of three segments,
labeled R1A, R1B, and R1C. This arrangement permitted three measurements to
be made at each setting of the spectrometer. The central momentum detected
by R1B was the nominal setting of the spectrometer; R1A and R1C accepted a
central momentum that was 12 percent higher or lower, respectively. This also
provided a redundancy check for the spectrometer, as cross section measure-
ments would bave to be consistent between counters at a single setting, as well
as within counters at different settings. The width of each segment determined
the momentum acceptance of the spectrometer (about +8%). The dimensions of

the front and rear scintillators are listed in Table II.

On its way to the target the primary beam had to pass through M2, and was
thus bent away from the nominal beam lire. As the amount of bending
depended on the ratio of the beam to deiected particle rigidities, a computer
program was written to determine the required magnetic fleld strength and tar-

get location as a function of the desired momentum setting.

After passing through the target the non-interacting primary beam, as well
as any forward-produced particles, entered M3. V¥ith the field in M3 set in the
opposite sens= of that in M2, M3 steered the be.m back towards the beam
dump. In addition, any backward-going charged particles produced when the
beam later hit the beam dump would be swept out of the acceptance of the
spectrometer by M3. This procedure was required to reduce the background of
the experiment. Measurements in the target-empty configuration showed a

ten-fold reduction in counting rate with M3 on as compared to identical runs
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with M3 off. The location at which the b2zm exited M3 was monitored with
30-3WC.

M2 was calibrated[39] using a computerized mapping system[40]. Q3 and
Q4 were calibrated[41] using the technique described in Ref. 41(b). The pro-
gram OPTIK[42] was used to determine the focusing conditions for the quadru-
poles. [t was observed tbat the necessary focal strengths were smoothly vary-
ing functions of the spectrometer bend angle, which in turn depended on tbe
ratio of beam to fragment rigidity. These functions were determined and incor-
porated into the magnet fleld strength and target location program described
above, along with the magnet calibration data, so that a table of magnet
currents, their corresponding meter readings, and target positions could be

produced prior to each run.

The calibration data and computer program results were verified by wire

orbiting[43].

E. Particle ID

Particles were identified by their momentum, their time-of-flight between
the front and rear counters, end by the pulse height {d%/ dz) measured in the
counters. The dE/ dz measurement served two purposes. First, it allowed dis-
tinction between alphas and deuterons. As alphas have the same charge-to-
mass ratio as deulerons, and therefore have the same velocity for the same
rigidity, time-of-flight alone is insufficient to separate deuterons from alphas.
Since dE/ dzr, however, depends only on the charge-to-velocity ratio of the
tragment {dE/dr « Z%/ ), alphas would distinguish themselves by a much
greater energy loss than the deuterons. Second, since d£/ dz varies inversely
to the velocity, and hence directly with the time-of-flight, it provided another

data cut that, when used in conjunction with the time-of-fight measurements,



36

reduced the background considerably. These cuts were of the form
C1<(A-TOF-B-ADC)<C2 (33)
where A and 5 are empirically determined from the time-of-flight (TOF) versus
pulse height (ADC) scatter plots, and C; and C, sre similarly determined to
eliminate the background without eliminating good events, Figure 13 is an
example of such a scatter plot that illustrates the value of this cut. The lower
cluster of points are pions. and the upper cluster of points are protons. The
time-of-flight and pulse height histograms are projected onto the axes. This

particular scatter plot is from a 300 MeV/c, long gate run with a 2.1 GeV/A car-

bon beam and a ;—inch copper target.

F. Electronics and Computer

The electronics were set to trigger on a coincidence between the front and
rear counters. (See Fig. 14.) Three different gate confligurations were used in
the trigger coincidence. In the normal "long gate” configuration, the width of
this coincidence was get long enough to allow acceptance of the heavier, slower
fragments {protons, deuterons, tritons), as well as lighter fragments with g=1.
A narrower "short gate” trigger was used when measuring low-energy positive
pions (100-400 MeV/c) Lo exclude protons from the data. This shorter gate was

also modified to exclude the pions in order to measure the X* cross section.

A Digital Equipment Corporation PDP-9 was used to record the data from
the experiment. Interfaced to the computer through a CAMAC crate were the
time-of-flight time digitizers (TDCs), the d£/dz analog-to-digital converters
(ADCs), and various scalars connected to the monitor telescopes, the ion
chamber, and the front and back detectors themselves and the various coin-

cidences between them. The scalars were recorded so that they could be used



37

in determining the dead time of the data acquisition computer, which was done
by comparing the counts from the scalars gated on during a spill with those

that also had a veto signal from the computer when it was busy. In other words,

Spill gated scaler (34)

Dead time = I-ZEpi.u-Not busy) gated scalar

provided an estimate of the dead time.

Chamber 30-2WC was also connected to the computer to produce a spill-
by-spill record of the beam position for use in the analysis. as the actual posi-
tion of the beam spot, relative to the nominal value, affected the central
momentum value for the spectrometer. In addition, many of the scalars were
displayed visually for monitoring during the run, and typed out at the end of
each data run via an automatic typewriter, for doing real-time diagnostics of

the beam conditions and equipment.

G. Running Plan

The procedure for taking data at each beam and energy combination was
divided into four phases.

The first phase was beam tune up and ion chamber calibration. The beam
spot was focused onto the target plane, and, if not previously done for this
beain, a carbon-11 activation run was performed to calibrate the ion chamber.
Various checks of the elecironics and computer were made, and the equipment
readied for data acquisition.

In the second phase, also known as “long gate' running, the magnet polari-
ties were set for positive fragments, and the electronics set for the long trigger
coincidence gate previously described. In a typical run, data would be collected
at momentum settings from 300 MeV/c to 1 GeV/c in steps of 100 MeV/c, and

then in steps of 200 MeV/c until the rate became toc low. High-energy pions, as
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well as protons, deuterons, and tritons, were detected in the long gate mode.

At each momentum setting, each itarget, in turn, was posilioned in the
beam {(as determined by the computer program), and data collected for a
period of time that depended on the counting rate, generally averaging a few
minutes. The “MT" target was also positioned in the beam for background
measurements. Additional thicknesses of targets were added as required, to
keep tbe counting rate at a reasonable level.

In the third phase, or “short gate” mode, the electronics were set to
exclude triggers from slow particles, and the targets were again cycled through
at each momentum setting. A typical momentum sequence in the short gate
mode would be 50 to 200 MeV/c in steps uf 50 MeV/c, then to 500 MeV/c in
steps of 100 MeV/c. Fions generally did not appear until 150 MeV/c or so; at
400 or 500 MeV/c, protons would start to creep into the gate.

For the fourth phase, “negative” running, the magnet polarities were all
reversed so that the spectrometer would accept only negative particles. With
the electronics set to “long gate”, the same momenta as in the “short gate”

running were used.



CHAPTER IV

DATA ANALYSIS

The data was analyzed using a two-step procedure. First, a central momen-
tum and a momentum acceptance were calculated for each of the three rear
counters at each setting of the spectrometer, taking into consideration the
beam spot size and position (that is, deviation from nomineal beam center) dur-
ing that particular run. Time-of-flight cuts were then calculated, based on the
momentum acceptance, and applied to the time-of-flight spectra to obtain the
yields for pions, protons, deuterons, and tritons in positive-field running, and
just pions in negative-field running. Cuts based on d£/ dr were applied at the
same time to eliminate accidentals.

Yields for a few runs were also obtained by making hand cuts on the time-
of-flight versus d£/dr scatter plots. These yields were coripared with the
computer-generated yields for the same runs. Since good agreement was found
between these two methods, and given the volume of data that had to be pro-
cessed, it was decided to use the computer-generated cuts to extract all the
yields.

The computer-generated cuts were also applied to the target-=uipty runs,
to obtain “yields” to be used in the background subtraction.

The second step involved matching each target-in run with its correspond-
ing target-out run, normalizing the target-out yield to the target-in yield by
using the ratios of the corresponding ion chamber measurements, and sub-
tracting the normalized target-out yield from the target-in yield. Points with

target-in yields of only one or two events were deemed to be '‘noise’ and not
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processed. The subtracted yields were then converted into cross sections by
uging the well known formula:

da _ Ny 1
d0dp = Neot B0 Ap C (35)

where

Ny = subtracted yield,
Np = incident beam,
p = target density,
£ = target thickness,
A = spectrometer solid angle acceptance,
Gp = spectrometer momentum acceptance,

C- = product of various correction factors.

The cerrection factors included pion decay (based upon the average time-
of-flight for tkat cuunter), dead time in the electronics, multiple scattering, and
absorption. Contamination by electrons turned out not to be a problem, as ihe
electron yields fell off rapidly with momentum, and were essentially zero at
momenta where the pion peak and the electron peak would have overlapped
(=200 MeV/ c). Energy loss in the target and detectors was calculated and
used to adjust the momentum *’seen” by the rear detector to that of the pion
originally emitted in the target.

The shift in central momentum seen by the counters due to the exponen-
tial nature of the cross section was accounted fcr by doirg the acceptance cal-
culation tw.ce. A uniform spectrum was assumed to get the initial value of the
cross sec‘ion. A curve of the form exp[—(ap?+bp +c )] was then At through each
set of three points, and the resulting values of the parameters a, b, and ¢ were

used to adjust the central momentum. The cross section was then recalculated
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using the new values. This technigue was found to converge so rapidly that a
second iteration was not necessary.

Statistical errors were calculated by assuming that the events detected
came from a Poisson distribution; thus the best estimate of the standard devia-
tion of N counts is VN. The error on the yield was combined in quadrature
with the error on the background, using standard error propagation tech-
niques. These same techniques were used to generate the final statistical
uncertainties in the cross sections.

Systematic errors could have resulted from errors in determining the mag-
net and counter positicis, drifts in the magnet currents, drifts in the ion
chamber integrator, and ineficiencies in the photo-multiplier tubes. A study
was made of the probable magnitude of these effects. and to account for them a
factor of seven percent has been [clded in, in guadrature, with the statistical
errors. These errors are reported with the data.

The above errors account for the pcint-to-point uncertainty in the data.
In addition, there is an overall uncertainty in the normalization of the cross
sections estimated to be no more than fifteen percent. This estimate is based
on the ion chamber calibration, and should be taken into account when the
data from this experiment is compared with that of other experiments.

Multiple scattering and muon contamination effects were simulatec using a
Monte Carlo method. It was noted that the corrections due to these effects
become large, with correspondingly large uncertainties, below 200 MeV/c.
Because of this, none of the data belo= 200 MeV/c will be included in this

report,



CHAPTER V

RESULTS

Tables I1I-XXVI contain tHe measured pion production cross sections for all
of the beams and for the five standard targeis (C, Al, Cu, Sn, Pb) used in this
experiment. The other targets are discussed in an appendix. All the correc-
tions described in Chapter IV have been eapplied, and the errors listed
correspond to statistical ones.

I will Airst discuss the systematic characteristics of the data, comparing
where appropriate with data of other experiments. Comparisons with the
models previously discussed will then be made, followed by the results of the

kaon search.

A. Systematica

Figure 15 is a plot of invariant cross section versus kinetic energy for the
reaction 2.1 GeV/A C + Cu - 5~ (180°) + X; it is representative of the shape of
all the data. The most notable feature of the data is the lack of structure. The
invariant cross section falis off exponentially with pion kinetic energy, with no
intriguing bumps or peaks.

This is typical of all the spectra observed. Each spectruin can be
parametrized by a slope and an amplitude, corresponding to the fit
(E/p®d?a/ dfdp =Aexp{~T/ Ty]. For us to glean any informalion from the
data, we must therefore examine how these parameters change as the experi-
mental conditions (incident energy and projectile and larget type) change.

These parameters are listed in Table XXVI], and are discussed below.

42
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Figure 18 is a r'st of Tp versus Zy.em/ Avesm: [Or , Totons, alphas, carbeon,
and argon on copper. For bean! energies below 2.1 GeV/A, T rises steadily with
beam energy. With the higher energies used with the proton beam, one can
begin to see a leveling-off of Ty. This behavior is seen with all targets, and
confirms the earlier trend seen by Baldin, e¢ al.,[4(a)] which indicates that T,
appears to reach a limiting value of §0-70 MeV. The data for tha heavier beams
does not go to high enough beam energy to indicate whether a limiting value is
reached in those cases as well; the data that is available, however, is not incon-
sistent with such a leveling off.

Figure 17 shows the Ty dependence on beam and target, for a fixed beam
energy of 1.05 GeV/A. Although there is some variation from beam to beam and
I'.arget_t.c; target, no strong dependence is seen. At best we can say that the
slope parameter, on avetage, increases slightly with increasing beam or target
mass.

The other parameter describing these cross sections is the amplitude.
Physically more meaningful, however, is the integrated cross section do/ad

which in this cas= is defined as

do o0V g2g
a0 | a0 Jioouer 207 2T (8)

These are also tabuluted in Table XXVII. The lower limit of integration
represents the lowest energy for pions which are included in this report; the
upper limit generally corresponds to the highest observed. Due to the ex~unen-
tial nature of the cross sections, the error introduced by truiaacing the
integration at 600 MeV is in all cases much less than the propagated error from

the fit parameters.
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Figure 18 shows how the integrated cross sections change with beam
energy, for carbon beams on all targets. Although it is obvious that the
integrated cross section increases with increasing energy, there are not enough

data points to determine the functional form of this dependence.

Before discussing the variation of do/ d} with beam and target mass, it will
be helpful to first examine the n~/#* ratios. Tabulated in Table XXVIII, and
plotted in Fig. 19 as a function of beam energy. are these ratios for all beam
and target combinations. For all be@ heavier than protons, the 7~/ »* ratio
is consistent with one, although there seems to be a slight increase with
increasing energy. The ratios from the srgon beam are all slightly (but not
significantly) greater than one, as would be expected from the 1.22 neutron-
proton ratio in argon.

For the proton-induced pions we see a definite trend—the pion ratios are
much less than one at the lower energies, increasing towards one with increas-
ing energy. This energy dependence is sonsistent with the fact that a proton
beam is more likely to produce n*'s than 7 's. For example, if we assume that
at low energies the pions are produced by the formation and decay of a single A
resonance, then simple analysis of the Clebsch-Gordan coefficients would
predict a n~/ n* ratio of 0.1 for an N=Z target. At higher energies. multi-pion
production channels would begin to enter, and the n/n* ratio would be
expected to approach one. The increasing fraction of neutrons in heavier tar-
gets also plays a part, again pushing the ratio towards one.

An examination of the dependence of the 180° integrated cross sections on
beamn and target shows an increase with both inereasing beam and target mass.
Determination of the A.F dependence is important because it helps separate

that part of the cross section that is due to the basic nucleon-nucleon interac-
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tion from that part which is due to the nuuisons acting in concert. For exam-
ple, a simple (A'/3+8Y3)" dependence would impiy that each nucleus acted as
a single object, with the cross section dominated by the geometrical probability
of a collision. A simple (AF)* dependence, on the other hand, would indicate a
factorization of the cross section in 2 manner consistent with each nucieon
acting independently of all the others. In this second case, the important con-
tribution of a nucleus-nucleus collision is that it increases the probability,

based on sheer numbers, that two nucleons will collide.

These represent the two extremes, the former characterizing each nucleus
as a "bowl of jelly”, and the latter characterizing each nucleus as a "bag .J
marbles”. The integrated cross sections wers fit to each of these formulations.
Figure 20 shows the results of fitting the 1.05 GeV/A » n* data to the “bags of
marbles’ model. The “bowls of jelly” fit did not produce a single straight line.
We see that the integrated cross section exhibits a power-law dependence on
the product of the beam and target masses, with a power of 0.80::0.02. This
same behavior is seen with the 2.1 GeV/A » n~ data, except that the power in
this case is 0.95+0.02. The cross sections for the 1.05 GeV/A - 7~ and 2.1
GeV/A - n* data also increase witk the beam mass-target mass product; how-
ever, the flt to a power law is not as good as in the first two cases. This is
understandable if we remember that the w~/#* ratio is unity except for the
proton beam data. Hence one would expect that a good fit to n~ data would not
fit the corresponding n* data, and vice versa, when protons are included. When
we exclude the proton data, the fit to a power law is excellent in all cases, with
an exponent of 0.80+0.02 for the 1.05.GeV/A data and 0.95:0.0< for the 2.1

GeV/A data.
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When we examine how the differaniial cross sections varr with this prod-
uct, we see the same power-law dependence at the lower momenta, but not at
the higher cnes. Thiz is consistent with the integrated cross section data, as
the integrated cross sections are dominated by ths lower-momentur: pions.
For example, the power is the same at 200 MeV/c as it is in the integrated case,
but increases as the pior: momentum increases, reaching a value of about 1.0
for the 1.05 and 2.1 GeV/A n* data, and about 1.1 for the n~ data. Also, there
appears to be more variation with beam, as the argon beam data falls slightly
below the line defined by the alpha and carbon beam data, in the 1.05 GeV/A n~
and n* cases at 200 MeV/c. This may indicate a dependence on the isospin of
the beam, as both the alpha and carbon beams are of isospin zero, while argon
has an isospin of at least two. The data at 500 MeV/c is too sparse for any

definite conclusions Lo be drawn.

There are two more ways of looking at the data that 1 would like to discuss.
The first is (almost) model independent; the second assumes an isobar model
for pion production.

In tkis first epproach we try to "build™ the cruss section for the heavier
projectiles out of those produced by the proton beam. For example, one could
say that, since projectile B consists of Zp protons and Np neutrons, one should

be able to writa

d?g L [ d?s [ d?g L
= Z + N, 37
[dﬂdp A~ o 2Qdp | gt 2 afldp |y font ")

and similarly for the s~ cross sections. This assumes, o' course, that single

nucleon-nucleon coilisions dominate, and that multi-particle effects, such as

clustering, Fermi motion in the projectile, etc., are not isnportant.
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Since we do not measure the neutron-induced cross ections, we need
som: way of “faking” them. For an isospin zero target, such as '2C, this is sim-
ple:

n+12Con* s p +12Con~. (38)
For a non-isospin zero target, s.ach as copper. we musl make additional assump-
tions. Let us assurae that the pions are produced singly, in a single nucleon-
nucleon interaction, and that once produced, they de not change their identity.
This implies that we neglect charge .exchange. altnough effects such as absorp-
tion and rescatlering in the target (but not in the prujectile) are implicitly
accannted for in the model. Then the possible reactions are:

ppn°

p+p .t

P "']* piig (39)

nnt

nnn®

np w.

From this we see that it is only the protons in the target that would con-
tribute to Lhe neutron-induced pi-plus production. Since n+p-n* s p+n +n~,

we mock up the neutron-induced cross section by equating

d%g Za [ dZg L
| = 2 . 40
[dndp st Ma dOdp Ly gon (0

Substituting into Eq. (37), we obtain

d’ d?s Z { d? ]
‘ = Zp| s +Ng = |——— . 41
dQdp 1B +4-n* D[dndpLMw‘ o Na ldﬂdp lpe+a-n~ (a1)

Since, of the targets used, only aluminum is natur:ully a single isotope, a
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weighted average of the naturally occurring isotopes was used{44].

Note that this procedure will not work to mock up n~ cross sections, as
both neutrons and protons contribute to the neutron-induced n~ production.
Without resorting to some dynamical model, there is no way to differentiate
between the two contx‘ibuﬁons;

Figure 21 shows a comparison of this mock-up with the data for the 1.05
GeV/A alpha and argon beams, and for the 2.1 GeV/A alpha beam. Four trends
are clear: The mock-up fits the lower-energy beams better than it does the
higher-energy ones; the mock-up tends to overpredict the lower-momentum
picng; this overprediction is greater with heavier projectiles; and the mock-up
fits heavier targets better than lighter ones. Although the carbon data is not
shown, it bears out these trends.

The first two trends may follow from a breakdown in the assumption that
pions are produced singly. It is quite possible that low-momentum pions are

produced multiply, especially in higher-energy collisions:
N+N sNNtw or NNnrm. (42)

It is well known[45] that the N+ N+NN+mn cross section rises rapidly to a peak
after the tbreshold for m-pion production is reached, and then slowly [alls as
the energy increases further. The energy threshold for single-pion production
from two nucleons is 0.29 GeV; for two pions it is 0.80 GeV, and for three it is
0.93 GeV. Thus we are well into the peak of two-pion production, and somewhat
into the region of three-pion production, at the 2.1 GeV/A beam energy.

The third and fourth trends are also probably related: with lighter targets,
and with heavier prdjer.-tiles, collective effects in the projectile that the mock-
up ignores are more likely to be important. Also, just from geometric con-

siderations, pion absorption in the projectile is more likely to occur in a large



49

projectile-small target situation. Effects due to charge exchange, and pion re-
scattering in the projectile, which are ignored by the mock-up, may be larger in
this situation as well, '

Next we examine an isobar mod<i for pion production, to see how well it
accounts for the data. In the spirit of Sternheim and Silbar{9.48], hut without
accounting for all the effects that they do, we assign weights for the processes
listed in Eq. (39) by assuming single production of pions through A production

and decay:
N+N-+NA-NNm. (43)

Using Clebsch-Gordon coeficients, we get:

1
o 3
p+p -
+ |5
PR T 5]
-1
ppm 12]
p+n
]_, o L‘ (44)
n+p 3
Jx
e [3]
1
nn m® E-]
nin - 5
np F]

Next we need to fold in the probabilities for an N-N interaction. We assume a
geometric cross section nRZ for a nuclear interaction, where R is the nuclear

radius, Then the probability for an interaction between a nucleon in the pro-
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jectile with a neutron in the target is proportional to

ﬁimf = Nymr2(Ag)17 (45)

and with a proton is
Z = 2 -1/9
Iﬂ'ﬁf = Zynrd(Aq) (48)

where 7, is the nucleon radius.

Combiring these factors with the corresponding terms for the interaction

of a target nucleon with the projectile, we ohtain

Pp: ZaZg{ A7V 3+ Az e d
PP =np: (ZaNa+ N1 25) (AT 3+ A5 S)mrd (47
nn: NyNp{A7V3+A5Y 3)mr 2.

Thus, combining the two sets of equations, and neglecting the commeon factor of

mr2, we obtain that the pion yields should be proportional to the following for-

mulae:
m: [242425) + 5 ZaNo+ Ny Z) (A1 34 45M%)
"": (32 Zo+Nals) + HZu N+ Ny Zp) ATV 2+ 4579) (48)
" [3(NuNs) + (ZuNa+ NaZe) (AT 3 44519).

Table XXIX contains the values generated by these formulae for the beams and
targets used.

If this model were to hold, we would expect the data, when plotted against
these isobar yield factors, to fall on a line with a slope (on log-log paper) of one.
In other words, we would expect 0 = C(¢.p)¥r(4.5), where C just depends on

beam and pion energy, and Y, are the yield factors calculated ebove. Figure 22



) 51

is the integrated cross section plotted against these yield factors for the 1.05
GeV/A data, The 2.1 GeV/A data is similar. The straight lines are not fits to the
data, but rather lines of siope equal to one. We see that, although the model
appears to account for the variation with target when beam and pion charge
are held constant, it does not completely account for the variation between
beams and between positive and negative pions. In the 1.05 GeV/A case, the
proton data straddles the line formed by the heavier beams. In the 2.1 GeV/A
case, the 5* proton data coincides with the heavier beam data, while the n~ pro-~
ton data is larger by more than a factor of three.

#When broken down by pion momentum (Fig. 23), the same trends are evi-
dent, although the 500 MeV/c data shows deviations from the slope-one line
that do not show at 200 MeV/c. This would indicate thiat other processes
besides NN+NA-+NNr are important in higher-momentum pion production. This
is consistent with the fact that, for example, at 2.1 GeV the kinematic litnit for a
bickwards pion produced directly (that is, via pp »nd ) is 2689 MeV /c, whereas it
is only 157 MeV/c for a pion produced via A production and decay. This does
not necessarily mean that direct production is the mechanism responsible for

high-energy pions, just that the formation of A's is insufficient to explain it.

B. Comparison With Other Data

We have already discussed how oucr proton data compares with that of Bal-
din, et al[4(a)] We see the same exronential trend, and the slopes of our
proton-induced data it nicely with those of Baldin.

Perdrisat, et al.[5], looked at s#* production at 155° and 180° from low-
energy (175 MeV/A) deuterons and alphas, as well as at 155° from 800 MeV pro-
tons. Rzlevant to the current work is their data from the reaction 175 MeV/A

a+C-+n*(180°), with a slope of 17.4 MeV, and from the reaction 600 MeV
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p +C-+m*(155°), with a limiting slope of 25 MeV. (“Limiting” because there is a
turnover in the data below 50 MeV; including these points in the fit gives a
“slope” of 30 MeV.) These slopes are consistent with the trends we have already
seen.

Data from Anderson, ¢t al.[47], for 1.05 and 2.1 GeV/A C + C » 5~ (0°) can
be transformed into the projectile frame and compared with our corresponding
data at 180° This has been done in Fig. 24. The two data sets are seen to be in
good agreement, both in overall magnitude and shape. This is to be expected,
as the targ=t and projectile frames must be equivalent when the projectile and
target are identical. The excellence of the agreement between the two data

sets, from two different experiments, shows that our normalizations are correct.

C. Comparison With Models
The comparison with models is done in the same order as the models were
presented in Chapter ]I. First we discuss the hard scattering models, then the

statisiical ones.

C.1. Schmidt and Blankenbecler

The model of Schmidt and Blankenbecler previously discussed predicted
scaling of invariant cross section versus z'; that is, plots of invariant cross sec-
tion versus z' for different beam energies should all fall on one line, We have
previously observed[15] (see Fig. 25) that such scaling does not hold in the
backward direction, indicating that their assumption of coherent recoil is most

likely incorrect.

C.2. Landau and Gyulassy
The comparison of our data with the Landau and Gyulassy cluster-

scattering model is shown in Fig. 26. Their proton curves have been previously
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normalized to the data of Baldin, st al.[4(n)]; the normalization of th= alpha
curves is arbitrary. We only show their calculations using a single nucleon as
the “cluster”; the calculations using a deuteron or alpha cluster do not fit as
well as this case. Their Fermi momentum distributions are of the form
exp[—p?/ 20°] with 0=130 MeV/ ¢ in the Gaussian case, and exp[—|p |/ kq] with
k=100 MeV/ c in the exponential cage. As can be seen, the best fit occurs when
scattering off a single nucleon with an exponential Fermi momentum distribu-
tion is assumed.

The succesy of this model, compared with the failure of the SB model on
which it is based, indicates that while the pions we observed were most likely
produced in singie nucleon-nucleon collisions, the spectator portion of the
nucleus does not share the receil momentum equally among its constituents, It
also indicates that the internal Fermi momentum distribution is more closely
characterized by an exponential than by a Gaussian. This latter aspect is puz-
zling, as one would normally associate a Gaussian distribution with simple
single-particle effects. One explanation is that the exponential distribution may
be biding the effects of higher-order correlations that don't show up in the
“cluster” versiun of the LG modei. Or it could indicate the importance of the
higher-momentumn components, or be simulating the eflects of final state
interactions,

It should be noted that the LG calculations were done only for the lighter
beams {protons and alphas). It would be interesting to see if this model is as

suceessful for the heavier beams.

C.3. Wong and Blankenbecler

Turning next to the model of Wong and Blankenbecler, we see in Fig. 27(a)

and 27(b) graphs of invariant cross section versus their x4 for the p+Cu-n—
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and Cu+C-r~ data. At first glance, it appears that the data do indeed scale as
predicted. However, on closer examination, it can be seen that the points for
each beam energy fall on their own lines, wiih the slope of each line becoming
shallower with increasing beam energy. This indicates that the model fails to
account fully for the variation with energy of the cross sections, and has lead
Wong and his colleagues to abandon the approximation approach and do a com-
plete numerical integration of the six-fold integral discussed in Chapter II[48].
It should be noted that this model is closer in spirit to the LG model than
the original SB meodel, in that it makes fewer simplifying assumptions concern-
ing the distribution of the *“recoil” momentum over the residual Larget

nucleons.

C.4. Quasi-Two-Body Scaling

The last hard scattering model we look at is quasi-two-body scaling. Figure
28 shows our data plotted according to Frankel's prescription. We see that the
data does not all conform to the same slope, indicating that this is not a good
model. It should also be noted that the k., values of the low-energy pions are
negative. These values have nu physical meaning in the context of the QTBS
model. Although QTBS is different from the SB model, its failure implies a
related cause: the assumption that the recoil momentum is distributed over
many nucleons in the residual target is wrong. The failure of these modeis and
the relative success of the LG model suggests that the recoil momentum is con-
centrated in just a few, or even only one, of the “residual target’” nucleons,

impiying that the target itself fragments in the course of the collision.
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C.5. Firestreak and Rows-on-Rows

Figure 29 is a comparison of our data wich the predictions of the firestreak
model and the rows-on-rows model of Bohrmann and Knoll. The firestreak
model, which is known to over-predict pion production in other cases, continues
to do so in the backward direction. In addition, this model falls off much more
slowly than the actual data. Thus we see that the firestreak model is not a good

model for pion production in the backward direction.

The rows-on-rows model is closer in magnitude to the actual data than the
firestreak model, but is still slightly on the high side. In addition, whereas the
data tends to follov a straight exponential, the rowi-ua-rovs model predicts a
curve in the cross section, and thus a different shape. This curvature is more
noticeable for the lighter beams than for the heavier one. Thus, while the
rows-on rows model works fairly well for the heavier beam data, it does not do
as well us the LG model for the lighter beam data. Of course, one would expect
a statistical modei to work better with large numbers of nucleons (heavy
beams) than with small numbers (light beams). It should also be noted that the
rows-on-rows model makes no distinction between 5~ and #* production.

Overall, we can thus say that the statistical models do not do as well as the
lLandau and Gyulassy hard scattering model in explaining the data. Again, tbis
suggests that it is the individeal nucleons, rather uxan the bulk matter of the

nucleus, that is responsible tor the backward pion production.

C.6. Meng Ta-Chung

Figure 30 shows our proton and argon data plotted according to the
scheme of Meng Ta~-Chung. We see that the scaling predicted by Meng Ta-Chung
holds for the 5~ data. It also holds for the m* data, except in the case of the

proton beam (Fig. 30(c}). Here we see a definite energy dependence, although
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the target independence predicted by Meng still holds.

The original model of Meng neglected the "/ n* difference. As discussed in
Chapter II, our results concerning the proton-induced pions led Meng to investi-
gate these differences and come up with the prediction that at low beam ener-
gies the n/n* ratio should be between 0.09 and 0.19, and increase towards
unity with increasing beam energy. While our trend agrees with his prediction,
the actual numbers differ. For a beam of 0.8 GeV protons, we observe a 7~/ n*
ratio of 0.30, 0.25, and 0.28 for targets of C, Cu, and PB, respectively—not as low
as Meng predicts. Of course, effects such as charge exchange, which are
ignored by Meng, could account for our higher #n"/ n* ratios.

Turning to 7, we compare Meng's prediction for its energy dependence
with our proton-induced data in Fig. 31. As can be seen, Meng’s model accounte
very well for the energy dependence of Ty, but predicts a mnuch wider variation
of T, with targel mass than is in facl present.

To extract meaning from Meng's generally successful scaling of the data,
we must turn back to his assumplions, namely that the pions are produced in
gentle, peripheral collisions, with the energy available in the collision propor-
tional to the number of nucleons involved. It is difficult to reconcile these
assumptions with those of the equally successful LG model, which imply that
pions «ve produced in single nucleon-nucleon hard scattering collisions. This

apparent contradiction will be expanded upon in the next chapter.

D. Kaon Search

Kaon production, like pion production, can be used to study the nature of
nucleus-nucleus collisions. Kaon production brings another degree of freedom
into the picture, that of strangeness. If kaons are more readily produced in

A-A collisions than they are in N-N collisions, they could give us another
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handle on the dynamics involved.
For example, consider the simplest reaction for producing kaons in a g-p

collision:

p+p-K*Ap. (49)
For a 4.85 GeV incident proton, the highest backwari momentum a kaon could
have is 151 MeV/c. For an incident proton of infinite energy, the corresponding
kaon momentum would be 338 MeV/c. Another way of looking at this is tc say
that 2 489 GeV incident proton would have to strik: a nucleon with =
ba-ckward-going Fermi momentum of 400 MeV/c to produce a backward-going
kaon of 485 MeV/c. As these kinemetic limits are much lower than the
corresponding ones for pion production, kaon production has the possibility of
revealing more information on collective effects and/or the high end of the
Permi momentum distribution.

¥We looked for K* production in the following cases, all above the p-

threshold described above:

Beam and Energy Target Momentum
(GeV)

(MeV/c)

4.89 p Cu 250
300

21la c 200
400

Cu 200

400

21C Cu 300

Figure 32 is a plot of the subtracted data (counts) for a typical run to
observe K* production. Superimposed are the counts for the corresponding
"long gate" (proton and positive pion) run. What appears to be a peak near
where laons are expected turns out to be the tail of the proton peak ge.ting

into the gate. This is true for all the cases listed asove. Since we did not detect
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a measurable K* signal above background, the best we can do is assign an
upper bound to the cross section, based upon the length of the run. Table XXX
lists the upper bound cross sections at the ninety percent confidence level for
these kaon runs. These upper bounds are consistent with the kaon cross sec-
tion measurements of Schnetzer, et al.[49]

Qur failure to see kaons is not due to any lack of sensitivity of the spec-
trometer. For example, we would have seen about 10° pions in each counter in
the equivalent *'short gate” runs. Another way of staling this is that we saw no
kaons in 10% pions, which is consistent with the difference between the total
pion and kaon cross sections at these energies.

This lack of kaons is . —sistent with a sirple nucleon-nucleon collision pie-
ture, without any exotic features such as high Fermi momentum components or
collective effects. However, the lack of evidence for these features does not

mean that they are defin. .ely not there.



CHAI'TER VI

SUMMARY AND CONCLUSIONS

This experiment has clearly met its objectives. It has systematically
explored the variation of backward pion production with energy, beam. and tar-
get. It has also been successf:ul in providing a testing ground for a variety of
theorics, and has stirmulated thought in theoretical circles. It also points the

way for future experiments.

A. Systermatics
There are three points Lo e made concerning the systematics of the data
itself. These concern the energy dependence of Ty, the AB dependence of

d g/ dQ, and the implicationz + th< rmock-up fit.

A1. Ty Energy Dependence

One possible interprefation uf the exponential slope parameter T; is as a
temperature. With this interpretation, the saturation of T with increasing pro-
ton beam ener_y may indicate a phase transition. As an anzlogy, consider the
momentum distribution of water melecules above the surface of a pan of water
sitting on a stove. As one increases the heat flow into the water, the tempera-
ture as determined by the momentun. distribution is seen to increase, until the
water starts to boil. At that point, the addition of more heat (corresponding to
higher energies) causes the water to boil more rapidly, increasing the rate at
which water molecules are produced (corresponding to the increase in cross

section), but leaving the relative moinentum distribution unchanged.
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However, the model of Meng Ta-Chung interprets the “saturation” of T, as
a kinematical effect, due tc the Lorentz transformation between the laboratory
and projectile frames, and thus has nothing to do with a phase transition.
Unfortunately, we do not have enough evidence as yet to determine which of
these interpretations, if either, is correct.

Saturation of T, was not seen with the heavier beams with the beam ener-
gies used in this experiment. It should be noted that the saturation with proton
beams did not set in until energies were used that were greater than the ones
used with heavy beams. Measurements with higher-energy heavy beams would
be useful to see if and when this saturation occurs. Saturation of 7y with heavy
beams at the same energy and value as with proton Leams would be further evi-
dence for the domination of pion production by single nucleon-nucleon colli-

sions, for it would mean that a B-4 collision was the same as “8" p-4 collisions.

A2. AB Dependence of do/dQ

The A8 dependence of da/ dQ is striking. The change in power from 0.80
at 1.05 GeV/A to 0.95 at 2.1 GeV/A could indicate a transition from a surface-
surface interaction to a volume-volume one. Again, measurements with
higher-energy heavy beams, as well as (or especiaily with) lower-energy ones,

would be helpful in exploring this point.

A.3. Nock-up Implications

The mock-up showed that much of the cross section of B-4 collisions could
be accounted for by "B” p-A collisions. This means that no strong collective
effects in the projectile are needed to explain backward pion production, at
least for the lower-energy"pions. In association with the results of the model

comparisons, this may indicate that no collective effects occur anywhere in the



81
production of backward pions.

B. Model Comparisons

The underlying theme coming out of the model compariszns is that single
N-N collisions produce the bavkward pions, without any “coherent recoil” of
the spectator nucleons. Those hard scattering models that assume coherent
recoil—SB and QTBS—perform poorly. Those models that do not—LG and, to a
lesser extent, Yong 2nd Blankenbecler—do much better. The statistical models,
which in effect deal only with collective behavior, do worst of all, although it

must be said that the rows-on-rows model is adequate for the heaviest beams.

We are still left with the model of Meng Ta-Chung. It successfully applies
scaling to the target dependence of the cross sections, while failing in the
specific prediction for the target dependence of 7y, The encrgy dependence of
Ty is explained successfully, however, and the predicted ener~y scaling holds in
all but the p -»7* case. Given this mixed bag of results, we must somehow recon-
cile the assumptions of this model with the conflicting assuniplions of the more

successful model of LG.

The energy dependence of Meng's model comes from treating the kinetic
energy per ..uzclean as the important independent variable, not the total kinetic
energy “per beam”. This is what one would expect if just a single nucleon in the

beamn nucleus was responsible for the pion production.

The source of the target dependence of Meng’s mode' is less obvious. In
the Ty prediction, it appears to be related to Meng's vgr. the number of target
nucleons that inleract with the effective projectile. This number is larger than
two in all the cases studied, and directly conflicts with the implication of the
success of the LG model that it is a single nucleon in the target that is invoived

in the collision. The scaling of the cross sections is more complicated, as
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target-dependent factors show up in both vgp, which scales the pion energy,
and in the area available for the interaction region (Meng’s a,), which scales
the pion cross section. While it is not transparent, perhaps these interact in a
way which imitates the mechanism that actually determines the target depen-
dence of the cross section. Further study of the target dependence is definitely
needed. More study into the relationship of Meng’s model with hard scattering

rodels and the more traditional of the statistical madels would also be helpful.

We earlier noted that the LG model was only applied to the da.ta for the
proton and alpha beams, and that it is with the heavier beams that the Meng
model, along with the rows-on-rows model, works best. It could be that different
mechanisns are at work in these two differing regions of parameter space, and
that each model is in fact describing the mechanism deminant in its own region.
An important test of these two models would be to look for two-particle (and
higher) correlations, with a backward-going pion as one of the particles. Meng's
model implies that the residual projectile, with perhaps some of its own emitted
pions, would be detected in the forward direction, with no target fragments in
any direction. The LG model, on the other hand, suggests that target (and pro-
jectile) fragments would be detected in many directions, as the *recoil”
momentim would be concentrated in only a few nucleons and would thus cause

both target and projectile breakup.

C. Future Work

The results of this experiment indicate two directions for further work.
One evenue would be to continue the measurementy of single-pion inclusive
eross sections at lower and higher energies, and with heavier beams. This would
allow for the study of the saturation of 7y and of the A5 dependence. The other

avenue would be to look for correlations with backward picns in the forv.ard
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.a.nd perpendicular directions. This could provide a finer test for distinguishing
between models since, as explained in the previous section, different models
that work equally well un single-pion production can differ in their predictions
of expected two-particle correlations. It is hoped that these future experi-
ments will help us achieve a decper understanding of high-energy nucleus-

nucleus collisions.



APPENDIX A

OTHER TARGETS

In addition to the five standard targets (C, Al, Cu, Sn, and Pb), some data
was also take:' using the 0.60 GeV and 4.89 GeV proton beam on polyethylene
{CHz). deuterated polyethylene (CD;), and silver {Ag) targets (see Table I). While
none of this data was used in the preparation of this dissertation, the results
are presented here for completeness. Tables XXXI-XXXHI contain the measured
pion production cross sections for these targets. Cross sections from the CH;
and CD, targets were calculated as if the scattering centers were single objects
of CH; and CD,, respectively.

The original intent of the CH,; and CD, measurements was to calculate pion
production cross sections from p» and d, respectively, by subtracting the

corresponding cross section measurement of C:

0p = (oey,~0c)/ 2 (50)
o4 = (ocp,~0:)/ 2

with the corresponding errors combined in quadrature.

The results of this subtraction are presented in Tables XXXIV and XXXV.
The subtracted cross sections from the 0.80 GeV proton beam, and most of the
CH; subtracted cross sections are consistent with zero. The subtracted cross
sections for the 4.89 GeV p+CD, data, where not consistent with zero, have
large error bary, ranging from 26 percent to 77 percent.

The Ag target was incl-uded so that a direct comparison could be made of

the cross sections for backward production of protons, deuterons, and tritons
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in this experiment[50] with a similar experiment by Frankel, et al.{51]
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TABLE 1. Beam, energy, and target combinations used in this experiment.

Kinetic energy | Beam Targets
per nucleon
(GeaV)
Cc C.Cu,Ph
0.4 Ne | CuSnPb
C.Cu,Ag.Pb
0.8 p CD, (7~ only)
P
1.05 g C.ALCu.3n,Pb
Ar
1.83 Ar C.AL,Cu,Sn.Pb
p
2.1 o C.ALCu,Sn.Pb
(o]
3.5 P Cu {n* only)
C.Cu,Pb
4.89 P CH,,CD, (r~ only)



http://OAl.Cu.Sn.Pb
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TABLE 1I. Dimensions of the front and rear scintillator telescopes. Length is in

tire direction of momentum dispersion, thickness is parallel to the dispersed

beam, and height is perpendicular to both length and thickness.

Detector | Length Height Thickness
{inches) ({inches inches

Fi 2.0 2.5 0.075
F2 2.0 2.5 0.075
R1A 147 0.89 0.25
R1B 1.47 0.99 0.25
R1C 1.47 0.98 0.25

R2 8.0 1.0 0.25
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TABLE IIl. n* production cross sections from 0.80 GeV protons.

Mom c Al Cu Sn Pb
dq mb .

(MeV/c) Itidp [sr-GeV/c] in form (oterr)x10%?
185 3.40+.40 EO 2.69+.27 E1
1868 1.28+.12 E1
198 3.22+.39 EO 2.53+.27E1
199 1.15+.11 E1
215 3.29+.42 EO 2.43+.27 BE1
218 1.08+.10 E1
268 5.37+.98 -1 1.98+.32 EO 3.64+.82 ED
278 4.22+.80 -1 1.54+.18 EO
282 3.52+.40 EO
286 4.00£.72 -1 2.03+.31 EO
287 2.90+.50 ED
299 1.15£.15 EO
300 3.05+.865 -1
304 2.45+.32 F0
310 1.97+£81 ~1 8.3 t2.1 -1
311 3.13+.57 EO
326 1.56+,50 —1 8.2 £13 -1
332 1.57+.26 EO
359 9.3 +2.8 -2
360 8.7 1.1 -1
367 2.36£.45 -1
385 4.1 £1.5 -2
386 3.54+.69 -1
396 1.65+.36 -1
420 2.0 +1.6 -2
421 2.13+.64 -1
433 9.6 +3.2 -2
434 8.2 +34 -2
440 9.0 £7.1 -3
441 1.20+.78 -1

474 9.7 7.2 -2




7

TABLE IV. #* production cross sections from 1.05 GeV protons.

Mom c Al Cu Sn Pb

g | _mb__{ o
(MeV/c) 30y [sr-GeV/ - ] in form (o+err)x10

181 6.81+.75 EO

182 3.54+ 41 E0 1.20:.11 E1 1.68+.17E1 2.57+25E1
192 4.88+.60 EO

193 2.83£.36 B0 1.14+.11 E1

194 131+£15E1 245_24F1
207 8.02+.70 EO

209 3.33+.40 Eo 1.09+.11 E1 1.41:.16E1

210 2.12£22 E1
266 2.08+.37 EO

287 5.3 £20~-1 1.20+£.33 EO 3.92+.76 E0 6.5 £1.1E0
268 4.79+.57 EO
269 5.65£.95 ~1 1.07+.15E0 2.26+.25 EO

270 3.43+.41 EO

283 1.87+.31 EO

284 7.3 £2.3 -1 1.98+49E) 4.23+.77EO
288 3.51+.45 E0
287 3.28+.72 ~1 6.2 £1.1 -1 1.53£.19 E0

288 2.07+.2U EO

305 1.03+.23 EO

306 1.69£.45 E0 2.86+.84 O
307 4.4 £14~1 98 24 -1

308 1.51+.58 ~1 2.31+.38 EO
310 4.9 £1.0-1 9.8 +1.4 -1

311 1.48+.26 ED

352 3.5 £1.3 =1

353 2.49+£78 -1 2.07+.86 -1 5.2 2.2 -1

354 1.01+.18 EO
354 1.17+.38 EO
355 8.3 £34 -2 2.16+£81 -1 3.91+88 ~1 59 £1.3 -1
378 1.32£.83 -1

377 1.52+.84 -1 3.3 +1.8-1 8
378 S.
379 7.8 £2.5 ~2 2.13+.42 -1

380 9.1 £3.4 -2 3.87£91 -1

407 26 £2.3 -1

409 2.40+.89 -1
410 7.5 £2.5 -2

411 3.8 +1.7~-2 89 28 -2 1.83+.63 -1

443 1.59+.58 -1

448 2.6 £1.1-1
475 4.7 £4.5 -2

478 1.6 £1.2 -1
530 3.0 £28 ~2

N ®
[
o
-
[
[
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TABLE V. n* production cross sectiony from 2.10 GeV protons.

Mom C Sn Pb
! . _d% axp
{(MeV/c) t.ndp [sr—GeV/c in form (c+err)x10
182 1.42+.15E1 6.16+.82 E1
183 2.79£,27E1 3.87+£38 E1

184 6.80+.80 EO
194 8.086+ 78 E0O 1.15+.13E1 2.31+23E1 3.74+39E1 5.73+58E1

208 1.13+.14 E1 8.22+.85 E1
209 2.41+25E1 3.35+.3BE1

211 6.31+.83 EO

2689 7.81+.84 EO

275 1.80+.17E0 2.87+.32E0 7.57:76E0 1.08£.12E1 1.24+£19E1
268 4.48+.56 EQ

295 1.00+13 E0 2.62+.31E0 5.73+62E0 7.40+.93FE0 1.24+.18E1
310 3.92+.54 E0

318 9.8 +1.3~1 2.02+.28E0 4.01+52E0 4.45:x.74E0 8.2 +1.3E0
382 8.1 +1.1 -1

363 5.02+.50 EO
384 1.89+.21 Fo

364 1.51+.27 E0  3.04+.33 EO

384 3.42+.58 ED

368 4.51£.89 -1 9.9 £1.5 -1 4.24+.71 EO
387 4.53+.685 -1

387 5.58+.79 -1

388 1.37+.17E0 2.20+28 E0  3.46+.37 EOQ
391 1.34+.25 EO 2.25+.44 EO

392 1.93+.47 EO

393 3.30+.49 ~1

393 3.09+.54 -1 5.5 £1.1 -1

418 3.52+.69 -1

419 1.10+.186 E0 1.29+.19E0 2.12:.28 EO
420 1.64+.40 -1

423 1.07+.26 EO 1.57+.43 EO

424 2.14+.57 EO
425 1.78+52 -1 3.5 x1.1 -1

447 2.34+.40 -1

451 8.4 2.1 -1

453 1.75+.22 KO
454 5.78+.74 -1
454 6.5 +1.3-1 8.
456 8.8 #1.9 -2 8.
457 2.13+£.55 -1

460 1.00£.25 -1

478 1.02+.28 -1

483 33 £1.3-1 8.7 +1.4 -1
4868 3.40+.54 -1 5.8 +1.0 —1

{488 7.8_1£52 =2

1
1 1.26+.32E0

ow

N.—-
on
U




TABLE V (continued).
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Mom C Cu Sn Pb

(MeV/c) g _|__mb__ in form (o+err)x10*®
¢ dQdp |sr-GeV/c

491 8.0 +2.1 -2

491 3.2 1.5 -2 4.5 1.6 -1 6.5 2.4 -1

492 8.9 +4.1 -2

503 1.58+.39 ~!

518- 3.4 1.4 ~2

523 5.1 $1.1 -1

5268 2.04+.43 -1 1.74+.57 -1

529 4.9 +1.9 -2

530 1.26+.71 -1

532 2.3 £1.4 -1

535 8.9 £5.0 -2 5.0 £1.4 -1

538 1.7 1.4 -2

537 8.7 +2.7 -2 1.88£40 -1

537 1.16+.31 ~1

538 29 r1.2 -1

543 1.19£34 =1

572 2.65+.96 -1

578 1.43+.83 -2

377 4.2 £17-2 4.5 £1.9 -2

377 8.1 2.1 -2 25 tl.4-1

578 1.29+.75 ~1

582 9.6 £3.5 -2

820 1.22+.71 -1

823 23 £1.4 -2

82¢ 29 $£1.7-2 4.1 x2.1 -2

827 4.5 £2.9 -2

a8 1.45+.97 -2 )

712 1.82£.29 -2

713 2.8 $£1.2-2

838 20 1.1 -2




'1ABLE V1. n* production cross sections from 3.50 GeV protons.
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Mort [ Al Cu Sn Pb
2
(MeV/e) ‘d_%dlp_ [n—-IGI_le-bV—/c—] in form (oterr)x10°%®
180 3.85+.34 E1
192 344232 E1
208 4.19+.39 E1
271 1.14£.12 E1
290 8.9 +1.0 Eo
312 7.37+.90 EO
360 3.32£.45 E0
386 2.45+.37 EO
416 2.21+.39 ED
448 1.82+.29 EO
449 1.43+.25 EO
478 1.00+.21 EO
482 7.8 £1.8 -1
514 4.7 £1.8 -1
520 55 £1.8 -1
537 4.00+£.88 -1
577 2.07+.58 -1
817 6.8 .56 —2
824 1.44+.84 -1
862 2.3 +£1.3 -2
867 3.8 1.7 -2
702 4.2 £1.5 =2
718 3.0 £1.7 -2




TABLE VII. n* productiun cross sections from 4.89 GeV protons.

a1

Mom [« Al Cu Sn Pb
2

(MeV/c) E%g; ,,-Tglébv—/'; in form (oterr)x10°%P
184 7.424£.82 EO 3.45+.30 E-
185 8.85+. 78 E1
197 7.26+.84 EO 3.39+.30 E1 9.15+ .81 E1
211 8.70+.98 EO 3.77+£.34 E1
212 9.52+.86 Ef
277 2.39+.30 EQ 1.06+.10 E1 3.11:.28 E1
280 1.90+.30 EC 1.05+£.10 E1 2.87+.30 E1
295 2.18+.29 EO 2.34+.22 E1
288 2.32+.89 KO
299 2.36+.33 EC 8.50+.86 EO 2.50+.28 E1
317 1.87+.28 EO 7.82+.81 KO 1.90%.19 E1
321 7.78+£.83 EO
322 1.89+.29 EO 2.07+.25 E1
369 7.6 £1.3-1 3.87+£.37 E0 9.80+.98 EO
372 4.30+£.59 EO 1.12+15E1
373 9.7 1.5 -1
385 4.4 £1.2 -1 2.80+.31 ED 8.54+.81 EN
398 3.13+.52 EO 7.1 £1.2 50
399 8.8 1.4 -1
424 8.24+.75 EN
425 2.4 £1.0 -1 2.38x.29 )
429 8.1 £1.3 -1 2.83+.51 EO 7.7 £1.4 EO
488 2.77+.30 -1 1.83+.25 EO 4.58+.71 EO
466 4.41+.65 E0Q
499 1.53+.47 -1 1.08+.19 EO 3.49+.60 EO
500 2.95+.58 EO
538 3.8 2.2 -2 48 £1.3 ~1 1.30+.38 EO
538 1.32+ .41 EO
556 8.1 2.2 -2
558 3.67+.75 -1 7.3 2.1 -1
599 2.59+.66 ~1 B.2 £2.4 -1
847 8.2 +3.8 ~2
851 2.32+.71 -1
652 5.3 2.5 ~2
700 1,18+.55 -1
743 1.92+.74 -2 4.2 2.5 -2
800 8.7 +568 -3




TABLE VIII. 5~ production cross sections from 0.80 GeV protons.
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Mom

(MeV/c)

c

Al
d3g

dQdp

|

sr-GeV/ ¢

Cu Sn

mb ] in form (oxerr)x10%P

Pb

188
191
200
201
202
211
213
214
283
284
285
296
298
299
312
314
315

8.5

9.1

2.8
8.1

8.0

4.3

+1.2 -1

+1.3 -1

+1.5 -1

+1.6 -2

+1.3 -2

£1.3 -2

3.68+.38 EO
3.39+.38 EC

2.57+.30 EQ

3.04+£.44 -1

2.19+34 -1

175438 -1

7.78+.85 EO
7.34+.86 EO

6.841.85 EO
7.8 1.2 -1

5.9 +1.0-1

4.54+.98 -1




TABLE IX. #~ production cross sections from 1.05 GeV protons.
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Mom c Cu Sn Pb
{(MeV/c) g% mb__ in form (gxerr)x1Q*P

€ dQldp |sr-GeV/c

184 2.31+.49 EO 6.9 +1.0 EO

187 1.682.23 EO 5.71+.55 EO 1.36+.13 E1

183 1.57+.42 EO

194 4.90+.87 EO

197 5.77+.57 EO 1.22+.13E1

198 1.55+.22 EO

205 1.72+.40 B0 4.72.82 EO

208 5.41+.54 EO 1.23+.13E1

210 1.88+.25 E0

230 8.9 +2.8 -1 3.22+.58 EO

242 4.0 £2.5 -1 1.82+.48 EO

255 6.5 2.3 -1 2.08+.45 EO

281 1.37+.23

283 1.53+.33 -1

283 1.92+£27 -1 7.20£.72 -1 217+£.27EO0

234 7.9 £1.1 -1 1.75+.18 O

295 1.34+£23 -1

297 5.29+.5Q -1

298 1.81£38 -1

<98 1.48+.24 -1 7.8 £1.1 -1 1.80+.23 EO

298 1.42+.15 EO

311 8.0 +2.1 -2

314 7.0 £3.8 -2

314 9.4 £2.4 -2 4.50£.94 —1

314 4.48+£.58 -1 1.25+.23 E0

315 1.24+.15 E0

aso 1.47+£.85 -2

381 1.05+.15 -1 2.52+.39 -1

398 1.49+.35 -2

399 8.2 £1.1 -2 1.78+£.25 -1

418 8.7 8.1 =3

419 5.4 £1.1 =2 1.394.28 ~1




TABLE X. 7~ production cross sections froin 2.10 GeV protons,

84

Mom c Al . Cu Sn Pb
d?g [ mb .

(MeV/c) 20dp |5r-GeV/c in form (o+err)x10%?
181 1.80+.19 E1
184 2.48+.25 E1
188 3.73+47 E0O  7.25+.83 EO 4.04+£.38 E1
191 1.53%.18 E1
194 1,95+.21 E1
196 3.566+.34 E1
197 2.85+.42 EO 8.82+,79 EO
203 1.61+.18 EZ
207 2.2bx 25 E1
209 3.52+.35 E1
210 2.77+.48 EO 7.13+.90 EO
279 9.4 +1.0EC
280 7.9 £1.4 -1 1.85£27E0 3.951+.42 EO
280 3.76+.35 E0 5.17:684 EO
295 8.3 £1.2 -1 3.42+.38 EO
295 2.98+.25 B0 7.77+.90 EO
296 1.58+.23 EO 4.04+.52 EO
312 7.46+.93 £0
313 8.5 £1.5~1 2.31+.31 EO
313 2.07+.22 EO
314 1.044..24 EO 2.87 £.49 EO
374 1.82:+21E0 2.93:29E0
375 1.844,33 -1 5.84:87 ~1 1.17%.12E0
394 1.62+.20 E0 2.301.24 E0
395 1.12+25 -1 4.08+.70 -1 B.08+.89 -1
418 8.3 +1.4-1 1.79+.21 E0
418 1.32+.32 -1 272+68 -1 4.93+£.70 -1
468 4.0 +1.4 -2 2.70£45 -1 4.71+.84 -1 |
469 1.72+.37 -1 94 £14-1
491 3.6 +1.3 -2 3.45+.72 -1
492 8.5 +2.2 -2 1.57%£33 -1 4.17+.87 -1
518 8.5 £2.5 -2 1.51+49 -1
519 25 £1.5 -2 2.711+.73 -1
587 5.8 £2.7-2 B.! 3.6 -2
568 8.7 +£1.8 =2
595 1.85+84 -2 4.9 +2.2 -2 4.0 £2,3-2
626 8.2 +3.7 -2
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TABLE X1. 7~ production cross sections from 4.89 GeV protons.

Mom c Al Cu Sn Pb
, g% (__mb | .. oxp

(MeV/c) I0ap [sr—GeV/ = ] in form (v xerr)x10
188 8.87+£.71 EO 3.12+ 28 E1 B.50+.74 E1
200 7.17+.74 EO 3.36+.30 E1 8.74+.76 B1
213 7.48+.80 Eo 8.49+,78 E1
214 3.38+.31 E1
235- 3.84+.38 EO 1.89+.17 E1 4.82+.42 E1
250 3.42+.38 Er 1.84+.15 Et 4.17+.38 E2
286 2.52+.35 Ly -
287 1.39+.13 E1 3.39+.33 E1
282 1.80+.16 EO
283 1.98+.22 EO 9.30+.65 EO 2.39:£.22 Et
300 1.40+.20 EO
300 1.28x.14 EO 7.38£.71 EO 1.88+.19 E2
319 1.15+.13 EO 8.74+.87 EO
320 1.35+£.19 EO 1.84+.19 E1
377 3.06+.28 EO
378 8.18+.62 <1 9.05+.91 ED
400 2.46+.23 EO 8.22+.88 EO
401 4.65+.50 -1
425 2.23+.23 ED
428 7.14x.B1 En
427 3.82+.48 -1
473 1.12+.28 -1 1.02+,12 EO 3.76+.41 E0
474 1.81+£.21 <1
501 8.5 £2.2 -2 7.54+.97 -1 2.33+.30 E0
502 2.5 +£1.5 -2
533 5.5 $2.1 -2 4.22£77 -1 1.29+.23 EO
534 6.0 214 -2
569 2.77+.88 ~2 9.8 +1.2 ~1
570 2.38+.46 -1
570 2.52+.31 -1
571 B.5 +1.4 -1
802 2.01+.86 -2 4.94:.82 -1
603 1.78+.43 ~1
803 1.34+,23 -1
804 4.1 1.1 -1
639 2.85+68 -1
840 8.0 5.3 -3 1.35+.41 -1
840 7.7 £1.8 -2
841 2.862+.968 -1
887 3.80+£.79 -2
888 8.7 +2.4 ~3 1.59+.26 -1
705 55 2.1 -3 - 2.58+.84 -2

708 7.5 1.7 =2




TABLE XI {continued’.
Mom c Al Cu Sn Pb
2o mb__ |, exp
(MeV/c) 20dp [sr—GeV/c in form {oterr)x10
747 7.3 3.7 -3
749 4.8 £1.5 -2
l 784 2.09+.87 -2
07 ' 1.1 1.4 -2




TABLE XII. »* production cross sectizas from 1.05 GeV/A alphas.
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Nom C Al Cu Sn Pb
d3z mb .

{MeV/c) I0dp |37Gev/e ] in form (¢+err)x10%P
180 9.9 £1.2E0 1.94x21E1 3.99+38E1 5.47:53E1 8.43:79EL
192 6.3 +1.0E0 1.64:18E1 296+28E1 4.40:44E1 7.02+88El
208 B.41+97E0 1442181 283:+28KE1 4.86t48E1 6.31:89E1
268 1.50+26 B0 3.01:.47 EO
269 8.79£.71 B0 9.6 £1.2F0 2.02+21 F1
287 7.3 £1.9-1 1.98:37 EO 5.56:81 E0 1.09z.14 E1
28p 4.24:.50 EO
295 9.2 :2.8 -1 2.14:5¢E0 1.26:.19E1
296 4.13:85E0 7.0 +1.2 EO
308 8.2 +1.6 -1 1.52:.31EC 5.38:£.80 80 7.5 +1.1E0
309 3.05:.41 EO
315 8.4 £2.1 -1 1.89:47EQ
318 2.30:+46 E0 229:69E0 7.9 £1.4E0
339 8.9 £2.5 -1 3.8 £1.1 EO
340 1.586+ 42 B0  1.82:+.70 EO
355 1.34£.17 EO
358 7.1 £1.2 -1 1.84£.23 ™
357 1.97+.58 -1 3.29£42E0 |
379 4.91:.86 -1 !
381 9.4 £1.8 -1
32 7.7 £3.5 -2 2.93x.73 -1 1.32:.23 BO
384 1.41+.59 -1 7.7 £2.1-i 9.7 £35-1 1.47=428BE0
385 51 +£..7 -1
408 4.21£.81 -1
410 2.56+.69 —~1 6.4 =15 -1
411 7.4 £3.1 -2 1.05£.21 EQ
412 1.6 £1.1 -1 7.7 3.8 -1
413 1.7 £1.3 =1
443 3.26£64 -1 4.3 £1.1 -1 !
444 9.8 5.6 -2 3.5 1.8 -1 6.9 £1.7 -1
444 1.40+.54 EO
475 1.60:.42 -1
476 9.5 £5.4 -2
477 1.49+.80 ~1
512 7.6 £3.1 =2 1.20+61 -1
513 2.2 £1.0 -1
568 44 326 -2




esg

TABLE XIIl. n* production cross sections from 2.10 GeV/A alphas.

Mom C Al Cu Sn Pb
d2g mb . op
{MeV/c) andp [—_-sr—GeV o ] in form (oterr)x10

182 1.41+186 E1 3.27+.34 E1 8.98+68E1 9.57+96E1 173+.18E2
194 1.47+17E1 2.87+31E1 8.93+66E1 B8.68+90E1 1.62+18E2
208 1.34+.18E1 2.75+.33E1 6.79+87E1 8.81+.97E1 1.68+17EZ
271 7.5 £1.0 E0

272 3.48+.53 EO 4.08+.54 E1
273. 1,79+21 E1 243+35E1 4.85+4BE1
274 4,02+50 80 7.02+.84 E0 1.86+.17E1 2.73:+27E1

290 244+ 49E0 6.07+.95ED

291 1.14+18El  181:31El 284:45E1
292  3.00+41E0 557+72E0 1.16+£13E1 100+20E1 3.56+.38 E1
a1 3.98+.78 EO

312 2.70£48E0 1.14£17F1 1.57£30ElL 2.64:4CE1
313  1.7d:.3¢EQ 3.75£682EB0 1.00£12E1 1.37:17E1 232:29F1
361 7.6 2.2 -1 3.70£73E0 8.2 :1.5E0 8.8 +2.2E0
362 2.34+.47 EO

383 5.15+.54 EO

364 9.7 £1.3-1 2.20+.26 E0 B.17£95E0  1.35+.14E1
386 7.8 2.4 -1 3.36£.72 E0 2.88£91E0 1.02:+24E1
387 1.19+.38 EO

388 7.5 £1.2-1 1.43:20E0 3.40:40E0 5.45:72E0 9.7 +1.1EO
414 45 t1.3ED 5.9 +2.0E0
415 3.1 22.0-1 2.94+.75 EO

418 i 8.3 3.3 -1

417 27 £111-1 8.0 £1.9-1 2.56+36E0 3.50+63E0 7.6 +1.0E0
450 2.14+.40 EO

451  241:85-1 5.3 £1.5-1 3.19£689E0 6.5 £1.4ED

454 2.34£59 -1 6.2 £1.3-1 148+.19E0 2.48+38E0 3.24+47E0
458 2.13£50 -1

481 8.7 £2.4 -1

4082 2.00+.72 ~1 3.10+.98 B0
483 3.4 £1.2 -1 1.48+.46 EO

485 1.16£52 =1 2.27+£81 -1 8.1 14 ~1 118+27E0 27+44E0
490 5.3 +3.5 -2

518 4.5 1.9 -1

519 8.9 4.0 -2

520 221492 -1 8.0 +3.8 -1

522 2.52+97 -1 B85 +1.3-1 112+28E0 1.69+.36F0
528 7.8 £1.9-2

650 1.98+.77 -1

661 2.91+.79 -1

552 2.88+.89 -1

553 2.78+.78 ~1

561 3.9 £1.8-2 7.8 13.9 -2

562 ' 8.7 £3.0 -1

564 3.0 £1.3~1




TABLE XI1I (continued).

88

Mom Cc Al Cu Sn Pb
d2g mb :
{MeV/c) a0dp [sr—GeV/ P ] in foimn (oxerr)x10%®
591 8.9 5.8 -2
592 8.4 4.7 -2
593 1.43+.54 -1
594 B9 48 -2
807 20 £1.4 -1
639 8.1 +4.5 -2
839 7.4 £5.5 -2
852 5.7 +3.3 -2 3.2 £1.2 -1
702 5.9 +3.5 -2
788 1.474+88 =2




TABLE XIV. 7~ production cross sections from 1.05 GeV/A alphas.

20

Mom c Al Cu Sn Fb

2% mb P «xp

(MeV/c) 20dp [—_—_sr—GeV e ] in form (oterr)x10

183 1.71+.18 E1 4.92+47E1 8.10+.76 E1
184 7.92+.97 EO 3.28+.30 E1
195 7.32+£82E0 1.85+17E1 3.35+.30 E1 4.55+44E1 7.98+75E1
207 78 1.1 EC 1.68+.19E1 3.27:30E1 5.15:51E1 6.98%.70E1
274 2.59+.30 EO
275 1.08+.14 EO
278 459+48 E0 7.09+77E0 1.02+.10E1
290 1.37+.20 EO
291 8.1 1.1 -1
292 3.07t.34 E0 4.43:58E0 7.87+.83E0
307 1.20+.19 EO
308 8.5 £1.0 -1
309 8.21+.72 EO
310 2.25+.29 E0 3.94+.54 EO
366 8.8 +1.0 -1 1,20:+18FE0
387 1.43+42 -1 2.41+65~1 1.72+.24 EO
388 4.60+£.69 -1 7.7 1.4 -1
387 43 2.9 -2 2.75+.65 -1 1.34+.20 E0
408 2.88+.55 -1
409 5.8 2.7 -2 5.8 +1.2 -1
410 2.79+.85 -1 9.3 +1.7 -1
480 4.3 £1.5 -2 3.96+.83 -1
481 1.25+£.31 -1
461 1.06+.16 =1 1.77£33 -1
484 2.0 £1.0 -2 2.241+ .44 -1
485 8.2 2.1 -2
485 8.0 +1.3 -2 1.08:24 -1
511 9.5 +4.8 -3 1.81+.82 -2 8.0 +2.6 -2
512 53 1.9 -2
512 3.60+98 -2 5.0 £1.8 -2
553 1.64+.51 -2 4.6 1.4 -2
581 7.7 x3.5 =3 1.984.90 -2




91

TABLE XV. n~ production cross sections from 2.10 GeV/A alphas.

Mom (o] Al Cu Sn Pb
d®q mb .
—_— ] <p
(MeV/c) I0dp | st—GeV/ o in form (o+err)x10

184 1.17+16 E1 283+.33FE1 6.09+58E: 1.08+11E2 1.43+14E2
188 1.25+.18 E1 2.75£32E1 5.10+50B1 B.51+91E1 1.24+.12E2
209 1.13£17E1 1.89+28E1 4.85+51E1 7.90+92E1 1.24+13E2
280 2.98+50 E0 7.04+.96E0 1.43:+.14E1 244+26E1 4.21+43E1
297 3.20+£50E0 5.87+.B83E0 1.17+12BE1 1.84:21F1 3.09+34E1

316 2.57+.31 E1
317 1.98:49E0 5.11+92E0 1.08+.12E1 1.88+23E!

370 4.32+.49 £0

371 1.08+.19E0 2.44+.38 EO B8.00£95E0 1.17+.13E1
392 1.12:£.27E0 3.08+.39 EO

393 3.5 1.3 -1 4.20+B85E0 5.1 +1.1E0
416 2.16:.36 EO

417 2.9 £1.7-1 8.1 £3.0-1 3.09+88E0 8.5 +1.0E0
489 9.1 £1.5 -1 1.40+.33 E0

498 5.7 £1.2 -1 1.29+.34 EO

527 3.9 +1.1-1 8.5 £3.1-1

573 1.26+.43 —-1

573 1.33+.29 -1 2.56+.60 -1 4.76+.84 -1
806 9.2 +2.3 -2 1.21+38 -1 2.30+.55 -1

844 24 $1.7-2 82 £43-2 9.9 £49 -2




g2

TABLE XVI. n* production cross sections from 0.40 GeV/A carbon.

Mom Cc Al Cu Sn Pb
d%g mb .
(MeV/c) m [m] in form (g+err)x10**P

184 1.81+.23 E1
185 2.00+.24 EO 8.8 £1.0E0

108 7.03%£.91 EO 1.80+.23 E1
199 1.27+18 EO

214 8.49+.97 EO 1.38+.22 E1
215 1.44+.22 EO

230 3.15+.37 EO 7.82+.93 EO
231 68.15+.77 ~1

248 2.00+.29 EO

247 5.82+.79 EO
248 3.92+.863 -1

2688 1.34+.23 EO

287 3.20+£.57 EO
289 2.38+.47 ~1

275 1.11+.43 EO

275 1.23+.45 EO

280 5.41+£1.0 -1

288 1.11+£23 -1

287 1.51+.32 E0
298 9.1 4.1 -1

298 5.3 13.1 -1

302 3.9 +1.1 -1

309 8.9 29 -2

311 8.6 +3.8 -1
321 8.9 4.0 -1

328 3.22+.90 -1

338 53 £19-2




TABLE XVIL. n* production cross sections from 1.05 GeV/A carbon.

23

Mom C Al Cu Sn Pb
d?g mb .
(MeV/c) :i_ﬂ:; [;;m-/—c-] in form (c4+err)x10%*?
188 1.73+.18 B1 3.42:+31E1 7.20:.68 E1
189 1.15+.11 K2 1.88+.17 E2
201 3.43£.31E1 7.65:.70E1
202 1.63+.16 E1 1,11+ 11 E2 1.83+.17E2
216 3.20+.30 E1
217 1.57+.18 E1 7.77+. 73 E1
218 1.07+.11 E2 1.82+.17E2
2768 2.98+.46 EO
277 644+ 97E0 154:+18E1 284:32E1 4.30:54E1
278 8.57+.81 EO
281 5.1 +1.3 EO
295 1.88+.45 EO
298 1.13x.15E1 1.89x.26 E1 2.79:42E1
297 3.89+.88 EO
298 5.01+.79 EO
301 2.7 +1.2 EO
318 1.52+.46 EO
319 8.3 £14 EO 2.00+£.39 E1
320 3.58+.93 EO 1.42+.28 E1
321 3.71+.77 EO
325 4.1 £1.8 E0
368 3.2 1.1 EO
387 1.57+.37 EO 5.5 +1.1 EO
3668 34 £l1.4 -1 7.9 £1.4 EO
369 2.12+.50 EO
392 2.8 +1.0E0
393 3.40+.87 EO
394 5.1 £1.8 -1 8.9 +1.3 EQ
395 3.19+.96 -1
388 2.15+£.50 EO
424 1.57+.78 EO
428 2.72+1.0 EO
428 1.60+.53 EO
485 43 322 -1




TABLE XVIII. n* production cross sections from 2.10 GeV/A carbon.

24

Mom o] Al Cu Sn Pb
d?g mb .

(MeV/c) 20dp |3r—CeV/e in form {oterr)x10°%P
184 8.93+688E1 1.78+.15FE2 2.55+24E2 4.27+38E2
198 1.82+.18 B2
197 8.09+.79 E1 2.65+.25 E2 4.86681+.42 E2
211 6.25+.84 E1 181+.16E2 3.01+291r2 4.96+.468E2
276 1.99+.20 E1  4.88:40E1 6.86:.87E1 1.38+.14E2
277 8.18+.84 EO
278 7.65£97E0 1.85:£.20E1 4.51:+48E1 6.62:81E1 144:+.15E2
294 3.84+.33 E1
295 8.85+.74 EO 1.53+.18 El 8.23+64 E1 1.05:.11E2
257 8.11+.98 EO 3.71+42E1 68.44:82E1 9.6 +..2E1
298 1.82+.19 E1 .
318 3.31:.29 E1
317 5.70£.89 E0 1.41+.16 E1 5.68+B81E1 98 +1.1BE1
319 2.93:.38E1 4.89:+74Ei1 9.5 +1.3E1
320 8.16+.91 E0O 1.38+.19 E1
3687 1.96+.36 E0  5.34+.89 EO 3.14+.87 E1
368 2.40+£.34 E1
389 1.39+.21 E1
371 2.40+28 EO 5.33+.56 EO 4.03+.36 E1
373 1.24:.12 E1  2.00+.20 E1
383 1.17+.31 EO 2.94+.70 EO 1.45:26 E1 3.14:.89 E1
394 1.29+.21 E1
397 1.30+.18 EO 3.99+.46 EO 2,97+.30 E1
398 1.05:+.10E1 1.79x.19E1
422 5.5 £3.1 -1 2.47+.75 EO
423 1.39+.28 B1 1.78:+.59 E1
424 8.0 +1.5E0
427 8.5 £1.8 -1 2.23+.25 E1
428 2.72+40 E0 7.50:£.83 E0 1.03+.13 El
481 3.15+.71 EO
4682 4.17+.50 EO
475 5.8 £1.4 -1
479 1.27+32E0 5.0 £+1.0E0 5.3 £1.4E0 9.9 +2.1ED
494 2.38+.64 EO
485 2.38+.34 EO
511 8.1 £1.7 -1
515 9.8 £29-1 194:B89E0 3.5 :1.3E0
518 8.8 +1.9 EO
532 1.72+.33 EO
533 2.15£.70 EO
541 4.1 £1,3 -1
542 1.084+.48 —1




TABLE XVIiI (continued).

95

Mom

(MeV/c)

[

_d%c

d ﬂdp [ sr-GeV/c

Sn

in form (o+err)x10%*P

Pb

549
550
552
553
557
579
581
589
594
824
825
827
828
835
838
870
871
735
737
739

2.0 +1.2 -1

5.0 +2.5~-2

2.8 2.4 -2

5.2 £2.2 -2

8.3 +3.2 -1
1.83+.74 -1

2.1 zx1.2-1
7.3 +43 -2

4.1 2.4 -2

9.6 +2.4 -1

1.93+.79 B0

24 1.2 -1

2.468+.98 -1

5.8 +2.3 -1

9.8 £5.7 -2
8.8 +3.8 -2

1.73+.54 EO

2.5 +1.2 E0

6.8 £3.5 -1

3.4 1.9 -1

1.25+.56 B0

28 £1.6-1

1.354.70 —1

3.71+.94 EO
3.5 1.8 ED

8.6 £4.9 -1

7.3 £3.2 -1

3.8 £1.4 -1




26

TABLE XIX. #~ production cross sections from 0.40 GeV/A carbon.

Mom c Al Cu Sn P |
d2g¢ mb .

(MeV/c) 20dp [sr-GeV/ P l in form (g+err)x10%P
188 1.85+,28 EO 5.98+.86 E0 1.65+.25 E1
199 1.17+.23 EO 1.40+.25 E1
200 5.76+.91 ED
211 1.32+.24 EO 1.27+£23 B1
212 5.40+.88 EO
238 3.8 1.1 -1 2.2B+.45 EO
238 2.07+.36 EO 3.3 1.1 EO
238 4.42+87 EO
249 1.91+.39 EO
249 2.10+.38 EO 3.10+.95 EO
249 4.51+£.87 EO
250 2.80+.88 -1
283 2.99+.71 EO
2684 1.87+72 -1 8.8 +2.3 -1
284 1.33+.29 EO 2.82+.92 EO
264 4.13+£.93 -1
285 1.37+57 -1 9.5 +2.4 -1
299 1.82+.79 -1
300 7.9 271

301 9.5 5.7 -2
317 1.59+.72 —~1 2.11+£77 =1 8.3 2.3 -1




TABLE XX. 5~ production cross sections from 1.05 GeV/A carbon.

97

Mom

{MeV/c)

[

_d%

dﬂdp [sr—GeV/ c

Sn

in form (oterr)x10°P

Pb

183
185
188
193
198
197
205
208
209
277
278
292
293
294
310
311
3es
388
368
389
384
386
as?
388
as9
405
407
409
210
411
481
482
463
484
486
487
510
512
513
514
€53

1.89+.17 E1

1.82+.17 E1

1.96+.18 E1
2.77+.25 E0
1.97+19 EO
1.65+.17 EO

4.61+48 -1

2.93+.34 -1

2.35+31 -1

8.1 £1.4 -2

4.3 1.1 -2

2.25+.83 -2

554
L8558 169485 -2

3.73+.32 E1

3.73+.32 E1

4.07+.35 E1

8.31+.57 O
4.79+.45 EO

3.81+.37 KO

1.08+.11 EO

8.00+.85 -1

5.53+.89 —1
1.96+.33 -1

1.30+.28 -1

4.2 £1.6 -2

7.83:.71E1

8.75+.80 E1

8.78+.82 E1

1.48+.13 E1

1.12+.10E1
9.23+.90 EO

2.70+.28 EO

1.74+.18 EO

1.38+.17 EO
5.79+£.73 -1
3.58+.56 -1

1.01+.28 -1

1.28+.29 -1

1.32+.12 E2

1.29+.12 E2

1.29+.12 E2
2.37+.22 F1
1.70+.18 E1

1.37+.14 E1

4.78+.48 EO

3.75+.39 B0

2.33+.29 EO

1.17+.18 E0

3.98+.92 -1

5.4 £1.1 -1

9.3 £5.4 -2

1.94+.1B E2

2.10+.19 B2

2.08+.19 E2
3.48+ 31 E1

2.862+.24E1

2.32:23 E1

7.81£77 E0

5.57+.58 BO

4.52+.51 EO

2.20+.28 EO

1.03+.18 EO

5.0 £1.1 -1

4.2 £1.8 -1




TABLE XX (continued).
Mom [ Al Cu Sn Pb
d¥o mb .
-2 D ' —| oxp
{MeV/c) A0dp |sr—CeV/o in form (o+err)x10
5681 7.5 £22 -2
582 9.7 +5.8 -2
583 9.0 4.1 -3
811 5.7 2.1 -2
854 127£.74 ~2




TABLE XXI. n~ production cross sections from 2.10 GeV/A carbon.

99

Mom (o] Sn Pb
(MeV/c) d'c in form (gierr)x10=P

ev/e dndp sr-Gev/c

185 287+28E1 8.54+.80E1 2.52+24 E2 4.2i+37E2

188 1.83+.13 E2

189 3.25+.34 E1 1.58+.14 E2 4.33+.39 E2

198 2.60+.28 E1

197 5.94+.57 EI 2.44+24 E2 3.83+.35E2

198 1.47+.13 E2

201 1.58+.14 E2

202 2.68+.35 E1 4.24+ 39 E2

209 2.88+.28 E1

210 8.02+.58 E1 2.25:23E2 3.69:+.34E2

211 1.44+.13 E2

215 3.09+.38 E1 1.49+.14 E2 2.96+.37 E2

280 8.35:.80 E0 1.82+1?7E1 4.51+40E! 7?7.22:88E1 1.18:+.11E2

284 7.85+.97 EO 3.90+.37 E1 1.14+.10 E2

297 721+ 74 E0 1.56+£.15E1 3.58:34E1 8.18+59E1 9.61+91E1

302 5.19+.88 B0 3.19+.33 E1 9.32+ B9 E1

318 5.868+.63 EO 4.89+£51 E1 9.07+89E1

317 1.33+.14 E1  3.02:£.31E1

321 2.83+.31 E1

322 5.68+.93 EO 7.68+.78 E1

a71 1.36+.12 E1

372 2.18+.21 E0 3.98+.37 E1

373 1.94+.21 ED

a4 4.8681:.47 E0 2.37+23 E1

378 1.00+.3C EO

379 1.82+.20 ED 1.24+ .13 E1 A.37+35E1

393 9.94+ 92 E0

394 1.88+.17 E0 3.05+.30 E1

395 1.59+.19 EO

398 1.47+.18 E1

397 3.44+.38 E0

402 8.7 £3.2 -1

402 1.54+.21 EO B.49+.99 E0 2.54+.29 E1

418 ‘7.92+.78 EO

419 1.21+.14 EO 2.33+.25 E1

420 1.00+.15 EO

422 2.78+.32 EO 1.28+.15 E1

428 1.23+.19 EO 8.64+.88 EO 1.82+£25°

464 1.23+.153 EO

485 3.75+.54 -1 8.54+87E0 1.20+.11 E1

487 3.42+.35 EO

474 1.79+.84 -1 8.8 £1.1 EO

475 2.78+,39 EQ




TABLE XX! (continued).

100

Mom (o} Cu Sn Pb
d*s mb .

(MoV/c) didp [sr—GeV/ c ] in form (ozerr)x10°
492 254144 -1 72194 -1 4.286+49E0 7.60+.79 EO
404 2.05+.24 EO
&C3 6.1 £7.2 -2 2.19+.36 EO 6.66+.93 EO
522 5.29+.61 -1 2.69+.37 E0
523 2.36+. 44 —1 5.05+£.61 EO
525 1.28+.13 EO
534 9.6 £7.0 -2 4.70+.80 EO
535 8.2 $23 -1
570 5.341:.88 -1 2.19+.30 EO
571 3.7 £2.C -2
571 54 t1.8 -2
804 2.78+.67 -1 1.15%.22 E0
805 4.3 £1.9 -2
842 56 4.4 -2 1.71+.64 -1 8.0 £22 -1
885 2.39+.75 ~1
204 £.8_£22 -2 1.34:61 -1




TABLE XXII. n* production <ross sections from 1.05 GeV/A argon.

101

Mom c Al Cu Sn Pb 1

dts mb _ |. oxp
(MeV/c) Tutp FGev/o|® form {g+err)x10

1%, 2.82+42E1 6.58:+80E1 1.61+16E2 245:25E2 4.09:+40E2

203 3.25:40E1 €44+ 85E1 1.57:16E2 4.50£45 E2

204 2.42+.26 E2

219 2.91:x50E1 5.05:.60E1 1.35+15E2 222:26E2 93.94:41E2

238 1.11+.17E1 3.20:45E1 7.34+77E1 1.30:+.14E2 2.16:.21E2

255 1.08+.17E1 3.09+46E1 6.32+72E1 9.6 :1.2E1 2.17:21E2

272 3.24+.56 E1 . .

273 6.5 £1.BE0 6.4 +25E0 416+£99E1 7.8 £1.1BE1

275 5,7 x1.8E0 1.89:+40E1 490:-84E1 86 %1.2E1 140t.18E2

284 5.24.-66E1 7.97+£82E1

285 84 *1.1ED 9.8 2. E¢ 2.93:35E1

291 3.11+.57E1

292 3.2 x1.3E0 1.29+31FE1 4.9 £1.1E1 5.73£97E1

305 2.37+.33FE1 3.26+£52E1 6.74+.85 E1

308 2.10+.83E0 1.05:24E1

313 1.71£47E1

314 3.8 x2.0E0 1.85:.0888E1 8.1 t1.2E1

315 4.2 £3.0E0

329 1.99:43B1 4.79:.73E1 .

330 2.88+88 £E0 8.7 +2.1E0 1.73:.29E1

364 1.50+.78 EQ

a6e 1.97+.65 EO 6.7 t14E0 85 :2.4Ep 227+53E1

380 8.4 £1.5E0

381 1.90+.31 E1

3ol 9.1 +4.6 -1

392 9.2 +4.2 ~1 35 £1.5E0 1.76:48E1

393 6.4 £1.3 ED

408 7.0 3.8 -1 1.85+.74 EO 1.24+.25 E1

421 9.3 54 -1

423 8.8 :23E0 1.20:+44E1

424 1.85+.77 EO

442 1.10+.38 E0

443 2.898+.94 EO 9.8 +2.3E0

459 9.5 £3.7-1 133:+78E0 6.8 t£1.8 E0

480 28 £'8~1 46 2.7 -1

493 4.7 27 -1 1.54:x90ED 24 x1.1E0

555 4.9 £2.9 ~1

558 7.1 £4.1 -1

800 B4 4.9 -1




TABLE XXIIl. #* production cross sections from 1.53 GeV/A argon.

102

Mom C Al Cu Sn Pb
d?g mb .

{(MeV/c) 204p [:r—GeV/c] in form (g+err)x10%P
188 3.22:.32 E2
189 5.38+£.50 E1 1.34+.18 E2 4.82+.52 E2 B8.82+.82E2
202 3.92+.39 E2 9.58+.90 E2
203 72 £1.1E1 152+.22 k2 5.34+.80 E2
217 3.97+41 E2 1.04+.10 E3
218 8.2 £1.3E1 1.58+.24 E2 5.85+.67 E2
235 3.53£52E1 8.2 £1.1E1  170x18E2 258:20E2 4.895:50E2
251 2.90+£.53 E1
252 59 +£1,0E1 187+19E2 2.17+28E2 4.91+52E2
270 2.24+52E1 8.1 +1.1E!l 3.95+.47 E2
27 1.57+£19E2 2.09+.29 E2
277 1.40+.22 E1 8.58+.868 E1 1.32+,13 E2 2.59+.268 E2
278 2.89+.37 B1
282 1.17+30E1 3.84:58E1 7.76£83E1
282 7.98+.85 E} 1.21+.18 E2 2.4B+.28 E2
283 1.65+.20 E1
298 1.89+23 E1 1.95+.21 E2
297 3.21x40E1 7.09:.74E1 1.02%.11E2
302 1.38+.34 E1 241+49E1 6.15+.79 E1 1.18+,18 E2 2.20+.28 E2
303 1.21+.17 E1 7.19+.81 E1
318 1.92+.22 E2
318 1.11+22E1 2.03+x.36FK1 5.96:£70Et 9.3 £1.1B1
325 8.9 +2.9 EG
325 1.26+19E1 152+41E1 6.22:75E1 7.7 £1.3El1 1.80:24E2
326 8.13+.76 E1
368 6.67+,96 E1
370 3.80+90E0 9.8 £1.7E0 2.20+27E1 4.83x.68E1
373 2.18+x.24 E1 ~ 3.72+.43 Ei
378 3.98+52E0 8.4 1.1 E0 8.54+£91 E1
395 7.8 1.1 E1
398 2.69£77E0 7.2 +1.5EC 2.04+27E1 3.40+.56 E1
400 1.80+.21 E1
401 3.18+.41 E1
403 2.95+48 B0 5.98+.91 EO 6.28+,78 E1
426 3.7 +18E0 1.28+.23Ei1 2.18+53E1 4.13+87E1
431 1.4B:.20 E1 1.68+,30 E1
434 1.80+.42 E0 4.22:.85 ED 3.17+£.54 E1
458 8.2 +3.6 -1 1.80+.81 EO
459 7.0 £1.1E0 1.43+.28E1
480 2.03+.44 E1
466 1.98+.27 Bl
487 8.9 £22 -1 2.24:+.49 EC 8.1 +£1.5 EO
468 §.843 B3 EO




TABLE XXIII (continued).

103

Mom C
{MeV/c)

Al

d%g |__mb__
dildp |sr-GeV/c

Cu

Sn

|in form (o+err)x10%P

Pb

490
491 2.8 £2.1 -1
492
493
501 8.0 +1.5 -1
502
529 4.9 £4.0 ~1
530
531
540 2.1 £1.8-1
541
542
550
590 2.8 £1.5 -1
636
gee
712
714
753
760
761
813

2.04+.82 E0

1.11+.31 EO

9.3 +4.0 -1

4.5 £1.8 -1
286 £1.3 -1
25 £15-1

3.45+.72 E0

4.32+.70 EO
1.84+.87 EQ

1.58+.52 EO
2.37+.50 EO
74 £2.9 -1
5.4 £2.7 -1
3.8 £1.8 -1

1.28+.64 -1

8.8 +2.0 E0

6.8 £1.3 EO
3.0 +1.7E0

8.0 +1.5E0
2.98+.83 EO
2.70+.84 EO
1.58+.71 EO

4.6 £2.7 -1

3.7 £1.4 -1

2.00£.45 E1
1.38+£.22 E1

5.8 *2.9 EO
9.7 £2.1 EO

4.4 £1.2E0
44 x1.3E0
2.6 1.2 E0
6.7 £3.9 -1

1.9 £1.1 -1

4.7 £2.0 =1




TABLE XXIV. 5~ production cross sections from 1.05 GeV/A argon.
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Mom c Cu Sn Pb

{(MeV/c) g% _|__mb__ in form: {oterr)x10**P
¢ d{ldp |sr-GeV/c \o

187 3.88+57E1 6.8 +1.0E1 181+20E2 267+.32E2 4.36:48FE2

198 . 1.88+.20 E2

199 3.52+81E1 6.8 +1.1E1 . 2.8Bx34E2 5.11+55E2

211 1.90+.22 B2 2.85:.37 E2

212; 2.90+£55E1 7.8 £1.2F1 4.71+.53 E2

234 1.75+£29 E1 3.53+49E1 9.1 +1.7E1

234 7.92+94E1 1.31:18E2 .

236 2.32+.28 B2

247 8.34+.82 11

248 8.1 +14E1 1.19:+.16E2

249 1.28+.24 E1 3.00+.44 E1

250 1.71+.22 E2

263 4.97+.78 E1

264 75 24 E0 2.15:44E1 4.0 £1.3E1 1.00+.15E2

2687 1.75+.24 E2

284 7.50+.95 E1

285 583+68 E0 1.26+.23FE1 3.07+.37E1 4.72:+.83FE1

301 1.29+ 48 E1 7.28+.97 E1

302 5.862+.89 E0 1.00+.21 E1 2.86:x36El1 4.46+82E1

320 3.8 £3.2 ED

321 299+71E0 6.7 +2.0 EO 3.84+80E1 5.37+87E1

322 1.96+.31 E1

381 4.29+.68 EO

382 1.81+.43 EO 9.3 1.8 E0

3683 7.8 2.3 -1

384 1.70+.24 E1

404 4,02+67E0 7.1 £1.4E0

405 1.63+.40 EO

408 8.9 2.1 ~1 1.28+.21 E1

429 2.64£.57E0 55 +1.3E0

431 55 t20-1 33 x19-1 1.09+.21 E1

480 3.51+.85 EO

507 1.70+.47 EO

537 1.024 .33 O




TABLE XXV. 5~ production cross sections from 1.83 GeV/A argon.
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Mom [ Al Cu Sn Pb

d3g mb |, ap

(MeV/c) P dp |sr=CeV/o in form (oxerr)x 10

188 5.58+688E1 1.25:.14E2 3.24:29EFE2 539+50E2 B.78+.77E2
200 B8.97+83E1 134+ 15E2 321+29E2 504t4BE2 9.14:+81E2
213 731+ 91 E1 131%16E2 8.69+.79 E2
214 3.13+.29 E2 5.03+.49 E2
235 3.55+.45E1 7.42:83E1 1.77+16E2
238 2.91+.28 E2
237 4.85+.44 E2
250 2.78+44 E1 729:89E1 1.48+.14E2
251 2.83+.29E2 4.58+43E2
267 2.89+44 E1 6.30:+,83E1 1.38:.14 E2
268 2.80+.27 E2 3.88:.38 E2
283 1.78£.25E1 3.78£.45E1 9.18+88E1 1.49+15E2 2.81+28E2
300 291+ 43E1 7.88:.79E1 123+13E2
301 1,.29+.25 E1 2.08+.21 EZ
320 2.48+ 41 E1 6.75+.72E1 9.8 x1.2£1
321 1.43+.27 E1 1.96+.20 E2
375 8.92+.82 E1
378 3.10+.58E0 7.8 £1.0E0 2.49+20E1 4.48+.54E1
398 5.94+.78 E1
399 3.29+B85E0 B.37+.896E0 188+23E1 2.77:43E1
423 5.58+80 E1
424 2.83+.45 E1
425 1.13+.49 B0 4.25:.85E0 1.11+.19E1
472 7.1 £1.3 ~1 3.59+.47 EO 8.8 +1.2E0 2.08+.24E1
473 5.81+.73 E0
500 1.52+.20 B1
501 3.83+.94 -1 2.17+.38E0 5,10+ 72 E0 6.4 +1.0E0
032 1.62£.59 -1 9.8 2.4 -1 3.61+.7780 7.2 +1.3E0
533 2.87+.52 EO
558 8.7 £2.0 -1 5.5 £1.0 EO
587 1.12+.21 EO
588 1.22+.34 EO
580 5.0 +1.8 -1 3.40+.79 EO
801 8.2 £1.5 -1 9.5 2.6 -1
826 3.8 £1.5-1 1.93+.63 EO0
837 5.0 £14 -1
838 8.0 2.3 ~1




TABLE XXVI. n* production cross sections from 0.40 GeV/A neon.
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Mom Cu Sn Pb
2
{MeV/c) #:P- [?_gl:v/—c] in form {g+err)x10%P
178 1.20+.24 E1 1.21+.40 B1
101 3.85+.70 E1
190 8.3 +1.8E0 1.55:+39E1
193 1.29+ .39 E1
204 7.5 £t19E0 9.0 £3.4 E0
208 1.22+.44 E1
278 7.1 #4.1 -1 1.27+.74 FE0
279 4.0 1.6 EO
289 1.6 £1.1 EO
300 2.2 £1.5FE0
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TABLE XXVII. Tabulation of the slopes and integrated cross sections for all the

experimental conditions 29 . uooqu_d
xp " lan 100 dQdp
Target Fragment Slope Intercept Integrated
Parameter Parameter Cross Section
b-GeV
M ey | b,
(uev) [sr—-(GeV/ c)® (mb/sr)
0.80 GeV p
CD, n~ 242+ 1.1 560 + 160 048 + .018B
Ag n* 395+ 2.1 1330 + 340 101 + .33
Ag " 264+ 0.9 2240 x 450 .303 £ .079
o] FLad 313+ 1.0 511. £+ B1. .152 = .032
C T 25.7 £+ 1.2 400 £ 120 047 + .018
Cu nt 335+ 0.8 1470 + 160 582 + 088
Cu n” 27.1+ 1.0 940 £ 200 .145 + .040
Pb nt 33.7+ 0.8 3080 x 360 124 + .19
Pb oo 26.9£ 1.1 2410 + 570 .36 £ .11
1.05 GeV p
c wt 378+ 1.2 265. £+ 34. 163 + .029
c T 31.1 £ 0.9 221. + 33. .084 + .012
Al nt 345+ 1.1 618. + 89. 278 £ .053
Al m 33.8+ 29 224. + 63. .090 £ .041
Cu w* 37.5+ 0.B 8B84. + 85, 549 £+ .069
Cu T 36.0 + 0.8 452, £+ 3¢. .240 £ .035
Sn nt 3591+ 1.0 1440 + 180 76 £ .13
Sn n 35.4 + 2.2 590 + 110 280 £ .092
Pb m* 40.7+ 0.9 1480 * 140 1.25 + .16
Pb g 368.3 + 0.7 1070, + 94 .588 + .068
2.10 GeV p
[ nt 48.8 + 1.0 298. £+ 30. 404 + .050
c o 48.9 £ 1.5 150. £ 23. .208 £ .039
Al nt 48.6 £ 0.9 585. + 54. 793 £ .069
Al " 48.6 + 1.3 330. £+ 41 514 + .078
Cu wt 50.8 + 0.7 926. £+ 60. 1.64 + .13
Cu e 49.9 + 1.0 638. + 52 91 £ .11
Sn nt 49.9 + 0.9 1500 + 130 255 + .28
Sn o 513+ 1.2 796. £ 96. 148 =+ .21
Pb wt 51.4 + 0.8 2170 + 160 4.05 + .37
Pb T 50.6 + 0. 1490 + 130 2.65 + .27
3.50 GeV p
Cu nt 54.8+ 0.8 1240. + B3. 282 .23




TABLE XXVII (continued).

Target Fragment Slope Intercept Integrated
Parameter Parameter Cross Section
mb-GeV
(MeV) —(GeV/ {mb/sr)
4.89 GeV p
CH, L 51.2 £ 1.2 298. £+ 27. 549 + .064
CD, - 48.7 + 1.1 396. + 34. 864 £ .074
o m* 552+ 1.4 268. + 28. .624 £ .08B0
o L 53.8 + 0.7 2268. £ 15, 488 + .037
Cu at 58.7 £+ 0.9 1010. £+ €3. 283 £ .22
Cu L 572+ 06 1010. + 52 262 + .18
Pb nt 60.5 + 0.9 2430 + 160 7.43 + .58
Pb T 60.0+ 0.6 2350 + 120 7.02 £ .41
1.05 GeV/A a
[ nt 340+ 1.1 B90 + 130 374 + .074
C E 329+ 1.2 910 + 190 .334 = .0B8
Al fidd 36.3+ 1.0 1500 + 180 .82 & .13
Al m 34.7+ 0.9 1590 £ 250 73 0+ .14
Cu * 37.9 £ 0.7 2430 + 210 1.57 =+ .17
Cu T 37.0+ 0.6 2300 + 240 1.38 + .18
Sn ot 36.7+ 0.8 4140 + 410 237 + .31
Sn ™ 36.1 £ 0.7 4140 = 510 2.22 £ .32
Pb nt 379+ 0.7 6080 = 560 3982 &+ .45
Pb m 39.0 + 0.7 4170 + 450 3.01 + .38
2.10GeV/A a
[o ot 479+ 1.1 565. + B7. 83 ¢+ .12
C L 446 £ 1.9 750 + 130 87 + .20
Al w* 49.5 + 1.2 990 + 120 1.63 £ .23
Al m 46.8 + 1.7 1320 & 180 1.82 + .33
Cu e 52.5+ 0.8 1850 + 140 3.69 i+ .34
Cu T 49.1 + 0.B 2330 + 190 3.7 =+ .37
Sn ot 53.2+ 1.2 2660 = 270 553 <+ .6B
Sn T 49.7+ 0.9 3870 & 330 8.15 + .B7
Pb Find 542+ 1.1 4370 + 400 9.8 1.1
Pb o 505+ 0.9 5590 + 470 9.9 1.0
0.40 GeV/A C
o] nt 30.0 + 0.8 265, + 23 .0828+ .0094
[of L 283+ 1.1 312. + 3a. .059 + .013
Cu * 30.3 £ 0.7 1150, + 94, .296 + .039
Cu o 27.3+ 0.8 1580 x 120 248 £ .032
Pb mt 321+ 1.0 2240 & 210 74 & .12
Pb L 285 £ 0.7 4200 + 370 .578 + .091
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TABLE XXVII (continued).

Target Fragment Slope Intercept Integrated
Parameter Parameter Croass Section
mb—GeV
(eV) [ sr~(GeV/ c)? (mb/sr)
1.05GeV/AC
(o} w* 33.0+ 1.2 2820 £+ 460 .98 & .23
Cc - 35.5+ 0.4 1990 + 130 998+ .080
Al n* 34.7 £ 1.1 4390 + 680 2.01 + .40
Al n 358 0.4 4250 + 290 2.23 + .18
Cu a* 37.8 £ 1.0 7710 £ 980 4.84 + 78
Cu n 419+ 0.8 4170 £+ 370 3.91 £ .40
Sn n* 378+ 1.2 11500 * 1700 74 14
Sn - 41.1 £ 0.8 7870 £ 850 8.71 x .87
Pb fid 383 + 1.1 18200 £ 2400 123 2.1
Pb L 422+ 0.6 11100 + 9210 10,7 +1.0
2.10GeV/AC
Cc bad 58.0 £ 1.7 704.&£ 93. 1.71 + .28
Cc o 475+ 0.8 1450. £ 91. 2.10 £ .18
Al n* 49.8 £ 0.9 3000 £ 230 5.06 + .49
Al m 498 £ 0.8 2780 + 230 468 £ .45
Cu nt 52.86 + 0.7 5990 + 370 12.00 + .B9
Cu m 50.8 £ 0.5 8450 + 310 11.60 + .88
Sn wt 524 + 0.9 95680 + 700 19.0 =17
Sn m 53.3 £ 0.9 8880 + 730 18.8 =18
Pb i 53.2 £ 0.9 16300 £ 1100 33.9 £3.0
Pb Lo 53.7 £ 0.5 15000 + 890 32.1 1.7
1.05 GeV/A Ar
c sl 43.4 £ 1.7 1890 + 290 1.80 + .39
[of n 39.1 + 1.5 2840 = 480 1.92 + .44
Al * 388 £ 1.5 82100 + 1300 3.83 + .88
Al " 37.1 £ 1.3 6900 + 1200 4.12 + 89
Cu a* 40.5 + 0.9 11600 £ 1300 9.6 +1.3
Cu - 39.2 £ 0.9 13400 £ 1500 9.9 14
Sn n* 39.4 £ 1.1 20500 x 2600 154 £25
Sn T 40.7 £ 1.1 18800 + 2500 18.7 £2.7
Pb n* 43.8 £ 0.9 25200 + 2300 272 3.2
Pb o 42.8 + 0.8 29000 £ 2700 28.9 33




TABLE XXVII {(continued).
Target Fragment Slope Intercept Integrated

Parameter Parameter Ciross Section

b—GeV
MeV. —fo-tel | 'mb/sr
(MeV) sr~{GeV/ c)® {mb/sr)
1.83 GeV/A Ar
o] nt 472+ 1.1 3120 £+ 330 441+ .58
(o n 435+ 0.9 4500 + 460 4.82 + .81
Al nt 482 + 0.9 8170 £ 59y 9.4 £ 11
Al n 522 + 0.9 5080 + 400 8.95+ .95
Cu * 510+ 0.7 12600 + 79C 229 + 1.8
Cu 7" 510+ 0.7 13300+ 820 242 i+ 18
Sn fad 54.7+ 0.8 15100+ 1100 34.2 + 28
Sn " 49.7+ 0.7 24300 + 1800 40.7 + 3.3
Pb L 54.4+ 0.7 30900 + 1900 688 i+ 50
Pb m~ 533+ 0.7 33800+ 2100 709 <+ 5.2
0.40 GeV/A Ne

Cu nt 328 + 2.4 1080 + 210 38+ .14
Sn wt 319+ 23 1580 + 320 S51+ .18
Pb n* 34.8+ 2.3 2320 + 400 105+ .34
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. » . 'd_a_ 00 d'c
TABLE XXVIIl. "/ a* retios. |2 _-,.;w Eﬁ&?”

.800 GeV/A 1.05GeV/A 2.1GeV/A 4.89 GeV/A

p+A

Ag 30 £ .12

C 31 ¢ .13 .39 £ .10 52 + .12 .78 £ .12
Al 32 £ .18 .85 £ .12

Cu .26 ¢ .08 44 + .07 .58 + .08 .93 + .09
Sn .38 £ .14 .58 £ .10

Pb 29 £ .10 47 + .08 .85 £ .09 .94 £ .09
a+A

o B9+ .29 1.08 & .29

Al .89 + .22 112+ .26

Cu 87+ .14 102 + .14

Sn 94+ .18 L11% .18

Pb 77+ .13 102 + .18

400 GeV/A 1.05GeV/A 1.83GeV/A 2.1 GeV/A

C+A

[od 94 £ .25 1.02 £+ .25 1.23 + .22
Al 1.11 + .24 .92 + .13
Cu 84 £ .18 81+ .15 .97 + .09
Sn .91 + .20 .98 + .13
Ph .78 + .18 B7 £ .17 .99 £ .10
Ar+A

C 1.07+ .34 1.09 % .20

Al 1.05 & .34 1.08 £ .18

Cu 1.02 £ .20 1.08 £ .11

Sn 1.08 & .25 1.19 £ .14

Pb 1.06 £ .17 1.03 + .11




TABLE XXIX. Isobar model yield factors.

C Al Cy So Pb

P

P 7.903 168.00 33.83 57.04 92.08

o 4.315 9.111  20.48 37.82 64.78

ol 0.7197 1.558 3.807 8.898 12.20 |
4

7 | 12.80 25.21 51.98 85.95 136.8

n° | 12.81 28.01 56.01 98.99 165.6

o~ 1282 28081 6013 1120 1944 |
c

m | 31.45 8045 1215 198.1 211.1

n® | 3147 82.38 1312 228.1 376.6

a~_| 31.50 84.31  140.8 255.2 4421
Ar

rt | 80.21 150.1 293.2 4B88.5 723.5

a0 | 87.57 188.7 344.4 585.9 949.5

n | 9494 188.7 401.8 721.9 1215.
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TABLE XXX. Upper bounds at the ninety percent confidence level of the X*

cross section.

dig
Momentum 20dp
mb
(Mev/c) l sr=GeV/c ]
P
4.89 GeVp + Cu
233 0.15
248 0.11
268 0.11
279 0.11
298 .09
319 0.10
21GeV/Aa+C
188 59
198 24
207 1.7
385 0.11
389 0.10
419 0.12
2.1GeV/Aa + Cu
188 7.8
195 3.1
207 22
365 0.11
389 0.10
419 0.12
2.1 GeV/AC+Cu
275 0.95
293 0.81
315 0.94
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TABLE XXXI. n* production cross sections from 0.80 GeV protons, for Ag target.

Mom \
ds mb__ |
(Mev/c) ddp [!!'—-GEV/I:]

267 8.16+.78 EO
289 5.48+.87 E0
278 3.78+.82 EO
285 3.80+.52 B0
288 3.55+.47 EO
297 2.57+.50 EO
308 2.25+.43 E0
311 2.12+.37 EO
323 2.141.48 EO
423 1.04+.61 -1
440 12772 -1
452 2.00+£.97 -1
472 7.0 £5.8 -2
474 1042440 ~1
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TABLE XXXII. #~ production cross sections from 0.80 GeV protons, for CD; and

Ag targets.
Mom CB: Ag
d’s mb
(Mev/e) 20dp |sr—GeV/c
180 8.00+.75 EO
181 9.9 1.2 -1
200. 8.81+.85 EO
202 1.10+.14 EO
212 5.82+.60 EO

214 9.1 £x1.3~1
284 79 £1.8-2

288 6.44+.93 -1
298 8.% £1.3 -2
301 4.05+.70 -1

314 3.3 $1.3-2
318 2.74+.684 -1




118

TABLE XXXIII. #~ production cross sections from 4.89 GeV protons, for CH; and

CD, targets.
Mom CH, : CDa
d?o mb
(MeV/c) dQdp | sr-GeV/c

188 6.48+71 E0 7.91:+.81E0
260 7.90+.82E0 9.03+.89 E0
214 8.09+.90 E0 9.10+.98 EO
235 4.93£.42 EO
238 4.25+.44 EO

250 3.68+41E0 4.58+.47 EO
287 3.11+41 E0 4.25:48 EO
282 2.70+.25 EO
283 2.10+.24 EO

283 1.92+.19 E0 2.64+.28 EO
300 1.85.23 EO

300 1.89+18E0 1.97+.25 EO
300 2.22+.22 EO
319 1.88+.17 EO
320 1.52+.21 EO

320 1.36+.18 EO 1.82:+.22 EQ
377 5.864.59 —1

a8 7.10+.70 -1
400 5.114.53 -1
401 5.34+.56 -1

425 3.864.45 —1
428 3.474.45 —1
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TABLE XXXIV. Subtracted n~ production cross sections from 0.80 GeV protons

for CD, target.

Mom g
(MeV/c) dﬂdp { sc~GeV/¢c
191 7.0£8.5 -2 ’
202 9.5+£9.8 ~2
214 -3.5+0.9 =2
284 -0.1£1.1 -2
298 -5.54+9.2 -3
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TABLE XOXXV. Subtracted s~ production cross sections from 4.89 GeV protons

for CHp and CD, targets.

Mom o g
de mb

(MeV/c) dQdp | sr=GeV/ c]
188 ~2.0£5.0 -1 5.2 £5.4 -1
200 3.7£5.5 -1 9.3 5.8 -1
214 3.0£6.0 -1 8.1 6.2 -1
235 8.4 3.1 -1
236 3.0s28 -1
250 1.3x2.8 -1 5.8 £3.0 -1
287 3.0:2.7 -1 8.3 £3.0 -1
283 1.1£1.0 -1 44 :1.2 -1
300 1.8+£1.0 -1 3.8 £1.0 -1
320 9.5+8.7 -2 1.954.90 ~1
377 -1.5+4.3 ~2
378 4.7 4.7 -2
400 2.3+£3.8 -2
401 3.4 £3.8 -2
425 0.2x3.2 -2
428 =~0.8 +3.2 —i
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FIG. 1. Data from Baldin, ef al.[4(a)]. for the reaction B.4 GeV/c p+4 -+ (180°).
The targets are (a) C, (b) Al, (c) Cu, end (d) Pb. (e) Dependence of n on T/ Tpay.
where n is the exponent from a fit to the cross section R of the form R=R,A".
The figures are reprinted with the permission of the American Institute of Phys-
ies. .

FIG. 2. Data from Papp, et al.[3] for the reaction 8+C-+n~(2.5°}+X, for beams of
(a) p. (b) d. and (c) a. The invariant cross section is plotted against the scaling
parameter z'. The solid line is the prediction of the SB[2] model. normalized to
the data.

FIG. 3. {a) Generalized Feynman diagram for hard scattering models. The
amglitude ¢, (¥p) refers to finding an off-shell nucleon a (b) within 4 (8); Typns
is the off-shell scattering matrix for the reaction 2 +b -+n+z; and () represents
distortions due to flnal state interactions. X are the undetected particles after
final state interactions have occurred.

(b) Simplified Feynman diagram for hard scattering models. The symbols are
the same as in the preceding figure, except that now X=a+#+z, where o and g
are the remnants of 4 and 5.

FIG. 4. Models of the pseudo-probability distribution used by various hard
acattering models. (a) The completely coherent model of Schmidt and Blanken-
becler[2]. (b) The frozen cluster model of Landau and Gyulassy[12]. (c) The
cluster with internal motion model of Landau and Gyulassy[12].

FIG. 5. Diegrams for quesi-two-body scaling (QTBS). (a) For the p+A4-p +X

case, showing nomenclature. (b) Quasi-two-body kinematics, showing definition
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of k. (c)Extension of QTBS to p+A-+m+X. (d)Extension of QTES to
" B+A-m+X.

FIG. 8. (a) Fireball geometry. (b) Firestreak geometry.

FIG. 7. (a) and (b) are the data from Ref. 23 and show invariant cross section
versus rapidity at fixed transverse momentum for negative pions for 800 MeV/A
Ne on {a) Pt and (b) NaF. Error bars {not shown) range from 20% for the large
cross sections to 1007 for the small ones. The solid lines represent the predic-
tions of the firestreak model. {c) and (d) are the data are from Ref. 24 and
show laboratory cross section versus kinetic energy for positive pions for 800
MeV/A Ne on (¢) Ph and (d). NaF. The firestreak predictions (lines) have been
multiplied by a factor of 1/2.

FIG. 8. Comparisons of the BK model wiih the data of (a) Ref. 29 and (b) Ref. 3.
The full line represents the BK model, the dashed line represents their fire-
streak simulation.

FIG. 9. A peripheral nucleus-nucleus collisisn (a) viewed from the laboratory
frame; (b) viewed from the projectile frame; {c) showing the definition of the
area a,; (d) showing the deflnition of the thickness t,. The figure is from Ref.
30(a), and is reprinted with the permission of Meng Ta-Chung.

FIG. 10. Data from Refs. 3, 4(a), and 4(b), plotted according to the prescription
of Meng Ta-Chung. (a) (d%/ dp3),, vs efil/ e, for p+Carn—+X at ¥, =2.5° and
£=1.05, 1.73, 2.10, 2.886. 3.50, 4.20, and 4.80 GeV (from Ref. 3);

(b) st (d3%/ d, "up vs efff/ /syE, for (p.d.a)+CHm+X at By =2.5° and £=1.05
and 2.10 GeV/nacleon (from Ref. 3);

(c) s (d%0/ dp3)pry vs efy/ V/sze, for p +(d.C.ALCU,Pb)+1+X at B4 =180° and
incident proton momentumn F,=B.4 and 8.0 Gev/c (from Ref. 4(a)):

(d) sz' (2%0/ dpd)prs Vs afmy/ Vgt for d+(d,°Li,’LL,C,ALCY, " SmPb)+n+X at



121

¥4, =180° and incident deuteron momentum Py=8.4 Gev/c (from Ref. 4(b)).

The flgures are from Ref. 30(a), and are reprinted with the permission of Meng
Ta-Chung.

FIG. 11. (a) Plan view of spectrometer. {b) Elevation view of spectrometer.

FIG. 12, Results of scan of target across beam.

FIG. 13. Plot of pulse height versus time-of-flight, for 2.1 GeV/A C + % Cu, long

gate configuration at 300 MeV/c.

FIG. 14. Diagram of electronies used to produce a trigger signal. The delays
incurred in processing by each component are shown, as are the threshold set-
tings of the discriminators ("Disc”). TDC stands for time-to-digita! converter,
ADC for analog-to-digital converter, and MT for Master Trigger.

FIG. 15. Plot of invariant cross section versus kinetic energy for the reaction
2.1 GeV/AC + Cu -» n~ (180°) + X.

FIG. 18. Plot of T versus Tyeam/ Abeam. fOr protons, aiphas, carbon, and argon
on copper. The dashed line is hand drawn znd illustrates the trend of the data.

FIG. 17. The T, dependence on beam and target, for beam energy fixed at 1.05
GeV/A.

FIG. 18. Integrated cross section versus beam energy for carbon beams on all
targets.

FIG. 19. n~/ n* ratios as a function of beam energy, for all beam and target
combinations.

FIG. 20. Integrated pion cross section versus the product of the beam and tar-
get masses for the 1.05 GeV -+ n* data.

FIG. 21. Comparison of mn;k-llp with data. (a) 1.05 GeV/A alpha beam. {b) 1.05

GeV/A argon beam. (c) 2.1 GeV/A alpha beam.
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FIG. 22. Integrated cross section plotted against the isobar yield factors, for
the 1.05 GeV/A beams. Straight lines have slope of one.

FIG. 23. As above, but broken down by momentum: (a) 1.05 GeV/A, and 200
Ms%/c; (b} 1.05 GeV/A, and 500 MeV/c.

FIG. 24. Data from Anderson, ¢f al.[47], for the reaction C + C -+ n~ (0°) at (a)
1.05 and (b) 2.1 GeV/A.

FIG. 25. Figure 3 from Schroeder, et al.[15(b)], showing integrated cross sec-
tion versus z' for p +Cu-+m¥180°)+X. The lines are fits of the form (1—z')¥. The
SB model predicts N=373.

FIG. 28. Invariant cross section versus z', with the curves of Landau and Gyu-
lassy superimposed. {a} p +Cu-n". (b) a+Cu-n".

FIG. 27. Invariant cross section versus zy for (a) p +Cu-n~; (b} Cu+C-n~.
d3g -
FIG. 28. Plot of |p-q| #7 versus k mn, for p +Cu-n~.

FIG. 29. Plot of the firestreak model[21] and the rows-on-rows model of
Bohrmann and Knoll[26] compared with the data.

FIG. 30. Graphs of s3'(d%/dp3)pm; versus efs;/~/sge, for (a) p+A-n~, (b)
Ar+A-n, and (c) p+A-+n*. The dashed line illustrates the trend of the 2.1 GeV
data,

FIG. 31. Plot of Ty versus Ty, for proton-induced pions. The prediction of
Meng Ta-Chung, normalized to the point for 4.89 GeV protons on copper, is
superimposed.

FIG. 32. Histogram of the time-of-flight channels for a K* run. Statistical error
bars are shown. The expected location of the kaon peak is indicated. Superim-
posed are the results of ﬁne corresponding “long gate" (proton and positive

pion) run.
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