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. ABSTRACT

It is shown that‘(a)-the energy distribution of the 180° emitted
protons, deuterons, and tritons from 0.6 GeV to 400 GeV incident energy,
(b) the extremely weak angﬁlar dépehdence of sing]é-partfc1e}inc]usivg
' cross sections in the backward directions, and'(é) the-existente of
v fdrward4backwakd p-p correiation are due to fragmentation df the
efféctive-farget (that is, the system of nucleons in the'target'nuc1eus
aTong the axis of the incfdent proton) in protonénuc1éus.cdi]fsions.

Correlation effects in violent processes are also briefly discussed. -



Baryon-production at B1ap = 180° has attracted much attentionl!~10]

in the past few years. The vast‘intefest_is caused by the belief that
by stedying'sucﬁ reaetions one can'obtain information dh the "cumuJaiive
effect"[2] or 1nformat1on on "the h1gh-momentum part of nuclear wave
'funct1ons"[8 9] and/or know]edge-about "the most v1olent c0111s1onsﬂ[]’]0]

180° proton, deutron and tritoh prodUction in proton-nucleus col-
lisions from 0.6 up to 400 GeV have been observedﬁ]’2’436’7]> Angular_
distributions'fdr'such particles in the "backWafd directions" have been
meaéured.[2’3]' “Forwafd-backward pp correlatiohf experiments have also
been reportedﬁs]' Unfortunately, this impressive'progress made.onzthe
‘experimental side has not been matched by corresponding theqretical work.

The striking features ofvbackwakd'bafyon-production in proton-
nucleus cé]]isiOns,can be summarized as follows:

1. Energetic protons have been observed[]] at e]ab = 180° 1in
p-nucleus collisions at 0.6 and-0.8'GeV using a number of nuclear
.targets. The int]usﬁve cross seéffon (in 1ab) per nucleon A'](dc/d3p)-
(A: target mass number) can be fitted well by B exp[ a P /(ZM )] ‘Here,

- P_is the magn1tude of the momentum (lab) of the observed proton, Mp

p
is its mass, B. and o. are momentum-independent parameters.

p P
II. Copious deutrons and tritons have also been observed -in the
same exper1ment (1 The Cross sect1ons A (do/d p) can be fitted by
Bxexp[-ax X/(ZMA)] where A = d and t 1nd1cates deutrons and tritons '
respective1y. _' | | -
ITL. (a) The AQdepehdence of axv(xr=‘p,d,t) at. fixed energy e is

weak. -(b) This A—dependence is more marked for d than for p, and for



t .than for d. (c) For given X and A, the dependence of a, on ¢ is

P\
Vveny‘weak. (d) For given A and e, the diffenences between ap; ag> and
"at are large. (e) dd/Md and o /M are a]mbst identica] |
IVT For g1ven A and €, the difference be tween Bp, B4» and that
. between Bp and Bt are 1arge, but that between Bd and Bt is sma]].

V. 180° production of p;'d,vénd_t have also been observed in
proton cellisions with_a variety of nuclear targets at € = 7.7 GeV[Z] and
‘at 400 GeV.[4] It is found that the single particle inclusive cross-
section also faT]é exponentia]1y wtthjincreasing-kinetic energy of the
observed particle. The most remarkab]e feature 1s whi]e’tne eorres—
ponding slopes vary very slowly (about 30%) when the 1nc1dent energy e"
is increased from O. 6 GeV[]] to 7.7 GeV, (2] 1t rema1ns pract1ca11y
constant in the energy range 7.7 .GeV to 400 GeV. [4]

| VI. Angu]ar d1str1but1ons for p and d in p+Pb at 7.7 GeV have
v been measured. [2] It is seen that there is pract1ca11y no angular depen-
dence for 140° < e]ab < 180°. Th1s behavior seems to persist ‘down to
Tower incident ener“gie_s'.[_s:I | '

_ VIIt Backwérd proton emiséipn (50 to 145.MeV) nas been measured[s]-
in coincidence with forward outgoing protons (255 to 350 MeV) in p-nucleus
interaetion.at 640 MeV. A‘pnonounced corretation is obserted when the
two outgoing.protons are in the neighborhOod ofrejéb ; 122° and 12°
_respective]y.v;Keening the backward proton at 122°, a rather broad
diStribution»in.ang]e is seen for the forward proton.

Mechanisms of 180° production of protons:at 0. 6-andv0;8 GeV
[8-11] fhe

(point I) have a]ready been discussed by severa] authors.

related quest1ons (po1nt II to point VII) have, however, been left open.



In fact, it is not'opvious whether and how the.existing 180° proton-
production models[g']]] can be extended or modified to accommddate the
above-mentioned experimental facfs, e.g., 180° d and t broduction at -the
séme -- as we]]_és much higher (up to 400”GeV!) -- incideht energies.

An attempt is made in this paper to understqndvthese facts (I to
VII) in terms Qf the “two-componeht picture" for high-energy hadron-
nucleus col]isions_proposed some time‘agb.[]?] We show, in particular,
that 180° production of proton, deutron and triton are due to’fragménta—
tioh'of.the excited effective target and thatano 1arge-moméntdm-transfer
is inVo]ved'ih such reaCtions. This meané,'in:contrast fo the popular
modeTs,L8?9’10] baryoh-production at e]ab'= 180° is neither due to high
virtual momenta of the nucléons before the co]]ision[g’g] Aor a conse-
quence‘ofj"mOSt violent proton-nu;1eus>collision;"[1’]o] where the

obServed protons are bounced back by “Chunks"[1]»or by “correlated

W[101

clusters. _ ‘ _
i We recall that the proposed pictureE]ZJ'consists of two assumptions
(both of which are based on empirical facts[]3}):

(a) The time needed for the fbrmatioh of multibody final states
in hadron-hadron co]]isions-at_high:énergies ié SO 1ong that in high-
energy'hadron-nuc]éus:muitiparticle prqduction'processes the nucleons

in the path of the incident hadron inside.the‘target nucleus can be
viewed és acting collectively, and in first-order approximation can be
considered as a single object;-- an effective tafget (ET). The mass of
the ET, MET’ is propdrtional to VeT? the number of nucleons along the |
path-of the incident hadron. Mgq = vep M;_ (M is the nucleon mass).

‘(b) The hadron-ET process can be described by the same picture as



b’y

that used to describe the collision between two hadrons. In particular,
such a process is. e1ther a gentle or a v1o1ent collision (energy and
momentum transfer is re]at1ve1y small in gentle but large 1n violent
c0111s1on eyents). We reca]] after a gent]e collision the projectile

and the target in general becomé excited and fragment (separately).

In spite of the obvious over-simplification, this picture has so:
far been'successfu] in describing the gross features of hadron-nucleus
and nucleus-nucleus cnllisidns at sufficiént]y high-energies.[]z-]sl

A comparison between thé experiments mentioned in I-VII and the present
.piCtUre can also be considered as a critical fest for the latter.
If this‘picture‘is correct, the}OnTy_poésib]e sources for energetic
deutrons and tritons in.hfgn-enengy hadron-ndc]eus ao1li$ions are:
(1) the compound sysfem formed by the incident hadron and the ET in a
violent process (see Fig. 1.b of Ref. 13); (2) the excited ET after a
gentle collision with the inaident hadron (see Fig. 1.a dfuRéf. 13).
Now, since the energy- and momentum-transfer in violent collisions are
much 1argér than the corresponding quantities in gentle procesées, the
(1ab) velocity of the compound system (in a violent event) is, in general,
much higher than that of the excited ET (in a gentle event). Hence,
: enekgetic baryons observed in the backward-]abbang1es are predominantly
fragments of the exc1ted ET.

The (lab) energy- and momentum—transfer (AE and AF) from the
incident hadron to-the ET in a gentle collision has the following
effects: Firstly, thé ET gains intennal energy EéT(int) = MET - MET’ :
-where MET is the energy of the excited ET (in its rest frame) after



6=

the collision. Secondly, after the collision the ET moves with the

(1ab) velocity: Bc, = AP{[aP|? + M2} which is small for

ET
IAEI < MET < MET'. In our picture this is the source of the »observéd
énérgétic protons, deuterons, etc., in the backwérd angles. -

Having identified the origin of thése baryons, we may now go one
step furthef and ask: "How is the total energy and momentum of the

excited ET distributed among its v nucleons?"

In the rest frame of.the'excited ET, the v nucleons are assembled

v
Z% B; = 0. The energy associated with the
i= - v

relative motion of these v nucleons is Eéf(int) (which is the differ-

with a net momentum

vénée of.the energy-transfer to thelET'and the kinetic energy of the
excited.ET'thét'movesvés a single object'in lab). "If A of these
nucleons, chosen at_kéndom, should go off togefher as a ;ing1e fragment,
what wou]d.be the mean square total momentum |B&|2, where E;' is the
sum of. the abové-meﬁtionéd A 3;5?" A similar question has already been
‘asked, and ansWeréd; By Feshbach and Huahg[]s] and Go1dhabgr[17] in
connecfion with projectile fragmentation in re]ativiéticvheavy-ion
co]]isions.[]8]' “ | .
SUppose that the FH statistical hypothesis[]GJ can be app]ied[19]
.to the excited ET which consists of v»nucTéQns. In the rest'fréme of
fhe-excited_ETAthe inclusive cross section for a baryon of mass M

(M = nucleon mass) can be obtained by the method'suggested by'Goldhaberi]7]

(do/da.p);\m exp[-lailz/(Zcz)]‘v and 0% = oAA(v-A)/(A-1), (1)
where c§ is proportional to <p'2>, the mean squake momentum of'the

nucleons jn‘the ET, which is (up to a constant) the average kinetic
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energy of each nucleon in‘the ET after collision (in its rest frame).
Sincé the excitation is dué td energy- and mbmentqutranSfer from fhe
incident proton as it "goes thyough"[zol fhe nucleons in the ET, this
kfneffc energy is expected to.be a siow1y.increasing function of the

incident energy e, and reaches‘a iimiting.value for € » =,

Comparison between the corresponding lab expressions'(noté that for
IEETI <1, the lab quantities ‘(do/dsp)x énd p2 are approximately the
same as those in the rest frame of the excited ET) of Eq. (1) and the
empirical parametrization of Frankel et a1[]] (see'I and I1 above)
gives | |

) . o ’ .
- 2_1(__"_> ., A=p.dandt. (2)

This is obvious]y:in agreement with the propertieS“mentiohed’in I11(a),
(b), (c) and (d). (The data[]] requires o°'§ 160 MeV/c which is to be
compared with ~110 MeV/c in normal nuclear matter, 1ndiéating the‘
fraction of energy-momentum transferred to the ET in the collision is
indeed small.) Note also that III{e) implies v = 5 independent of A --
agéin[zlj indicating ihat gentle hadron;nqcleus collision are more
_peripheral for heavier target nuclei. | |

‘We now discuss the magnitude of the (lab) cross sections (dd/dap)x.
The geometrita] and stétistica] nature of this model taken together

with the conservation laws gives
. a3 - - . ) .
- (do/d%p), = a(v/x) D,I, e (3)
where a is the meah geometrical cross section, v is the average

number of nucleons in the ET (note both a and 5 are independent of 1),

DA(p) is the normalized momentum distribution [see Eq. (1)],



0,(p) = (Z:QA)W e (o ) » W

and IA is determined by the ‘internal degrées of freeddm of the fragment
which consists of A nucleons. The ratio Id/Ip can be determfned by
-taking into account the constfafnts, with kespect to isospin, spin and
relative orbital angular momentum, which should be_satisfied when two
nucleons form a physical dentron. It is 3/64 (we recall -that only s
| and p waves contribute at such Tow internal energies).  Simiiar]y;
we obtain I./I = 9/448. o

It fo]]ows from Egs. (3) and (4) that -

3/2 B

B .1k <a_dM£> G T | LL(%MP) (5)

P

which also turns out to bé-in égreemént with the data[]] within experi-
mental error; (For example, at 0.8 GeV using Ta target, the theoretical
values of Bd/Bp'and B;C/Bp are 0.01 and 0.003 while the_corresponding
experimental values are 0.01 and 0.006 respectively.)

The Timiting behavior of o2 in Eq. (1) for ¢ + =, taken together
- with the fact that the dominating part of thé'180° baryons are fragmen-
tation broducts of the excited ET which moves rather slowly (IEET! <1),
exp]ains:the femarkab1e energy-independence of the éjope mentioned in
V.[é] Furthermore, it fo]]ow§ from lgETlvé 1 and the isotropic emission
in the excited ET's rest frame [sée Eq. (1)] that the distribution in
the neighborhood of e]ab'= 180° should be approximately independent of
the (lab) production angle (see VI). 'At‘smaller ang]es (eléb < 140°, say)
[12]

contributions from violent p-ET collisions should be taken into account.



-9-

E We turn now to the pp-corre]ation data.[5] The agreement between
- the experimental facts mentioned in VII and the present picture can
a1ready’be‘seen without detailed ca]culetions; Firstly, the two
observed protons are-hackéto—back in a slowly moving frame -- the rest
| frame of the exc1ted ET Second]y, since such back to-back correlations
are s1mp1y consequences of momentum conservat1on, it is expected only to
occur when the number of part1c1es in the exc1ted ET is relatively sma11.
Th1s 1mp11es that such events are more peripheral coll1s1ons.' The .
. obsehved A-dependence (A 1/ ; see Fig. 4 of Ref. 5) confirms this
expectation. Third]y, in contrast to the pred1ct1ons,of Ref. 8 (See-
Ref. 5), the forward proton can have kinetic energies in the_observed
range. This is because, also the forward proton ie,a fragment of the
_excited,ET. Fourthly, in contrast to the predictions of Ref._lo (see
Ref. 5), the rather broad angular distribution of the forward‘proton
(see Fig. 2 of Ref 5) is. expeeted Both the p, -distribution of the

T[ZZJ and the poss1b1e existence of undetected part1c1es which also
take part-in the momentum-balance, lead to this "broadening effect."‘
A]T theiaoove-mentioned'qualitative argumenté have been checked
quantitatively. The agreement is good.

In this connection, it is useful to point out the basic difference

between this corre1otion_andvthe p-p correlation obsehved by Nagamiya

et a1£23]- A]though'both‘of them are of kinemetical nature (momentum
conservation) which takes p]ace in re]at1ve1y sma]] systems, the emission
system in the 1atter case is not the exc1ted ET in a gentle co]11s1on
with the correspond1ng EP (effect1ve prOJect11e) but rather the

conglomerate formed by the EP and the ET in a violent collision.

In'faot; since the rapidity of the conglomerate is in general a function
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of the incident energy as‘we11 as of the masses of the co]]iding nuclei
(avsimple expressioh for the mean rapidify of this compound system, as
well as a more reliable méthodvfor the,deterﬁfnation of this value from
experiments; cah be found in Ref. 15), we expéct to see ppiand mp baék-'
fo-back correlations in the rest'framevof,thevéonglomerate. Correlation
.‘experimeﬁfs using unéymmeifié pfojecti1e;target cbmbiﬁations will be
helpful to differenfiate between this and "the quasi-eléstic nucleon-

" [24]

nucleon scattering mechanism.'
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