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ABSTRACT 

It is shown that (a) the energy distribution of the 1800 emitted 

protons, deuterons, and tritons from 0.6 GeV to 400'GeV incident energy, 

(b) the extremelY,weak angular d'ependence of single-particle inclusive 

cross sections in the backward directions, and (c) the existence of 

forward-backward p-p correlation are due to fragmentation of the 

effective target (that is, the system of nucleons in the target nucleus 

along the axis of the incident proton) in proton-nucleus collisions. 

Correlation effects in violent processes are also briefly discussed. 
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Baryon-production at Blab = 1800 has attracted much attention[l-lO] 

in the past few years. The vast'interest is caused by the belief that 

by studying such reactions one can obtain information on the "cumu.lative 

effect,,[2] or information on "the high-momentum part of nuclear wave 

functions"[8,9] and/or knowledge about lithe most violent coll isions.,,[l, 10] 

1800 proton, deutron and triton production in proton-nucleus col­

lisions from 0.6 up to 400 GeV have been observed.[1,2,4',6,7] Angular. 

distributions for such particles in the "backward directions" have been 

measured.[2,3] "Forward-backward pp correlation" experiments have also 

been reported~5] Unfortunately, this impressive progress made on the 

experimental side has not been matched by corresponding theoretical work. 

The striking features of backward baryon-production in proton­

nucleus coll isions can be summarized as follows: 

I. Energeti~ protons have been observed[l] at Blab = 1800 in 

p-nucleus collisi~ns at 0.6 and 0.8GeV using a number of nuclear 

targets. The inclusive cross section (in lab) per nucleon A- l {da/d3p) 

(A: target mass number) can be fitted well by Bpexp[-ClpP~/(2Mp)]. Here, 

Pp is the magnitude of the momentum (lab) of the observed proton, Mp 

is its mass, Bp and Clp are momentum-independent parameters . 

. 11. Copious deutrons and tritons have also been observed in the 

same experiment.[l] The cross sections A- l (da/d3p)" can be fitted by 

BAexp[-Cl"P~/(2M,,)] where" = d and t indicates deutrons and tritons 

respectively. 

III. (a) The A-dependence of Cl" (" = p,d,t) at fixed energy e: is 

weak. (b) This A-dependence is more marked for d than for p, and for 
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t . than for d. (c) For given A and A, the dependence of aA on £ is 

very weak. (d) For given A and £, the differences between ap' ad' and 

at are large. (e) ad/Md and at/Mt are almost identical .. 

IV. For given A and£, the difference between Bp' Bd, and that 

. between Bp and Bt are large, but that between Bd and Bt is small. 

V. 1800 productiori of p, d, andt have also been 6bserved in 

proton collisions with a variety of nuclear targets at £ = 7.7 GeV[2] and 

at 400 GeV.[4] It is found that the single particle inclusive cross-

section also falls exponentially with increasing kinetic energy of the 

observed particle. The most remarkable feature is: while the corres­

ponding slopes vary very slowly (about 30%) when the incident energy E 

is increased from 0.6 GeV[l] to 7.7 GevJ2]it remains practically 

constant in the energy range 7.7 GeV to 400 GeV.[4] 

VI. Angular distributions for p and d in p + Pb at 7.7 GeV have 

been measured.[2] It is seen that there is practically no angular depen­

dence for 1400 ~ e1ab ~ 180°. This behavior seems to persist down to 

lower incident energies. [3] 

VII. Backward proton emission (50 to 145 MeV) has been measured[5] 

in coincidence with forward outgoing protons (255 to 350 MeV) in p-nucleus 

interaction at 640 MeV. A pronounced correlation is observed when the 

two outgoing protons are in the neighborhood of.e lab = 122 0 and 12 0 

respecti ve ly. Keepi ng the backward proton at 122 0
, a rather broad 

distribution in angle is seen for the forward proton. 

Mechanisms of 180° production of protons at 0.6 and 0;8 GeV 
. [8 11] 

(point I) have already been discussed by several authors. - The 

related questions (point II to point VII) have, however, been left open. 
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In fact, it is not obvious whether and how the existing 180° proton­

production mode1s[8-11] can be extended or modified to accommodate the 

above-mentioned experimental facts, e.g., 180° d and t production at the 

same -- as well as much higher (up to 400 GeVI) -- incident energies. 

An attempt is made in this paper to understand these facts (I to 

VII) in terms of the ntwo-component picture" for high-energy hadron­

nucleus collisions proposed some time ago.[12] We show, in particular, 

that 180° production of proton, deutron and triton are due to fragmenta­

tion of the excited effective target and that no 1arge-momentum-transfer 

is involved in such reactions. This means, in contrast to the popular 

mOde1s,,[8,9,10] baryon-production at 61ab = 180° is neither due to high 

virtual momenta of the nucleons before the co11ision[8,9] nor a conse­

quence of "most violent proton-nucleus co11i5ion,"[1,10] where the 

observed protons are bounced back by IIchunks"[l] or by 'icorre1ated 

c1usters."[10] 

We recall that the proposed picture[12] consists of two assumptions 

(both of which are based on empirical facts[13]): 

(a) The time needed for the formation of multi body, final states 

in hadron-hadron collisions at high energies is so long that in high­

energy hadron-nucleus mu1tipartic1e production processes the nucleons 

in the path of the incident hadron inside the target nucleus can be 

viewed as acting collectively, and in first-order approximation can be 

considered as a single object -- an effective target (ET). The mass of 

the ET, MET' is proportional to vET' the number of nucleons along the 

path 'of the incident hadron MET = vET M. (M is the nucleon mass). 

(b) The hadron-ET process can be described by the same picture as 
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that used to describe the collision between two hadrons. In particular, 

such a process is either a gentle or a violent collision {energy and 

momentum transfer is relatively small in gentle but large in violent 

collision events}. We recall, after a gentle collision the projectile 

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

In spite of the obvious over-simplification, this picture has so 

far been successful in describing the gross features of hadron-nucleus 

and nucleus-nucleus collisions at sufficiently high-energies.[12-15] 

A comp~rison between the experiments mentioned in I-VII and the present 

picture can also be considered as a critical test for the latter. 

If this picture is correct, the only possible sources for energetic 

deutrons and tritons in high-energy hadron-nucleus collisions are: 

{l} the compound system formed by the incident hadron and the ET in a 

violent process {see Fig. l.b of Ref. 13}; {2} the excited ET after a 

gentle collision with the incident hadron {see Fig. l.a o~ Ref. 13}. 

Now, since the energy- and momentum-transfer in violent collisions are 

much larger than the corresponding quantities in gentle processes, the 

{lab} 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, 

energetic baryons observed in the backward lab angles are predominantly 

fragments of the excited ET. 
-+ 

The (lab) energy- and momentum-transfer (~E and 6P) from the 

incident hadron to the ET in a gentle collision has the following 

effects: Firstly~ the ET gains internal energy E~T(int) = M~T - MET' 

where * MET is the energy of the excited ET {in its rest frame} after 
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the collision. Secondly, after the collision the ET moves with the 

(lab) ve·locity: BET = ~P{I~PI2 + M~~}-~ which is small for 

+ * I ~p I < MET <MET" In our picture this is the source of the observed 

energetic protons, deuterons, etc., in the backward angles. 

Having identified the origin of these baryons, we may now go one 

step further and ask: "How is the total energy and momentum of the 

excited ETdistributed among its v nucleons?" 

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

with a net momentum L: p-: = O. The energy associated with the 
. 1 1 1= 

relative motion of these v nucleons is E~T(int) (which is the differ-

ence of the energy-transfer to the ET and the kinetic energy of the 

excited ET that moves as a single object in lab). "If A of these 

nucleons, chosen at random, should go off together as a single fragment, 
+, 2 +, 

what would be the mean square total momentum IPAI , where P).. is the 

sum of the above-mentioned ).. P-~ s?" A similar question has already been 

asked, and answered, by Feshbach and Huang[16] and Goldhaber[l7] in 

connection with projectile fragmentation in relativistic heavy-ion 

collisions.[18]' 

Suppose that the FH statistical hypothesis[16] can be applied[19] 

to the excited ET which consists of v nucleons. In ,the rest frame of 

the excited ET the inclusive cross section for a baryon of mass M 
, [17] 

(M = nucleon mass) can be obtained by the method suggested by Goldhaber: 

and 

where cr~ is proportional to (p,2), the mean square momentum of the 

nucleons in 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). 

Since the excitation is due to energy- and momentum-transfer from the 

incident proton as it "goes thrOUgh"[20] the nucleons in the ET, this 

kinetic energy is expected to be a slowly increasing function of the 

incident energy E, and reaches a limiting value for E + 00. 

Comparison between the corresponding lab expressions (note that for 

I BET I ~ 1, the lab quantities (da/d 3p\ and 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 al[lJ (see I and II above) 

gives 

A = p, d and t . (2) 

This is obviously in agreement with the properties mentioned in III(a), 

(b), (c) and, (d). (The data[lJ requires ao ~ 160 MeV/c which is to be 

compared with ~110 MeV/c in normal nuclear matter, indicating 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 

again[21J indicating ~hat gentle hadron-nucleus collision are more 

peripheral for heavier target nuclei. 

We now discuss the magnitude of the (lab) cross sections (da/d 3 p)A' 

The geometrical and statistical nature of this model taken together 

with the conservation laws gives 

(3) 

where a is the mean geometrical cross section, v is the average 

number of nucleons in the ET (note both a and ~ are independent of A), 

DA(p) is the normalized momentum distribution ~see Eq. (l)J, 



'-8- . 

(4) 

and IA is determined by the 'internal degrees of freedom of the fragment 

which consists of A nucleons. The ratio Id/Ip can be determined by 

taking into account the constraints, with respect to isospin, spin and 

relative orbital angular momentum, which should be satisfied when two 

nucleons form a physicaldentron. It is 3/64 (we recall that only s 

and p waves contribute at such low internal energies). Simi1arly~ 

we obtain It/Ip = 9/448. 

It follows from Eqs. (3) and (4) that 

which also turns out to be in agreement with the data[l] within experi­

mental error. (For example, at 0.8 GeV using Ta target, the theoretical 

values of Bd/Bp and Bt/Bp are 0.01 and 0.003 while the corresponding 

experimental values are 0.01 and 0;006 respectively.) 

The limiting behavior of a: in Eq. (1) for E + 00, taken together 

with the fact .that the dominating part of the 180° baryons are fragmen-
+ 

tation products of the excited ET which moves rather slowly (lsETI ~ 1), 

explains the remarkable energy-independence of the slope mentioned in 

V.[4] Furthermore, it follows from IsETI ~ 1 and the isotropic emission 

in the excited ET's rest frame [s~e Eq. (1)] that the distribution in 

the neighborhood of Blab = 180° should be approximately independent of 

the (lab) production angle (see VI). At. smalJ~r angles (Blab ~ 140°, say) 

contributions from violent p-ET collisions should be taken into account.[12] 
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We turn now to the pp correlation data.[5J The agreement between 

the experimental facts mentioned in VII and the present picture can 

already be seen without detailed calculations. Firstly, the two 

observed protons are back~to-back in a slowly moving frame -- the rest 

frame of the excited ET. Secondly, since such back-to-back correlations 

are simply consequences ofmoment~m conservation, it is expected only to 

occur when the number of particles in the excited ET is relatively small. 

This implies that such events are more peripheral collisions. The 

observed A-dependence (Al / 3; see Fig. 4 of Ref. 5) confirms this 

expectation. Thirdly. in contrast to the predictions of Ref. 8 (see. 

Ref. 5), the forward proton can have kinetic energies in the observed 

range. This is because, also the forward proton is a fragment of the 

excited IT. Fourthly, in contrast to the predictions of Ref. 10 (see 

Ref. 5), the rather broad angular distribution of the forward proton 

(see Fig. 2 of Ref. 5) is expected. Both the Pi -distribution of the 

ET[22J and the possible existence of undetected particles which also 

take part in the momentum-balance, lead to this "broadening effect." 

All the' above-mentioned qualitative arguments have been checked 

quantitatively. The agreement is good. 

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

between this correlation and the p-p correlation observed by Nagamiya 

et al~23J Although both of them are of kinem~tical nature (momentum 

conservation) which takes place in relatively small systems, the emission 

system in the latter case is not the excited ET in a gentle collision 

with the corresponding EP (effective projectile) but rather the 

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

In fact, since the rapidity of the conglomerate is in general a function 
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of the incident energy as well as of the masses of the coll iding nuclei 

(a simple expression for the mean rapidity of this compound system, as 

well as a more rel iable method for the determination of this value from 

experiments, can be found in Ref. 15), we expect to see pp and TIP back­

to-back correlations in the rest frame of the conglomerate. Correlation 

experiments using unsymmetric projectile-target combinations will be 

helpful to differentiate between this and lithe quasi-elastic nucleon­

nucleon scattering"[24] mechanism. 
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