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"Mass scaling" phenomena in heavy fragments production
in relativistic heavy ion collisions
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Abstract

We point out the existence of "mass scaling" among different reaction
channels in the inclusive nucleus production in high energy nucleus-nucleus
collisions and discuss the reasons for its existence. The possible
relationship between the inclusive cross sections and the existence-

probability of clusters inside the nucleus is indicated.
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The scaling phenomenon in inclusive reactions in which a single particle

in the final state is measured for hadron-hadron collisions (A + B + C +

anything) has been known and studied for a 1ong'time]. The scaling is
derivednby assuming the existence of a momentum distribution function for the
free and structure1éss cbnstituents of the hadron in the high energy limit for
the impulse type of interaction. The scaling variable that is used to
describe the distribution depends on both fhe specific reactions and the
kinematical regions of interest. One kind of scaling tested'widely in hadron
inclusive-reactions is that the longitudinal momentum distribution of the
observed hadron is 1ndepghdent of the beam momentum.

Since the hhéiéus consists of nucleons that play the role of
constituents, a similar situation may occur for the inclusive nucleus-nucleus
reaction in which a nuclear fragment in the final state is measured. Indeed,
that was observed-in the first h{gh enefgy heavy ion reaction done by thel |
Greiner-Heckman groupzvin'1974. They observed that both tﬁe_inc]usive cross
sections andthe momentum distributions of heavy nuclear fragments of charge.Z
neutron number:'N in the forward direction are independent of incomin§ heavy

12 and O]2

ion energies, 1.05 or 2 GeV/nucleon (of C beam). Considering
the fact that the nhc]eoﬁs are loosely (v10 MeV/nucleon) bound inside of the
nucleus and can be treated as structurelesg in the kinematical region of
peripheral interactions, 1 and 2 GeV/nucleon beam momentum is high enough to
satisfy the assumptions for the scalings mentioned above. Furthermore, since
the observed secondary nucleus fraghent is nothing but a bunch of constituent
nucleons, there may exist a different type of scaling unique to the nucleus
fragmentation. )

In this paper, we point out that a new scaling we call "mass scaling"

henceforth, which connects the different inc]usive channels, does exist.
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Speaking moré precisely, the momentum distribution of the secondary nucleus C
in the forward direction (we can conclude the same'for the backward direction)
can be described by a uniVersa] function of thezsca1ing variable that is the
momentum K where K is defined to be'equal in the'"beam resf“ system to

o [melmme)
T.C.
B

where me and PC are thé mass and the momentum of the observed fragment C -
respectfve]y and Mg is_the mass of the beam nucleus B. We proceed with'the

argument as follows: First, we brief1y review the two-step kinematical

mode13+4 to see where the mass scaling and the factor-vg%(mg-mc)/mé
originate. Then we investigate whether the model of composite hadrons5 can
atcommodate‘the mass scaling under some'assumptions unique to nuclei in the
kinematica1 region of our 1ntekest. If it does, the observation of heavy
fragments in the peripheral regions of both projectile ions and the target may
be related directly to the major cluster structure inside of the nucleus.
The inclusive reactions of nu;]ei producing heavy fragments (baryon
number greatgr than two) in the.péripheral region have been analyzed
phenomenologically. In the kinematical mode],3 we assume that the beam
fragmentation reaction A + B -~ C + X, where C is observed in the forward
direction, takes place by exchanging energy E upon co]lisioé and'then decays
into C + X: A + B.* A* + B* then B* ~ C + X. The process of interest is
illustrated in Fig. J. It is found that the width of the momentum

distribution of the secondary decay product C in the Gaussian distribution

exp {— Pé/rz} is given6 by in B* rest system

n .

C 2m.{my,-m.)
2 = : “C'V'B C
m= (- 6C " Eg% 61 ) '__Tﬂgf_—‘
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mB and mC'are the masses of the nuclei B and C, respectively. &8s are the
binding energy of fragments and Ne is the number of fragments in X, that is,
the_humber of the clusters thép are treated as separate entities in unobserved
X, and E is the average excitation energy. We introduce another quantity Fo

in order to explicitly factor the mass term containing mC out.

(me-m.) |
2 _ 2"t Me | . (1)

0 mBZ

. . . 3 .
This result is derived™ from energy and momentum conservation as

follows: 1In B* rest system

* 2 =212 2 32.1/2
Mg =mg +E = (mC + PC) + (mX + PC) :
For ‘EC’ << mca mxa.
©2mam,,. ‘
22, TTCX ' :
fPC,— moamy (mB - me - my + E) . (2)

Defining a nucleon mass m in such a way that the projectile has no binding
energy, namely mg = NBm, where NB is the nucleon number in the nucleus

B. and denoting the nucleon number in the observed fragment C by Ne. we have

'mC = Ncm +’6C, where éc is the binding energy of the nucleus C. my

fragments into e pieces of nuclei whose nucleon numbers and momentum are
N; and P respectively (i = 1,2,...,nc): me = mNg + 61‘ The

energy-momentum conservation is
| c o 52
y '1.; my * &, Fy/amg - Posemy

Since 6is are less than 10 N; MeV, and F§/2mi (Sﬁg/me\ is
of the order of a few MeV, whereas mNi > 940 Ni MeV, we can séfe]y make

the following approximations:}
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(mNB - mNe + 8p) - 2=j (N, + 8.)

I"I
. 42
g (P2 S/2m.) + Po/2my + E

1

c
5'60‘1;61
Substituting these approximate forms into Eq. (2) and averaging over the
excitation energy, we obtain eq. (1).

The‘assumption that the majority of unseen fragmenﬁs in X have small
momentum like the nucleus C is quite reasonable as we are interested in the
region of the momentum fraction Xp = ;ﬁ'for fragment C. In other words, as
the observed nucleus C is a bunch of nucleons having momentum/nucleon approxi--
mately the same as B, others are 1ike1y to be the éamébin majority. For a
Targe enough nucleus B, the multiplicity e (the number of_fragmentS'produced

n

from B) will be large and the binding energy term in T = (E - 6 - 85)
=

tends to average out becoming 6C independent and henceforth Iy becomes a
constant. Thus the mass scaling result. This is indeed observed in the Ar40
fragmentation experiment7 shown»in Fig. 2. 1t is worth noticing here that the
mass factor in eq. (1) {mc(mB - mC)/mB] is nothing but the reduced mass of thé
two-body system of fragments C and X having the masses me and My = Mg - Me,
respectively. Note also that the nonrelativistic Schrodinger equation for a
two-body system gives a bound state solution that has Gaussian form in momentum
space with a width proportional to the product of the reduced mass and the

binding energy in the small momentum region. This result will come out explic-

itly in the composite hadron model generalized for the case of nucleus below.

—
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Genera]izing'theire]ativistic direct and hard collision models of
tomposite hadrons, Schmidt and B]ankenbeder5 formulated a model for nuclei-
nuclei interaction, which is applicable both to hadron productions as well as
heavy nuclear fragments production. Fof its simplicity the model works quite
well for pion and proton production5’7. We gxamine whether the model is
vapp]icab]e to the kinematica]vregion of interest. In their analysis, the
probability function for finding a constituent of type C in nucleus B. with a
momentum fraction Xp and transverse momenta PT’ GC/B(XD’PT) is derived
assuming various types of interactions among constituents. The probébi]ity
function found most 1ike1y to be occurring in nature is the one assuming a
nuc]eon—nuciebn interaction mediated by the exchange of mesons with monopole

_ form factors at each vertex. We omit the subscript D for Xp henceforth.

< N ()2(1 - x)9 x

G, n( X, k) =
OB 2 s P () 1M (x) + P20
| T 1 T
where M2(x) = (1 -‘x)mé + mi - x(1 - x)mg
M%(X) = M(x) + A%
g=6nc‘]

N(x) is a slowly varying function of x. G has a minimum at PT =0 and x = Xy

where M2 is a minimum. It is found

22 2
_ "™y Me
Xo = T Ty
.mB B

The last expression for x_ is obtained from energy-momentum conservation in

)
the nonrelativistic Timit for the peripheral interaction, namely eq. (3).
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For momenta small with respect to the masses, and in the rest frame of
' m P : :
the nucleus B, x = ﬁ§_+ o where_PC stands for the longitudinal momentum
B . "B
carried by fragment C. For small PC’ G becomes

2.4,2
) PC+PT
2 g 2
GC/B(PC’PT) N (xo)(1 - X ) Xo ©
where
e 249 (4)
M (xo) M](xo)

For a nucleus with large nucleon number, the number of fragments e is large
in general and accordingly g gets large, so the second term dominates the

fall-off in the momentum P; In that case

2 _ 2 melmg-me) 5 |
T —5[5(:T+ A (5)
Considering the fact that AZ should characterize the nucleus-nucleus
mam,
1nter?ction)and the nucleus vertex, it may be parametrized as A2 = 2d ; X
m.{m,-m : B
2d —E—aﬁ——g——where‘d is a constant of the nucleus B. Eg. (5) then becomes
5 :
2 2 . M(mg-mc)
or
2 _ 2 , ' .
FO = a (5(: + d)mB (6 )

which is an analogous form to the one derived from the kinematical model,
eq. (1). We get a similar expression for the case that the first factor (that
is the very term that comes out from nonrelativistic Schrodinger equation

mentioned before) in eq. (4) is not negligible:

4



of

Comhqring eq. (6) to eq. (1), we notice that they are identical in their
dependence on fragment masé; however the ways the multiplicity comes in them
are quite different.' In the kfnematica1 model, it comes in the form of
binding energy ?i: 61 ‘Whi1e the 6ther in the factor g. Both have é quantity
determined by t;;]beam nucleus B, in one as the excifatioh energy E, in the
other as d which parametrizes the nucleus B. The dependence on hu]tip]icity
is a future topic to be studied when the exclusive reaction experiment is
cdmpTetedg, However, it is worth pointing'oufragain that the Ar40
fragméntation'expe}iment6"data (Fig. 2) sﬁow that FO can be approximated
by the constant for medium-sized fragmenté, 94 i 5 Mev; This indicates two
possible choices for d: (i) d is independent of g‘and the number of clusters
e involved in the reaction may be a cbnstant for all médium-sized fragments
judging from eq.‘(ﬁ), or (i{) the quantity d may depend linearly on g, which
implies that Fd is independent of Ne- ' ‘ |

It has been known that not only the kinematical model and the composite

model discussed above but other mode]s]0

as well can derive the form of the
fragment mass dependence mC(mB—mC)/mB in eq. (1) for the.width of the
momentum distribution. This is not a strange coincidence. The following
threeAcondjtions give thjs mass factor, and accofding1y the mass scaling.
(1) The kinematical conditions, energy-momentum conservation (that should
hold in any theory, (2) the majority of fragmentation in heavy nuclei occur
near the broductién threshold, (3) the energy required for fragmentation
(binding energies) is small compared to the masses and the reaction involved

is peripheral. In the limit of zero binding energies, the momentum

distribution of various secondary C scales exactly as easily seen from the
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fact that Po is a constant of all the mass me- The appropziate ?ass scaling
m.(mg-m _
. . . , __C''BC
variable is the momentum in B rest system, K = ———;E———— PC and the
longitudinal momentum distribution in terms of K is exp { -K?/T3}where Ty is
a constent of the nucleus B but independent of the fragment masses as was

40 experiment.

observed in Ar
In conclusion, mass scaling is observed in inclusive heavy nuclei
production from large nuclei in the peripheral interaction region and the

mechanism causing this scaling is clarified.
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Figure Captions

Fig. 1.

- Fig. 2.

Fig. 3.

Schematical diagram for the B* formed from the beam nucleus B after
acquiring energy E upon collision and decays into fragments.
Values of Fo for the fragments in the mass range 16 to 37 from

40

A inclusive reaction taken from.Ref. 6

The basic direct interaction model diagram.
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Fig. 1

X } nc fragments
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‘Fig. 3 .

nc fragments
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