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A multisource ideal gas model is usedto give an uniform description
of the angular distributions of di erent kinds of target fragmens produced
in nucleus nucleus collisions at high energies. The theoretical results cal-
culated by the Monte Carlo method are qualitativ ely in agreemen with
the experimental angular distributions of target black, grey, and heavy
fragments produced in 8Kr-Emulsion (Em) collisions at 1.7 AGeV and
180-Em collisions at 3.7 and 60 AGeV.
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1. Intro duction

Target fragmertation is an important experimertal phenomenon in
nucleus nucleuscollisionsat intermediate and high energieq1 3]. It canpro-
vide information about the nuclear reaction medanism [4 6] and is highly
important for us. A few AGeV is a special energy at which the nuclear
limiting fragmertation [7 9] appliesinitially . To study nuclear reaction at a
few AGeV and above energyis of great importance.

Recerily, angular distributions of target fragmerts produced in silicon-
emulsion collisionsat 4.5 AGeV/ ¢ [10] and magnesium-emalsion collisionsat
4.5 AGeV/ c [11] were studied by us, and a multisource ideal gasmodel was
introduced. It was showvn that the model gave acceptable descriptions of
the angular distributions of target fragmerts in nucleus-enulsion collisions
at 45AGeV/c.
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The aim of the presen work is to perform an investigation of angular
distributions of target fragmerts producedin krypton-emulsion collisions at
1.7 AGeV and oxygen-emulsion collisions at 3.7 and 60 AGeV. Comparing
with our previous work [10,11], we notice that the concernedenergy range
is extendedto 1.7 60 AGeV and the incidert nucleusis extendedto 84Kr
and 180. We hope to seethe characteristics of angular distributions of target
fragmerts in 8Kr-Em and 180-Em collisionsat high energiesand to test the
multisource ideal gasmodel in the presen work.

2. The model

The model usedin the presern work is called the multisource ideal gas
model which can be found in our previous work [10,11]. To give a whole
presenation of the presert work, we introduce the model shortly in the
following. Let the beam direction be the oz axis and the reaction plane
be the yoz plane. Many emission sourcesof particles are assumedto be
formed in high-energy nucleus nucleus collisions. In the rest frame of the
emissionsourcei, asin the Maxwell's ideal gasmodel, we assumethat the
particles are emitted isotropically and the three componerts p?, pj, and p? of
particle momertum obey a Gaussiandistribution having the samestandard
deviation .

Considering the movemen of the emissionsourceand the interactions
between emissionsources,the particle momertum componerts py, py, and
p; in the nal statein the laboratory referenceframe are di erent from those
in the rest frame of the emissionsource. The simplest relations between py
and p¢, py and pd, and p, and p} are linear

Px = axpy + By = axpd+ by i; 1)

Py = ayp)+ By = ayp) + by i; 2
and

pr= a0+ B, =apl+b i; ®3)

where By, By, and B, are free parametersthat can be rewritten as by ,
by i,andb, i, respectively. ; isthe parameterthat characterizesthe width
of the momertum distribution in the sourcereferenceframe. ay, by, ay, b,
a,, and b, are free parameters.

It seemsthat the above formalism is in contraction with Lorentz trans-
formation. We would like to point out that onecould understandthe current
formalism becauseEgs. (1) (3) represeted the relations of mean momena
betweenthe casesof laboratory referenceframe and sourcerest frame. Let
R1, R2, R3, R4, Rs, and Rg denoterandom variablesdistributed in [0,1], we
have p
p0 = 2InR;cog2 Ry) i; (4)
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p

=" 2INRscos2 Ry) i; (5)
and s b
p; = 2InRscoq2 Rg) i; (6)

becausepy, py, and p? obey a Gaussiandistribution law.
The emissionangle of a target fragmert in the laboratory reference
frame is given by q

2 + p)zl
X

= arctan ——: (7
Pz

Considering Egs. (1) (6), we have
q

[a,~ 2NRicog2 Rp)+bJ2+[a, 2INRzcog2 Ra)+ b2

= arctan S
azr' 2InRsco92 Rg)+ b,

(8)
The theoretical results can be given by the Monte Carlo method and statis-
tics. For an isotropic emissionsource,i.e. in the caseof ax(ay;a;) = 1 and
b (by; b;) = O, we have the angular distribution to be

f()=3sin : (9)

There are relations betweenthe parametervaluesand the shapesof emis-
sion sources. In the momertum space,the emissionsourceshapesin x, vy,
and z directions can be described by ax and by, ay, and b, aswell asa, and
b,, respectively. ay > 1, a, = 1, and a, < 1 meanan extension,a constancy
(a Gaussiandistribution), and a compressionof the emissionsourcein the
x direction, respectively. The meaningsof a, and a, are similar to that of
ay. Becausewe concernonly the relative valuesof ay, ay, and a,, the values
of ay, ay, and a, can be limited to be greater than or equalto 1. Then,
ax(ay;az) > 1and ax(ay;a;) = 1 meanan extensionand a constancyof the
emissionsourcein the x(y; z) direction, respectively. The parameterby > O,
= 0, and < 0 meanthat the certer of emissionsourcehasa movemeri along
the positive x direction, is in a static state, and has a movemert along the
negative x direction, respectively. The meaningsof by, and b, are similar to
that of by.
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3. Comparison with experimen tal results

Fig. 1 presernts the angular distributions of target fragmerts producedin
84Kr-Em collisionsat 1.7 AGeV. Figs. 1(a), 1(b), and 1(c) correspond to the
results of black, grey, and heavy fragmerts, respectively. The histograms
are the experimertal results of Ref. [12], and the curvesare our calculated
results which will be discussedater on. Fig. 2 is similar to Fig. 1, but it is
for 260-Em collisionsat 3.7 AGeV. The experimertal results are taken from
Ref. [13]. Figure 3 is similar to Fig. 1, too, but it is for **0-Em collisions at
60 AGeV. The experimertal results are taken from Ref. [14]. From Figs. 1,
2 and 3 onecan seethat the results correspnding to black, grey, and heavy
fragmerts are similar, respectively for three di erent kinds of collisions. But
the results corresponding to black, grey, and heavy fragmerts are di erent
from ead other.
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Fig. 1. Angular distributions of target black (a), grey (b), and heavy (c) fragmerts
producedin 84Kr-Em collisionsat 1.7 AGeV. The histograms are the experimental
results of Ref. [12]. The curvesare our calculated results.

To investigate the dependenceof angular distributions of target frag-
merts on the multiplicit y of target fragments (N h), Figs. 4 and 5 shaw the
angular distributions of target fragmerts producedin 60 AGeV 0-Em col-
lisions with Nh < 8 and Nh 8, respectively. The histograms are the
experimental results of Ref. [14], and the curvesare our calculated results.
We notice that there is no obvious di erence betweenthe two subsamples.
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Fig. 2. Angular distributions of target black (a), grey (b), and heavy (c) fragments
producedin *¥0O-Em collisions at 3.7 AGeV. The histograms are the experimental

results of Ref. [13]. The curvesare our calculated results.
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Fig. 3. Angular distributions of target black (a), grey (b), and heavy (c) fragmerts
produced in 1¥0O-Em collisions at 60 AGeV. The histograms are the experimertal

results of Ref. [14]. The curvesare our calculated results.
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Fig. 4. Angular distributions of target black (a), grey (b), and heavy (c) fragmerts
producedin *O-Em collisionswith Nh < 8 at 60 AGeV. The histograms are the
experimental results of Ref. [14]. The curvesare our calculated results.
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Fig. 5. Angular distributions of target black (a), grey (b), and heavy (c) fragmerts
producedin 60O-Em collisionswith Nh 8 at 60 AGeV. The histograms are the
experimental results of Ref. [14]. The curvesare our calculated results.
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In Figs. 4 and 5, a comparisonof distributions is made for subsamplesof
events with Nh < 8and Nh 8. The emulsion is a composite target. The
interactions in emulsion can be separatedinto samplesof events with hydro-
gen,light (C,N,O) and heavy (Ag,Br) target nuclei. Accordingto Ref. [15],
this separation is accomplishedusing two slightly di erent methods. One
is basedon the correlation between the number, N , of charged particles
produced and the number N b of black fragmerts from target nuclei; the
other on the number N h of target fragmerts and the cut imposedon N .
We would like to point out that the meaning of target fragmerts usedhere
is the black fragmerts plus recoil protons. In Figs. 4 and 5, the experi-
mertal data do not shav the dependenceof angular distributions of target
fragmerts on the target size,but the multiplicit y of target fragmerts. If we
regard approximately the everts with Nh < 8 and Nh 8 asinteractions
on HCNO and AgBr, respectively, this incomplete separation procedure
is only acceptablefor testing the model considered.

In Figs. 15, our calculated results are given by curves. The thin dotted
curvesin the gures arethe result of an isotropic emission. The experimenrtal
data do not show an isotropic emission. The solid curvesare our calculated
results by a set of parameter valuesgiven in the left panel of Table I. The
dashed curves are our calculated results by another set of parameter val-
ues given in the right panel of Table I. The two sets of parameter values
are obtained by tting the experimertal data and the 2-testing is usedin

TABLE |

Parameter valuesfor solid (left panel) and dashed(right panel) curvesin Figs. 1 5.
The valuesof a.y ;; and b,y ., for a static sourceare 1 and 0, respectively.

Figs. ax a a b b b ax ay a; by by b,
1(a) 120120 1 0 O0 035| 1 1 1 0.65 0.65 0.35
1(b) 105105105 0 0 120 1 1 1 O 0 1.15
1(c) 1.05 105105 0 0 072 1 1 1 O 0 0.68
2(a) 128128 1 0 0 015 1 1 1 0.75 0.75 0.15
2(b) 120120 1 0 O 070| 1 1 1 0.65 0.65 0.70
2(c) 118 118 1 0 0 043 | 1 1 1 0.62 0.62 0.43
3(a) 110 110 12 0 0 010 1 1 1 0.45 0.45 0.10
3(b) 1.05 105105 0 0 080| 1 1 1 O 0 0.72
3(c) 1.05 105105 0 0 03| 1 1 1 O 0 0.33
4(a) 1.0 110 1 O O 015| 1 1 1 0.45 0.45 0.15
4(b) 1.05 105105 0 0 098| 1 1 1 O 0 0.93
4(c) 105105105 0 0 040| 1 1 1 O 0 0.38
5(a) 110 110 1 0 O 008 | 1 1 1 0.45 0.45 0.08
5(b) 1.05 105105 0 0 075 1 1 1 O 0 0.70
5(c) 1.05 105105 0 0 034| 1 1 1 O 0 031
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the calculation. We seethat di erent setsof parameter values give almost
the sameresults. The parameter valuesin the left panel of Table I render
that the emissionsourceshave extensionsand movemerts in the momertum
space,while the parameter valuesin the right panel of Table | render that
the emission sourceshave only movemeris. From spaceangular distribu-
tion, we cannot test which one of the two setsof parameter valuesis better.
Azimuthal distribution is neededto give a combined testing in future.

For a comparison,the solid curvesin Figs. 3(a), 3(b), and 3(c) are showvn
in Figs. 4(a), 4(b), and 4(c), aswell asin Figs. 5(a), 5(b), and 5(c), by the
thick dotted curves, respectively. An obvious di erence is obsened between
the solid (dashed)curvesand the thick dotted curvesin angular distribution
of grey fragmerts producedin *0-Em collisionswith Nh < 8 at 60 AGeV.
There is no obvious di erence between the solid (dashed) curves and the
thick dotted curvesin angular distribution of grey fragmerts produced in
10-Em collisionswith Nh 8 at the sameincident energy For black and
heary fragmerts, there is no obvious di erence between the two types of
curvesfor the two kinds of collisions. This meansthat the grey fragmerts
in 180-Em collisionswith Nh < 8 has lesscortribution for the nal state
target fragmerts.

4. Discussions and conclusions

The spaceangular distributions of black, grey, and heavy fragmerts pro-
ducedin krypton-emulsion collisionsat 1.7 AGeV and oxygen-enulsion colli-
sionsat 3.7 and 60 AGeV have beenanalyzeduniformly by the multisource
ideal gas model. An obvious di erence between the angular distributions
of black and grey fragmerts are obsened. This rendersthat the black and
grey fragmerts have di erent emissionmecanisms. The black fragmerts are
evaporated from the target spectator, and the grey fragmerts are produced
in the target participant and spectator by the cascadecollision processes,
wherethe target participant and spectator are conceptsin the participant
spectator model [16]. For black, grey, or heavy fragmerts, the angular distri-
bution doesnot depend obviously on the projectile sizeand incidernt energy
Target limiting fragmertation is obsered in the concernedenergyrange.

The angular distribution of target black fragmerts does not shav an
obvious di erence for light and heavy target at 60 AGeV. This rendersthat
the target black fragmerts do not remenber their emissionsources. For
the angular distribution, the production of target black fragmernts does not
depend on the multiplicit y of target fragmerts, and the connection between
the spectator and participant is very weak. The production of target grey
fragmerts depends on the multiplicit y of target fragmerts. Heavy target
cortributes to more fragmerts with large angles.
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We have chosenthe multisource ideal gas model to analyze the exper-
imental data due to that the target black fragmerts are nucleonsor light
nuclei evaporated from the excited target spectator. Maybe, a liquid-gas
phasetransition happenedin the excited target spectator. We have assumed
the excited target spectator to be an ideal gasof nucleonsand light nuclei.
Target grey fragmerts are mostly recoil protons from the target participant
and spectator. Except for the target spectator, the target participant are
assumedto be an ideal gasof nucleons. Di erent kinds of target fragmerts
have dierent production medanisms. The presen work shows that the
multisource ideal gasmodel (Eq. (8)) describes uniformly the angular dis-
tributions of target black, grey, and heary fragmerts.

Although a lot of models have beenintroduced to describe the parti-
cle production in nucleus nucleus collisions at high energies,most of them
do not concernthe production of target fragmerts. The multisource ideal
gas model is successfuin the description of angular distributions of target
fragmerts produced in nucleus nucleus collisions at high energies[10,11].
Our previous work shown that the distributions of multiplicit y, transverse
energy[17], transversemomertum [18], and ow [19] of produced particles,
aswell asthe target fragmert ow [20] can be also described by the model.

Comparison with a ball, an extension of the emission source in both
the transverseand longitudinal directions in momertum spacehas beenob-
sened. The parameter valuesdescribe the shape of the emissionsource. If
we assumethat the emissionsourceis a ball in momertum spacein the lab-
oratory referenceframe, then ay > 1 and ax = 1 mean an extensionand a
constancy(a Gaussiandistribution) of the emissionsourcein the x direction,
respectively, and by > 0, by = 0, and by < 0 meanthat the certer of the
emissionsourcehas a movemert along the positive x direction, is in a static
state, and hasa movemen along the negative x direction, respectively. The
meaningsof ay and a, are similar to that of ax, and the meaningsof b, and
b, are similar to that of by.
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