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ABSTRACT 

8 

The very high energy (5 GeV to 20 TeV) hadron-nucleus differential partick 
production model found in the Monte Carlo transport code FEUKA87 has been 
adapted for inclusion in the transport code BETC88. The empirical selection of 
intranuclear cascade nucleons has been modified. to provide simple correlations with 
the randomly selected number of hadron-nucleon collisions. A standard m ~ t h o d  
of calculating the excitation energy of the compound nucleus precedinw an added 9 
evaporation step by assuming the particles are produced in a one-drmcnsional 
nuclear well is applied. This method, coupled with the above correlations, leads t o  
improved correlations of the excitation energy with the A and Z of the compound 
nucleus, and then to greatly improved distributions of the residual nuclei following 
evaporation, The frequency distributions of low energy ( p  < .7) charged particlcs 
show good agreement with experiment for 200 GeV protons incidcnt on errmlsions. 
Avcrage multiplicities of shower and grey particles after evaporation for protons 
and pions incident on several elements are also compared with experiment;. 
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energy spectra and direction cosines of the selected nucleons inside the nuclear well 
are still taken to be those given by Hanft. The details of the nuclear well modcl are 
given in Section 2,2, 

Calculated average niultiplicities for 50 and 150 GeV protons colliding with 
several nuclei are compared with the cxperirnental data of Faessler" in Section 3.1. 
Also, the frequency distributions of grey and black particles resulting from 200 GeV 
protons and pions in emulsions are compared with the data of Babecki and P J ~ w a k . ~  
In Section 3.2., the mass yield distributions for 29 GeV proton-silver collisions are 
compared with the data of Katcoff et al.," and the mass yield distributions for 300 
GeV proton-silver collisions are cornpared with the data of Porile et a1.12 

In Scction 3.3., the rapidity distribution for 200 GeV proton-argon collisions is 
compared with the data of DeMarzo et al.13 
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Figure 1. Frequency distribution of hadron-hadron collisions in 200 G e V  proton- 
emulsion collisions. 
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calculated from them and taken in the direction of the incoming projectile. For 
this projectile, E,  and Po are the incoining initial energy and momentum; E, is 
inicremented by AEo,well if it is not a meson, with AEo,well equal to the nuclear 
well depth for the incoming particle. Also, a AFo+,,ll can be calculated to satisfy 
kinematics. 'I'he number of cascade nucle~ns is N,,  with m,, E: and pi the mass, 
total energy, and momentixm of a cascade xincleon. (Only the kinetic energies of 
the cascade nucleons are subtracted from the initial energy, so their mass energies 
must be assumed initially present. Errors exist in the inomenturn conservation 
at this stage, partly because the cascade nucleons are chosen isotropically, but 
mainly because they are chosen first,, i.e., if their momentum is subtracted from 

Po + A P o , w e l l ,  the result is not Pntt,- of Eg. (4). 
The Fermi total energies and rnornenta of the target nucleons in Ranft's collision 

well are assumed initially present, so are added to E,,, and Pnuc and then expended 
in high energy secondary particle production. Here, KEF,~ ,  m k ,  and P F , ~  are the 
Fermi kinetic energy, mass, and niornenturn of a target nucleon. 

4 

--+ + -+ 

+ 

+ 

k= 1 S 

-t 

The energy and momentum of the Nl high energy particles are E:,coll and F'~,coll. 
The errors in energy and momentum conservation, E,,, and Per,, are not zero at 
this stage for several reasons, including the ixse of single precision in H E X ,  and 
some systematic errors. Some, but not all, of the systematic errors in FLIJKAS2 
were eliminated in E'LUKA87; a few more that were c~rrected in HETC82 were 
again corrected in EIETC88. 

'The error E,,, was first computed from E¶. ( 5 )  and then removed by dividing 
it equally among the kinetic energies of the high energy secondaries. The momenta 
are then recomputed, keeping directions unchanged. (Of course, overall momenturn 
coriservation using the cascade particles still fails by as much as several GeV.) This 
procedure is followed because the excitation plus kinetic energies of the compound 
nuclei before evaporakion arc calculated using energy conservation and need to be 
correct to within at least 20 MeV. Some tables of errors in energy and momentum 
conservation before this renormalization are given in Ref. 15. 

Conscrvttion of charge, baryon number, and strangeness is carried out in the 
high-energy hadron-hadron collision model, BADEVT. Using the fact that the sea 
collisions are initiated by mesons with zero charge, baryon number, and strangeness, 
sirni1a.r conservation laws can be written for all the secondaries produced before the 
ciitofF well is applied. Thus, Arbar is the total baryon number for all secondaries, 
including intranuclear cascade particles, 

4 
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where I,,ar,o is the baryon number of the incident particle and Ibur, the same for 
secondary particle, s. Of course, I h r  = 0 for mesons, -4-1 for baryons, and -1 for 
ant ibaryons . 

It is clear that N ,  is now correlated with the number of high-energy collisions, 
Ncoll, because the total kinetic energy expended in creating the cascade nuclmns 
was correlated with Ncolr. Then, the total number of all secondaries inside the well, 
N i  + N,, is correlated with Ncorr, and so is Nbar. 

In the absence of a well, the compound nucleus, atomic mass number, A, 
and 2, charge number, are calculated at this point by baryon number and charge 
conservation, 

A c  = AT -+ I b w ,  - Nbar; 

where 

s= 1 c= 1 k=I 

and 2, is the charge of secondary s, 2, the charge of incident projectile, Z, the 
charge of a cascade particle, and Z k  the charge of a target nucleon. The difference 
AT - A c  is now correlated with the number of high-emrgy collisions. 

2.2 THE NUCLEAR WELLS AND COMPOUN 
ENERGIES 

The idea of nuclear wells has been implemented in the Monte Carlo intranuclear 
cascade code, BERT,16 which is a part of HETC for nucleons with kinetic energies 
less than 3.5 GeV and for pions with kinetic energies less than 2.5 GeV. A nuclear 
well was used by l?anftI7 when Fermi kinetic energies (different for neutrons and 
protons) were assumed present initially for the target nucleons in the high energy 
collisions. However, Ranft did not use cutoff wells or Coulomb barriers to be applied 
to particles escaping the nucleus. This is partially because of the philosophy that 
high energy particles may exist as  part of jets or coniplex fragments inside the 
nucleus and actually not be formed until after a certain delay time has elapsed, 
e.g., until they are outside the nucleus. On the other harid, the delay time is short 
enough for lower energy particles so that they arc formed inside the nucleus and do 
collide again, providing tlic intranuclear cascade nurleons e These supposedly are 
formed inside the well, and give up energy upon escaping to the compoiind nucleus, 
which then exists in an excited state. 

The purpose of the cutoff wells is just this: to provide variable eorrelatpd nuclear 
excitation energies that will lead to correct mass number distributions, and to reduce 
the multiplicity of escaping low energy nucleons, because they will be replaced by 
evaporation par ticks. 

In order to have approximate energy conservation for the potentials, it was 
decided to assume potential energies corresponding to the left side of Eq. (6) art' 
present initially and to make the secondary potential energies zero for mesons and 
for antibaryon pairs, insofar as it is possible to identify these. Of coursc, in a self- 
consistent model, the remaining potential energies slioiild be computed from the 
maximum Fermi energies used by Rsnft for the 2Vcol[ collisions. This was not done 
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because these collision Fermi wells were found to he too deep to provide correct 
excitation energies and multiplicities. Changing them would reduce the energy 
available for the high energy collisions and the multiplicity results for these a d  was 
not done. 

The energies, E,, of the secondary particles escaping the well (these now 
inchide intranuclear cascade particles) are decreased by an amount V, equal to 
thP appropriate cutoff well depth calculated from a degenerate Fermi gas. That is 

v, = 0.0 ; mesons 

: KEp,,az,p + B E  ; charged baryons and antibaryons 

I i E F r n u z , n  f BE ; neutral haryons and antibaryons (8) 

= 0.0 

XIE = 7.0 MeV 

; baryon - antibaryon pairs 

with A E o , t ~ e ~ ~  = V, for the incident particle in Eq. (4) and B E  is an average binding 
energy. 

The nuclear radius, T ,  in the Fermi gas calciilation is given in Fermi's by 

Then, the maximum Fermi momenta axe Pp,maz (in MeV/c) 

Pp,,,, = An * [ Z T / A T ] ' / ~  ; protons 

; neutrons = ibn * [ ( A ~  - zr) / A ~ ] ~ / ~  

An = 291.3 for T,, = 1.3, 

= 400.0 for Fbnft well. 

The maximum Fermi kinetic energies are given by the usual relation: 

ill1 escaping positively charged particles are also required to have a kinetic energy 
exctedirig the well depth V, phis a Coulomb barrier given by 

Coulmb = 1.4412 ~ $ ' ~ / r  MeV. (12) 

The total energy En of the residual coiripouxiti nucleus before evaporation is 
giveii by energy conservation 



where ha, and N R  are the mass of the target nucleus and thc residual corriparind 
nucleus; N,,, is the plll~lpbcr of escaping secondaries; eT, and KEtf are the excitatirxa 
and kinetic energies of the compound nucleus. Siibtracting 1; 

(14) 

where N, is the number of secondaries (including xnesoms) retaikincd in the IYW~CIIS; 

is the total energy elf the retained particles. 
It is possible to define an average binding energy in a history, 

analysis of the energy conservation in the modified EVENT 
number of emitted baryons, omitting baryon pairs, 

1 Lca; fVbaZry i )P the 

(1 5> 

L c= 1 r= 1 

The masses M R  and Ad+ arc computed using Wapstra" mass tables; rn, is the 
mass of a retained particle; Nb is the number of retained barymis cdr antibaryons. 
Nparr is the number of emitted pairs; a pair is assunied (somewhat incorrectly) to 
be emitted every time an antibaryon is emitted, exccpt for the case of an incidcnt 
antibaryon. 

The average value of Benu generally ranges from 1-12 MeV depending upon the; 
values of E and AT, but Beau itself shows vcry wide variations. Nevertheless, i t  
is clear that both 2\jbnry and Beau are correlated with Ncorr, since Nc and fVb hoth 

Using energy conservation inside the well, with Eqs. 4, 5, 7, 8, gives an alternate 
expression for the sum of excitation and kinetic energies of thc r~sidiial compound 

are. 

nLlcleus, 
U R  + I ~ E R  = TV t E,, 

When the cutoff well is omitted, 
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Mere TV + E,,, = 0 when the well is used; K E p , k  is the Fermi kinetic energy 
selected from the Ranft collision well for the target nucleon k; axid K E r  is the 
kinetic energy of the r’th particle (excluding mesons) that is retained inside the 
xiucleus because it does not have exiougli energy to escape from the well and the 
Coulomb harrier. Nmes is the number of retained positively charged mesons and 
E ,  the total energy of the retained meson. 

Care must be taken to keep b r ~  + K E R  positive since the cutoff wells in Vs and 
collision wells in Fermi K E  are not the same. The relatively deep collision well in 
the original EVENTQ caiises the K E F , ~  terms to be large, thus augmenting the 
shower multiplicities, but use of the deep well for cutoff reduces the grey particle 
multiplicity significantly. The partition of U R  and KER is accomplished by using 
momentum conservation for the compound nucleus, even though momentum is not 
conserved inside the well. 

The momentum P, of the escaping secondaries is computed from the energy E, and 
taken to have the same direction cosines as inside the well. Here, M;”, is a defined 
excited mass of the compound nucleus given by the kinematic relation between ER 
and PpzI and the kinetic encrgy K E K  is the difference between EH and 111;; the 
excitation energy UR is the difference between excited mass and rest mass of the 
conipound nucleus. 

‘The A and Z of the cornpound nucleus are now: 

N S e C  N R  

- 4 ~  = AT + Ibar, - E Ibar,  = A c  - Ibar,, 

Since many cascade micleons are retained in the well, thcse distributions are 

Evaporation calculations were carried out using a previously developed 
more nearly peaked near AT and ZT than are those of Eq. (7). 

evaporation model.lg The A and 2 of the final residual nucleus are now 

where Nevap is the number of evaporation nucleons, with each nucleoli in the light 
ions emitted being counted in Nevap;  Zevnp  is the total charge of the evaporation 
products. 



3. 1s 

3.1 

111 Fig. 2 the calculated average multiplicities are compared with mr:asured 
raidtiplicities taken from Facssler" of shower ( p  > .7) and grey (25 < ,O 5 .7) 
particles. They are shown as functions of atomic mass number for 154)- and 50- 
GeV/c incident protons. In Fig. 3 similar results are shown for 150- and tiO-Gc.V/c 
incident T+. Shower particles are given by the upper solid lines in these figures that, 
are drawn through the experimental points to aid in interpreting the results. The 
error bars on the measured data in Figs. 2 and 3 are of tlie ordcr of the size of the 
plotted points and the statistical errors on the calculated values are of the order of 
the size o€ the plotted points. 

The high-energy cross section model in FLUKA87 includes diffractive 
collisions,20 which occur raridomly 30% of the time, €or both valence and sea 
collisions. This diffractive effect has improved the agreement with experiment, for 
shower particles produced by incident T* to some extent, as compared with previms 
results of Ranft and Ritter"' and of Alsmiller et aL8 for the EVENTQ82 program. 

It has been well established for some time that the cxpcrirnentally determined 
multiplicity of grey cliarged particles is independent of incident cncrgy at the higher 
incident energies.'* This fact is shown by the experimental data in Figs. 2 and 3 
and is also reproduced very well by the new correlated calculational xnodcl ovw the 
entire range of energies anid atomic mass number considercd. 

In Fig. 4 and Fig. 5 the calculated frequency distribution of grey and black 
charged particles after evaporation resulting from 200-GeV protons in r-nuclcrar 
emulsion are compared with the experimental data of Babccki and N o ~ a k . . ~  S i r d m  
comparisons are given in Figs. 6 and 7 for 208 @e"\/ I~icidezlcu positively ctargcd 
pions. The calculation uscd the compositiori of dry I l f~ rd  G5 ~xnulsions"~ giverl in 
Table 1. In the figure, the calculated and experimental a d  tiplicities ot)tJainc;sd from 
distributions are also given. 

Table P 
Emulsion Composition 

EBt?tWIIt 
Silver 

Bromine 
Iodine 
Carbon 

Oxygen 
Sulfur 

Nitrogen 

Hydroge11 

wt. in g/s rd  
2.025 
1.496 
0.026 
0.30 

0 * 049 
0.20 
0.01 1 
0.073 

11 
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Figure 2. Average shower (v/c 2 .7) and grey (.25 < v/c 5 .7) charged particle 
multiplicities for 150 GeV/c and 50 GeV/c prston-silver collisions vs, atomic mass 
numb ex-. 
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Figure 3. Average shower (v/c > .7) and grey (.25 < v/c .( .7) charged particle 
multiplicities for 150 GeV/c and 50 GeV/c pion+-silver collisions vs. atomic mass 
number. 
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for 200 GeV protons in emulsions. 
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For both incident protons and positively charged pions, the calculated and 
experimental distributions of grey charged particles agree very well. Thus, the 
inodel gives not only a reliable estimate of the average number of grey particles 
produced, but also reliably gives the fluctuations about the average. The good 
agreement is due to the correlations introduced, as shown by the similarity between 
Fig. 1 and Fig. 4. 

The agreement between calculated and experimental data for black particles is 
generally close, but not as ppod as for grey particles. The calculated distributions 
are lower than the experimental data in the multiplicity range v = 2-5 and are 
higher for v > 16. Consequently, the calculated averages exceed the experimental 
by one or two particles. This is not surprising since most of the black tracks are due 
to evaporation particles of energy less than a few MeV. The calculations include a 
small percentage of deuterons, tritons, 3He, and alphas. 

3.2 RESIDUAL NUCLEI MASS YIELD DISTRIBLJTIQNS 
In Fig. 8 the measured partial cross sections for producing various residual 

nuclei are shown versus atomic mass nuniber for 29 GeV proton-silver collisions." 
Also shown in Fig. The total cross 
section of 1172 mb used in the calculation i s  approximately equal to the value 
obtained experimentally by summing the partial cross sections for the production 
of all nuclei. In the figure, the error bars on the calculated results are statistical 
only and represent one standard deviation. Error bars are shown for only a few of 
the histogram valiies to avoid overcomplicating the figure. 'The calciilated error bars 
where not shown are of the same order of magnitude as those shown. The agreement 
between the calculated and experimental data in Fig. 8 is quite good. In particular, 
the. calculated rcsiilts reproduce reasonably well the pcak in the distribution at mass 
number near the target mass niirber. In Fig. 9 the measuredl2 and calculated 
resiilts are shown for 300 GeV proton-silver collisions. The total cross section was 
1180 mb. The agreement is riot as good at 300 GeV as at 29 GeV, hiit is still quite 
reasonable. 

8 are the calculated partial cross sections. 

3.3 RAPlUITY 

The rapidity of a secondary particle in the laboratory system is 

where E is the total energy and Pll the momentum component parallel to incoming 
projectile direction. In Fig. 10 the charged particle rapidity calciilations for 200 
GeV/c proton-argon collisions are compared with the data of DeMarzo et al.13 
The peaks at thc left do not include all of the evaporation or any black particle, 
contributions. Specifically, protons or heavy particles with momentum less than 
200 MeV/c and mesons with momentum less than 35 MeV/c are omitted. The 
calciilatPd histogram has a multiplicity of 13.6 particles, whereas the measured 
multiplicity is 15.0 particles. This difference reflects a difference in calculated and 
rneasured sliower particle multiplicities of as much as 20% as shown also in Fig. 2. 
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4. SUMMARY 

The modifications introduced into the high-energy (5 GeV to 20 TeV) ha-dron- 
nucleus differential particle production model found in the Monte Carlo transport 
code FLUKA87, have been described and comparisons of calculated results obtained 
with the revised model and experimental data have presented. The modifications 
are primarily associated with the intranuclear cascade component of the hadron- 
nucleus collisions and are for the purpose of improving the agreement between 
the low energy (<400 MeV) produced particles and experimental data. With 
the revised model the frequency distributions of low energy ( p  < 0.7) charged 
particles as well as the multiplicities from hadron-nucleus collisions have been 
brought, into better agreement with experimental data. Also, the distribution 
of residual nuclei from high-energy hadron-nucleus collisions are in much better 
agreement with experimental data. It should be noted that before the revisions 
were made the calculated residual nuclei distributions were in serious disagreement, 
with experimental data.8 
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APPENDIX A 

The expressions for the average total kinetic energy, expended on intranuclear 
cascade nucleons) are taken from the functions called by subroutine EVENTQ in 
the transport code FLUKA87 (see also Ref. 23). If AT is the target nucleus atomic 
number and E the projectile kinetic energy, 

where, for E 2 10 GeV, 

fr\r = 0.1104 

= 0.190 

protons, 

neutrons. 

For E < 10 GeV, and IT = 1 or 2, 

f N  = 0.5 + A(IT)[I.O f ( IOgl ,  Ej2]D(IT)  

A(1) = 1.0; D(1) = 0.14 

A(2) = 1.3;0(2) = 0.19 

protons, 

neutrons , 
f~ = f,y( 1.0 - 0.001,4~), 

where, for E > 10 GeV, 

f E  = -21 protons , 
= .20 neu trans, 

and, for E 5 10 GeV, 

f,y = 0.11 + 0.01E 

= 0.10 + 0.01E 

protons, 

neutrons . 

The kinetic energies are sanmpled from 

where R is a random number between 0.0 and 1.0. 
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APPENDIX B 

The fractions used in Eq. (2) to multiply the average total kinetic energy given 
to intranuclear cascade nucleons are given in Table B.l  for incoming baryons and 
in Table B.2 for incoming inesoIis. 

Table B. l  
The fraction multiplying Eco,  the average total kinetic energy 

given to intranuclear cascade nucleons for incoming baryons 
on target nucleus AT 

AT 
1-1 2 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

If 108 .< AT 206, 

If 207 5 AT 5 250, 

Fract 

0.25 
0.26 
0.28 
0.29 
0.30 
0.315 
0.33 
0.34 
0.35 
0.36 
0.38 
0.39 
0.40 
0.41 
0.42 
0.43 
0.44 
0.46 
0.47 
0.48 
0.49 
0.50 
0.51 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 

AT 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
41 
72 
73 
74 
75 

Fract 

0.61 
0.62 
0.63 
0.635 
0.64 
0.65 
0.66 
0.67 
0.675 
0.68 
0.69 
0.70 
0.71 
0.715 
0.72 
0.725 
0.73 
0.735 
0.74 
0.75 
0.755 
0.76 
0.767 
0.77 
0.77 
0.775 
0.78 
0.783 
0.786 
0.79 
0.795 
0.80 

A7' 

76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 

Fructaaryon = 0.739 + 1.26 x loe3 - AT. 

Fractaaryon = 1.0. 

Fract 

0.805 
0.810 
0.812 
0.815 
0.82 
0.822 
0.824 
0.825 
0.825 
0.83 
0.832 
0.834 
0.836 
0.838 
0.840 
0.843 
0.836 
0.849 
0.852 
0.855 
0.856 
0.857 
0.858 
0.859 
0.86 
0.862 
0.864 
0.866 
0.868 
0.870 
0.872 
0.874 
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The fractions for incoming mesons are given in Table 8.2. 

AT 

1-12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

If 64 5 AT 5 250, 

Table B.2 
Incoming Mesons 

Fract AT Fract AT 

0.25 
0.262 
0.274 
0.285 
0.295 
0.305 
0.315 
0.327 
0.34 
0.345 
0.35 
0.36 
0.37 
0.38 
0.385 
0.39 
0.398 
0.406 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

0.415 
0.420 
0.425 
0.430 
0.435 
0.44 
0.446 
0.452 
0.455 
0.464 
0.47 
0.474 
0.478 
0.482 
0.486 
0.49 
0.495 
0.50 

48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 

Fractmeson = 0.75 Fructbaryon. 

Fract 

0.505 
0.510 
0.515 
0.519 
0.523 
0.526 
0.520 
0.533 
0.537 
0.54 
0.543 
0.547 
0.55 
0.555 
0.559 
0.5625 



Table 6.1 gives the frequency of errors in total energy consermtion in the lab 
system inside the cutoff well for 200 GeV/c p-Argon collisions. The total number 
of histories was 2500. All collisions for which the crror in conservation for any 
four-momentum coniponent was greater than two percent in the target nucleon 
rest system were rejected and recalculated, so are missing from this table. The 
total nuiiibcr of such rejections was 35, or 1.4%. The errors shown in the table 
can possibly be explained as due to the use of single precision. Small errors in 
the rest systems of decaying resonances arc: greatly augmented by the Lorentz 
transformations at high energies. 

Tables 6.2 and 6 .3  give the frequency of errors in momenturn conservation. 
The errors are much larger because the selection process for intranuclear cascade 
nucleons does not conserve momentum. 

Table C.1 

Frequency of Errors in Total Energy Conservation 
200 GeV/c p-Argon Collisions 

Error 
(MeV) 

5.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 

100.0 
200.0 
250.0 

Frequency 

1,278 
70 
48 
48 
38 
37 
30 
28 
20 
16 
15 
11 
9 
7 
5 
25 
17 
0 

Error 
(MeV) 

-5.0 
-10.0 
-15.0 
-20.0 
-25.0 
-30.0 
-35.0 
-40.0 
-45.0 
-50.0 
-55.0 
-60.0 
-65.0 
-70.0 
-75.0 

-100.0 
-200.0 
-250.0 

Frequency 

359 
80 
58 
41 
28 
24 
25 
20 
20 
17 
14 
15 
12 
12 
7 
14 
31 
2 
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Table C.2 

Frequency of Errors in Longitudinal Momentum Conservation 
200 GeV/c p-Argon Collisions 

Error 
(MeV/c) 

100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
3000 

Frequency 

151 
131 
139 
146 
118 
121 
120 
102 
85 
65 
64 
57 
42 
39 
32 
18 
16 
10 
13 
7 
12 
8 

20 

Error 
( M e w )  

-100 
-200 
-300 
-400 
-500 
-600 
-700 
-800 
-900 
-1000 
-1100 
-1200 
-1300 
-1400 
- 1500 
-1600 
- 1700 
-1800 
-1900 
-2000 
-2100 
-2200 
-3000 

Frequency 

150 
119 
112 
115 
90 
82 
73 
55 
37 
40 
31 
27 
15 
14 
7 
5 
2 
3 
1 
2 
0 
2 
0 
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Table C.3 

Frequency of Errors in Transverse Momentum Component Conservation 
200 GeV/e p-Argon Collisions 

100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

155 
168 
146 
134 
127 
116 
79 
72 
56 
55 
38 
28 
20 
22 
13 
8 
8 
5 
3 
3 

-100 
-200 
-300 
-400 
-500 
-600 
-700 
-800 
-900 

-1000 
-1100 
-1200 
-1300 
-1400 
-1500 
-1600 
- 1700 
-1800 
-1900 
-2000 

142 
144 
146 
163 
113 
100 
101 
81 
60 
43 
47 
25 
27 
20 
8 
5 
7 
5 
5 
4 
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