





1. INTRODUCTION

Calculations have been made to determine the long-lived induced activ-
ity in the soil surrounding a target tunnel when 500-GeV protons are in-
cident on a thick Be target in the tunnel. In a previous paperl), similar
calculations were performed, but because of the lack of particle-production
data from nucleon- and pion-nucleus collisions and nucleon- and pion-nucleon
collisions above 3 GeV, many simplifying assumptions had to be made and the
results obtained were considered to be very approximate. Since then, methods
for obtaining these particle-production data above 3 GeV have been developed
by utilizing two appropriate scaling models?) to account for the high-energy
collisions. These models are extrapolation procedures which relate the
differential cross sections for nucleons and pions from nucleon- and pion-
nucleus collisions (Model 1) and nucleon- and pion-nucleon collisions
(Model 2) at energies > 3 GeV to the differential cross sections for nucleon
and pion production from similar 3-GeV collisions. The incorporation of the
scaling models into the calculations has made it possible to eliminate essen-
tially all of the approximations used in the previous workl).

The target tunnel geometry and the methods of calculation are described
in Sec. 2. The results are presented and discussed in Sec. 3.
2. CALCULATIONAL DETAILS

The target tunnel geometry, along with the materials considered in the
calculation, are shown in Fig. 1. Cylindricél coordinates defined by p,z
were used with the Be target located at p = 0 and z = 0. The tunnel radius
is 45.7 cm (1.5 ft) and extends 600 m in the positive z direction and to
infinity in the negative z direction. Outside of, and completely surround-
ing, the tunnel is the soil of density 2.0 g/cm3 and composition as described

i n Table I 3 ) . LOCKHEED MARTIN ENERGY RES|

TR

3 4456 0514398 4




ORNL-DWG 70-15494

0.457 m

500 - GeV P
PROTONS
} Be TARGET

Fig. 1. Schematic Diagram of the Accelerator Target Tunnel.



TABLE I

Composition of Soil

Soil
Element (% by weight)
H 1.23
C 3.32
0 55.03
Na 0.396
Mg 2.09
Al 5.51
Si 22.85
K 0.517
Ca 6.08
Fe 2.91




The calculations presented here were carried out using the high-energy
nucleon-meson transport code HETC.* This code, which is similar in struc-
ture to NMTCS), not only allows for the transport of nucleons and pions be-
low 3 GeV but also gives an accurate representation of the transport of
these particles above 3 GeV as well. Monte Carlo methods are employed to
transport the primary and secondary particles, and, except for the approx-
imations associated with the collision models, all calculational details
are handled rigorously. HETC allows for the continuous slowing down of
charged particles, the decay of particles, elastic and nonelastic hydrogen
collisions, and nonelastic nuclear interactions. Neutron-nucleus elastic
collisions with elements other than hydrogen are neglected above 100 MeV.

In HETC, nonelastic nucleon-nucleus interactions for particles < 3 GeV
are treated at each appropriate collision site by employing the medium-
energy cascade program of Bertinie), followed by an evaporation-model cal-
culation’) to account for the remaining excitation energy. For energies
> 3 GeV, these interactions are accounted for with scaling Model 1.

A slightly modified version of the nucleon- and pion-nucleus scaling
model?) (Model 1) has been included in HETC. It was observed from compar-
isons with experimental data that scaling Model 1 overestimated the number
of high-energy particles of the same type as the incident particle emitted
from the nucleus in the forward direction. Many of these particles origi-
nate from peripheral collisions in which the'incident particle transfers a

small amount of energy to a nucleon within the nucleus and then leaves the

nucleus without further collision. To allow a more favorable comparison

¥The authors wish to thank Dr. T. W. Armstrong of the Oak Ridge National

Laboratory for the use of the transport code HETC previous to its publi-
cation. Comparisons of HETC calculations with experimental results are

given in ref.”).



between calculated and experimental data, modifications to scaling Model 1
were required. A description of the changes and comparisons between the
modified and original nucleon-nucleus scaling model are given in ref,8),

Nonelastic nucleon- and pion-proton collisions for energies < 3 GeV
are accounted for by the use of the isobar model of Sternheimer and
Lindenbaum?®), as developed by Bertini®).

The nucleon- and pion-nucleon scaling model (Model 2) was used to ob-
tain the differential particle yields at energies > 3 GeV for nucleon and
plon collisions with hydrogen. The mechanics of this model are based in
part on the procedures used with Model 12). A brief description of scaling
Model 2 is glven in ref.8). Although Model 2 met with limited success, the
sensitivity of the results presented here is not highly dependent on the
accuracy of this phase of the calculation. At energies > 3 GeV, the frac-
tion of collisions with hydrogen is small.

In the previous calculationl), the nucleon and pion spectra at energies
> 3 GeV emitted from the Be target were obtained using the phenomenological
fits of Ranft and Boraklo). Also, these particles were assumed to enter
the wall parallel to the tunnel axis. In this calculation, these spectra
are obtained using the nucleon- and pion-nucleus scaling Model 1, and the
small-angle approximation is no longer needed. In addition, in the previous
work!) high-energy collisions (> 3 GeV) occurring at the edge of the tunnel
were accounted for using the straightahead approximation for emerging par-
ticles with energies > 3 GeV in combination with a normal 3-GeV particle
nucleus collision to handle the remaining low-energy particles. Since the
data reported here do not require these simplifications, by using HETC the

calculations represent a more accurate description of the physical processes.



The transport of low-energy neutrons (< 15 MeV) was accomplished using
the OSR Monte Carlo transport codell). This code relies on experimentally
determined neutron cross sections for predicting elastic and nonelastic
neutron-nucleus collisions. Nonelastic neutron-nucleus collisions are
handled with the evaporation code7).

If the neutron, proton, and pion fluxes are known, the induced activ-

ity in the soil may be calculated from the expression
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where

A(p,z,ti,tS,I) the total activity at p,z for an irradistion

time of ti and a time after shutdown of ts
when there are I 500-GeV protons incident

per second;

1]

Ak(o,z,ti,ts,l) the partial activity of the kth-type of radio-
active nucleus;
Pk(p,z) = the production rate of the kth-type radioactive

nucleus for I 500-GeV protons incident per

second;



A, = the decay rate of the kth-type nucleus;

E = the threshold energy for producing the kth-type

nuclei from a nucleus of type J by a particle of

type 13
nJ = the number density nuclei of type J;
Oijk(Ei) = the microscopic cross section at energy Ei for the

production of a nucleus of type k when a particle of

type i collides with a target nucleus of type j;
¢i(o,z,Ei) = the omnidirectional flux per unit energy of

particles of type i due to one 500-GeV proton

incident per second.

The activity in the soil was calculated from Eq. 1 using proton, neutron,
and charged-pion fluxes. The cross-section data used in calculating the
activity are taken from refs.l2-2%), The induced activity arising from the
charged pions was calculated using the same cress sections as for protons.
All radioactive nuclei which can be produced from the elements in the soil
and which have half-lives > one day were considered. A list of these nuclei,
along with their half-lives, is given in Table II. It should be noted that
several nuclei (see Teble II) which have half-lives < one day can decay

into long-lived nuclei (1, > 1 day). The production of these nuclei was

%
also considered. It was assumed that these shorter lived nuclei when pro-
duced decayed instantaneously into the longer lived nuclei. Some of the
long-lived nuclei decay into nonstable elements. In calculating the induced
activity produced by these nuclei, the subsequent secondary decays have

not been included. Some of the listed nuclei, indicated by ¥, have two

decay rates. Because of the method in which some of the production cross
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TABLE II
Radicactive Ruclei (z < 28) with Half-Lives > 1 Day

Half-Life
_Element (years)

3 1.23 x 10!
"Be 1.47 x 107!
10Be 2.70 x 108
l4e 5.77 x 103
22yg 2.58 x 109

» 263 7.40 x 105 (2651 2-BES, 264 4 g*)
32g4 7.00 x 102
32p 3.92 x 10-2>3281 —— 32p 4 g~
33p 6.85 x 10~2
35g 2.37 x 107!}
36cy 3.00 x 10°
3pr 9.39 x 10-2 (37 d:2.8€c, 37,,. , g*)
3ar 2.60 x 102 (391 22:2.min, 39,. , g7)
“2pr 3.30 x 10!  42Ar —— 42 4 8" 12.h B, wye, , 28~
40x 1.30 x 10°
4lcg 1.10 x 105 (415 28T sec, u1g, , g*)
45ca h.52 x 10=1 (45 20.mD, 45, 4 g
“7ca 1.29 x 1072

» bhge 6.57 x 1073

» 46ge 2.30 x 10-1}/*7Ca — 7S¢ + §”
47sc 9.31 x 1073 ", - .
485c 5.02 x 10-3/ T+ *e — M'Sc
hpy 4.70 x 10!
48y b4l x 1072 (“8cr + e~ 23-B, usy)
49y 9.0k x 1071 (49cr 22mIN, 4oy , g%
Slcy 7.61 x 1072 (Slyp 22.miR, s16. 8%)

» 52 1.53 x 1072 (52pe 8B, 52 4 g%)
53Mn 2.00 x 106  (53Fe 22D, s3y; 4 g*)
SlMn 7.97 x 107!
55Fe 2.70 x 100  (S5co 8B, sspe 4 g*)
59Fe 1.23 x 107!
56¢o 2,19 x 107!
57co 7.31 x 107!}

# 58¢q 1.97 x 1071

*Indicates elements that have two decay rates.
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sections for-these elements were calculatedlz’le), it was not possible to
distinguish between the isomeric states formed. It was therefore assumed
that the cross sections obtained represented the isomeric state which has
the greater half-life.

In these calculations, T0% of the incident 500-GeV protons were allowed
to interact in the Be target. It was assumed that the target was suffi-
ciently thin (one nuclear mean free path at 500 GeV) that attenuation of
secondary particles produced in the target could be neglected. The remain-
ing 30% of the incident beam was allowed to pass undeflected through the
target and strike the wall at the end of the tunnel at z = 600 m and
p = 0 cm. Unless otherwise stated, all of the results given below are for
a time average proton beam currvent of 1013 protons per second, an irradia-
tion time of 25 years and for a time after shutdown of one month.

3. RESULTS AND DISCUSSION

The omnidirectional neutron, proton, and charged-pion flux distribu-
tions at the end of the target tunnel are shown in Fig. 2 as a function of
particle energy. These distributions were obtained by averaging the flux
over the axial coordinates between 600 < z < 601 m and over the radial in-
terval between O £ p = 0.229 m. The flux distributions are normalized to
one incident 500-GeV proton per second. Figure 3 gives the induced activity
as a function of depth in the tunnel (-50 < z < 600 m) for several radial
intervals. Figure 4 gives the induced activity as a function of depth at
the end of the target tunnel (for 600 < z < 612 m) for various radial in-
tervals.

The distributions given in Fig. 3 show peaks in the depth interval be-

tween 50 and 100 m beyond the target location. The location and magnitude
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of these peaks agree approximately with those obtained in a previous

paperl) for corresponding radial intervals. Quantitative comparisons be-
tween the present and previous calculations are not possible due to geometry
and material changes. The data presented here do not, however, show as
rapid a decrease in activity with increasing z as was previously obtained.
The flatter activity with increasing z arises from the calculational model
used and from those particles that escape from the tunnel wall* and reenter
the soil at a new location. There is also some contribution to the activity
near the end of the tunnel from particles scattered in the backward direc-

)j- These effects tend to flatten the

tion from the end of the tunnel (v 15%
activity distributions.

At‘the end of the tunnel, the soil activity distributions, shown in
Fig. 4, are approximately an order of magnitude greater than those obtained
for the region along the tunnel wall for the same radial intervals shown
in Fig. 3. This increase is due mainly to the contributions to the activity
induced by the fraction (v 30%) of 500-GeV protons that pass through the
Be target and strike the soil at the end of the tunnel. The resulting cas-
cade of secondary particles produces a large localized activity. The peak
in the activity at the end of the tunnel is further increased by those
particles that escape from the tunnel wall at angles small enough to per-
mit entry into the end surface and from those secondary particles that
emerge from the Be target at small angles and also impinge on the end wall.
This effect is shown in Fig. 5 where the activity as a function of the

axial position z along the tunnel for the radial interval 5.7 < p < 76.2 cm

is given.

*Tn Ref. 1, only particles with energy < 3 GeV could escape from the tunnel
surface.

tIn Ref. 1, the tunnel was of infinite extent in positive and negative z
directions.
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The radial dependence of the induced activity is shown in Fig. 6.
Values of constant activity with z and p can be inferred from these dis-
tributions.

Tables IIT and IV give the contribution to the total activity of each
of the 34 nuclides listed in Table II for the depth intervals of 50 < z < 100 m
and 602 < z < 603 m, respectively, and for several radial intervals. The
decay of the major contributors to the activity for the time after shutdown
in years at the spatial location 602 < z < 603 m and O < p £ 0.229 m is shown
in Fig. 7. Comparison between this curve and the one obtained previously
shows similar behavior!').

The total integrated activity as a function of z is given in Fig. 8.
These data were obtained from the integral

Az) = f A(v)av
all v<g

where v is the volume element. For an irradiation time of 25 years and a
time-averaged beam current of 1013 protons per second, the total activity

following one month of shutdown is 2.62 x 10% curies.
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TABLE 111

ACTIVITY DUE TO INOIVIDUAL NUCLIDES AVERAGEC CVER THE INTERVALS Z = 50 M TO Z = 1CO M
AND OVER THE INDICATED RADIALS INTERVALS

NUMBER OF INCIDENT 50C-GEV PRCTCNS PER SECOND = 1.9El13
TIME OF TRRADIATICN = 25 YEARS
TIME AFTER SHUTDOWN = 1 MONTH
ACTIVITY
(CI/CMa%x3)

RHO = 45.7 RHO = 76.2 RHO = 1G6.7 RHO = 167.6 KRHO = 228.6 RHO = 320.0

ELEMENT TO 76.2 CM TO 106.7 CM TC 1€7.€ CM TO 228.6 CM TGC 320.0 CM TG 4il.5 CM
H(3) 6.T6E-06 5.96E-07 9. €0E-C8 1.38E-08 2. T2E-CS 4e4CE-10
BE(T) 1.15e~06 8.28E-08 1.15E-G8 l.42E-99 2.76E-10 4. 86E-11
BE(1C) 2.78E-12 4. T1E-13 iellE-12 2.15E~14 4.51E-15 6.85E~16
C(l4) 7.56E~09 1.86E-09 4. E4E-10 8.96E~-11 1.52E-11 2+499€E-12
NA{22) 2.57E-06 5.26E-C7 1.28E-C7 2.54E-08 5.35€E-CS 8.07E-10
AL(26) 2.30E-10 4, 88E-11 1.21€-11 Ze34E-12 4.88E-13 S.12E=i4
S1(32) 4.328E-11 4e57E-12 €.032E-13 1.16E~-13 1.82E-14 l.37E-15
P(32}) 5.65€-08 9.09E-CS 2.03E-CS 3.82E-~10 T.75€E-11 l.09E~11
P(33) 1.43E-G8 24 6€E-0S 6.22E-10 l.21E~10 2.57E-11 2.70E-12
S(35) 7.53E-G8 1.61E-0E 3.92E-06 7.85E-1C 1.72€-1C Ze.€2E-11
CL(36) 4.8lE~-11 l.C6E-11 2. €CE-12 4¢96E-13 1.08E~-13 le74E~14
AR (37} 2.47E-06 6.€3E-07 1. 62E-C7 2.4CE-08 5.G2E-CS 1.13E-09
AR({29) 2.58E-C8 6.55E-0S 1. 72E~39 2.81E-10C 6.43E-11 l.33e-11
AR ({42} 1.04E-08 2.45E-09 6.22E-10 1.22E-1C 2¢66E-11 4.15E-12
K(4C) l.56E-13 5.74E~14 l.28E~14 2+12E-15 4.6CE-16 7.78E~-17
CA(4ld 1.52€E-09 6. 38E-1C 1. E1E-1C 2.46E-11 4.91E~12 7.50€E-13
CA(45) 5.87€-07 24 46E-UT S.82E-CH 9.47E-09 1.89E-0S 2.82E-10
CA(47) S.97E-11 2.71€-11 T.14E-12 1.25E~-12 2.78€E-13 5.58E-14
SC(44) 7.75€-12 8.41E-13 l.47€-13 2.11E~14 3.42E-i5 2.77E-16
SC(46) 1.78e-908 2.58E-09 5.29E-10 8.77€~-11 l.43E-11 l.01lE-12
SC(47) 2.23E-11 3.50E-12 7.1€E-13 1.16E-13 1.87E~14 l.C2E~15
SC(48) 5.23E~14 6,59€-15 l.Gee-15 i1.51E-16 3.16E-17 4.77E~-18
TI(44) 1.38E-C9 1.J3E~10 «26E-11 l.16E-12 1.58E-i3 9.10E~-15
v(48) 1.9CE-08 3.51E-09 7. 85E-10 l.48E-1C 2.65E~11 2.57€~12
V(49) 1.38€E-07 2.30€E-C8 5.C5€-(S 9.35€E~-10 1.79€~1C 2.12E~11
CR(51) 1.22€-07 2.47e-C8 5. G4E-06 l.18E-G9 2.58E~-10 3.57€E-11
MN(52) 4. T76E-09 9.85E-1¢C 2.39E-10 4.76E-11 l.03E-11 le53E-1<
MN (53} 5.62E-12 1.36E~12 3.47E-12 6.83E~-14 l.44E-14 243¢E-15
MN(54) 5.11E-C7 1.22E-07 3,G5€E-08 5. 74E~-09 1.26E-C9 2.14E~-10
FE(55} 3.50E-06 1.3CE-C6 3.14E-C7 5.33E-08 1.06E-08 l.&£9E-CO
FE(59) 3.79€-08 1.59€E-C8 3. 77E-09 6.14E-10 1.23E-10 1.82€-11
co(se6) 2.43E-08 2.75€-09 4.45E-10 8.54E~11 le45E-11 le33E~-12
CO(57) 6.57€E-1C Te44E~11 1.21E-11 2+.31E-12 3.92€-13 3.61E-14
Cco(58) 7.57€~-11 8. 69E-12 1. 42E-12 2.73E-13 4. 64E~-14 4427E-15

TOTAL 1.82E-05 3.65E-06 8.27E-C7 1.38E-07 2.91€-08 4. T6E-0S
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I = 603 M

HQ = 228.6
C 22C.0 CM

1.59€E-C7
1.72E-08
2.€5E~-13
1.07e-09
3.ClE-Q7
2.$5E-11
1.0CE~-12
4. 28E~0S

. le36E-D9

9.11E-09
5.95€E-12
2.78E~C7
3.57€~0S
le 56E=CS
1.S1E~-14
1.S7E~1u
7.58E~08
1.70E~-il
leG4E=-13
8.63E~10
leC6E-12
l.67€E~15
8.30E~1¢
l.£1E~09
l.ClE~-C8
1.23E-08
5.55E~10
8.79E~-13
Te24E-CSH
4.81E-07
4.G1E-CS
3.49E~10
S.45E=12
le12E~12

RHC = 320.C
TC 4l1l.5 C¥

l.64E-08
1.48E9DS
3.07E-14
l.4GE~-10
3.42E-C8
3.46E~1¢
Te94E-14
4.57E-1u
1l.53E~-1C
1.11E-69
Te4SE-L3
4.u5E=-08
5.54E-1C
1. 76E~10
3.G7€~15
3.31E-11
l.27e-C8
Zel17E-12
1.55€E-14
S5e96E-11
T.41lE-14
1.59E~16
6617E-13
l.34E~-1ly
9.6iE~-10
le64E-0S
6e48E-11
l.01€E~13
8483E-06
T.76E-08
8.21E-1v
0.C

0.0

Q.0

ACTIVITY DUE TO INDIVICUAL NUCLIDES AVERAGED OVER THE INTERVALS Z = 602 M TO
AND OVER THE INCICATEC RADIALS INTERVALS
NUMBER OF INCIDENT 50C-GEV PRCTCNS PER SECOND = 1.CE1l3
TIME OF IRRADIATICN = 25 YEARS
TIME AFTER ShLTDCWN = 1 MGNTH
ACTIVITY
(CI/CM%%3)

RHO = C.C RHO = 22.6 RHD = 45.7 RHO = 76.2 RHO = 106.7 RHO = 167.6 K

ELEMENT T0 22.9 CM TO 45.7 CM TO 76.2 CM TC 1C6.7 CV TO 167.6 CM  T0 228.6 CM T
h(3) 4.21E-C2 8.57E-04 1.44E-C4 2. 24E-C5 4.57E-06 T.8CE-CT
BE(7) 7.11E-C4 1.38€E-C4 2.13E-C5 2. 77E-G6 5.16E-07 8.15E~-08
BE(1C) 1.57E-u9 4.04E-1C l.C2€E-1C . S9E-11 6.52E~12 le27E-1c
C(l4e) 3.91€E-06 1.26E-26 3.87€-07 1.(9E-07 2,8lE-08 5.35E-C9
NA(22) 1.39€E-"3 2.68E-04 1.126-04 2.55€E-05 7.55€E-06 l.4€E-GCS
AL(26) 1.22E-C7 3.63E-08 l.C4E-C8 2. S2E-CS 7.38E-10 l.46E-10
SI(32} 2.67€E-28 5.7CE~-0S 1.0€E-C9 1. 73E~10 3.72€E~-11 5.99€E~12
P(32) 3.28E-C5 8.26E-C6 1.GBE-v 6 4. 5CE-C7 1.C7E-27 2.CéE~-CR
P(3Z) 7.9CE-Co 2.16E-06 5.70€-07 1. 36E-C7 3.48E-08 6. 64E~-CS
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APPENDIX A

To allow a more favorable comparison between calculated and experi-
mental data, the following modification of the nucleon- and pion-nucleus
collision model was made. When a high-energy (> 3 GeV) collision occurs
where a particle of the same type as the incident particle emerges from
the nucleus with energy > 95% of the incident energy and having suffered
only "one intranuclear collision," then the event is weighted by 0.2. 1In
order that the total weight remain unity for this collision, a second col-
lision that does not satisfy the above conditions is combined with the
collision described above and is assigned a weight of 0.8.

Figures Al and A2 show the differential proton spectra in the forward
direction for 18-GeV protons incident on Be and Pb targets, respectively.
These distributions were obtained using the unmodified scaling model de-
scribed in ref.2). The dominant high-energy peak is clearly evident.
Figures A3 and AL give the differential proton spectra for 18-GeV protons
on Be and Pb targets, respectively, using the modified scaling model de-
scribed in the text. For these data, the high-energy peak is reduced by
a factor of ~ 5, and better agreement with the experimental data is realized
at high energy. The remaining portion of the spectrum is relatively un-

altered.
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APPENDIX B

To perform high-energy transport calculations in hydrogenous materials,
the elastic and nonelastic particle-production cross sections for nucleon-
and pion-nucleon collisions are required. These data are available for col-
lisions occurring with energies < 3 GeV (hereinafter called slow collisions)
through the use of the isobar model of Sternheimer and Lindenbaumg’zs).
A nucleon- and pion-nucleon scaling model, which was designed to predict
the high-energy collision particle-production distributions (hereinafter
called fast collisions), is described.

Low-energy collisions provide data on the following parameters:

o(E_) = the total nonelastic cross section for the collision

of a nucleon or pion with laboratory energy Eo;

Jedm = the cross section in the laboratory system for the
production of a particle of type i in the total
energy range de about € and in the angular interval
dw about w from the collision of a nucleon or pion
of energy EO with a nucleon.* (Neutrons, protons,
and charged and neutral pions are all treated.)

w = the cosine of the angle between the momenta of the
incident and emitted particles in the laboratory
system.

Since it is more convenient to work with particle energy distributions
rather than their double~differential cross sections, the following trans-

formation was used:

2
a oi(EO,e,m) (2)
o(E ) dedw i

¥The 27 associated with the aximuthal angle is omitted. dQ = 27mdw.
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where
fi(e,w) = the fraction of particles of type i at angle w with
total energy e.
Since it is also more convenient to scale the particle distributions in
the center-of-mass system, transformastions from the laboratory system to
the center-of-mass system were handled using the Lorentz transformations

e, = v(e - PBu) , (3)

P sin 6 =P sin&®6 , (4)
c c

1
(E2 + 2E M )?
_ ‘o 0

0
B = E +M + M, (5)
y=(1-82)7% (6)
where
ec,Pc = the total energy and momentum of the particle in the
center-of-mass system, respectively,
ec = the polar angle with respect to the direction of motion
of the incident particle in the center-of-mass system,
M ,MT = the rest energies of the incident and struck particles,

respectively.
The energy-angle distribution of secondary particles in the center-of-mass
system for a particle of type i is obtained from the associated distribution

in the laboratory system from the transformation

fic(ec,wc) decdwc = fi(e,w) dedw , (7)

where
w, = the angle between the emitted and struck particle in the

center-of-mass system.
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All quantities used in Eqs. 2-T that refer to a fast collision will be de-
noted by primes.

In performing the scaling operations, it was assumed that the total
nonelastic cross section is independent of the energy of the incident par-
ticle; that is, o(Eé) = o(EO). It was also postulated?) that the energies

of the emitted particles from slow and fast collisions were related by

B Bey
S e (8)
co co
where
ECO,E(;o = the kinetic energy of the incident particles in the
center-of-mass system for the slow and fast collisionms,
respectively;
ci’Eéi = the kinetic energies of particles of type i produced by

slow and fast collisions, respectively.
The relationship between the momentum of the particles produced through

fast and slow collisions is obtained using

Ny

where

P = (E2 - M2)%,
The sign of wéi is taken to be the same as that of Wog e Equation 9 is
similar to the expression used elsewhere?) in that when W,y ~ 1, the trans-
verse momenta between the slow and fast particles remain the same. When

w ., v 0, then w'. v w ..
ci ci ci
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Equations 8 and 9 relate eé and wé with €, and W, but do not imply
any relation between the distributions f'.(e',w') and f .(e_ ,w_ ). An under-
ci‘“ee ci‘“e’e
standing of the manner in which these distributions are related can be

realized by considering conservation of energy in the center-of-mass system.

For slow collisions,

+ = )y
€co 7 EeTo . z - .0 f €ei fci(eci’wci)decidwci ? (10)
1ZP,N,T T ,T
where
eco’ecTo = the total energy of the incident and struck particles in

the center-of-mass system, respectively,

the total energy of the emitted particles of type i

™
"

in the center-of-mass system.
In nucleon-nucleon collisions with the proton and neutron rest energies

taken to be equal, Eq. 10 becomes

E .
_ - ci
=) g Ty (B OB Lau
=n,p co
(11)
€ci
S R L OO L L. i
i=r",n7,m co

since ECO = EcTo' A similar equation for fast collisions is obtained by
the addition of primes to the variables in Eq. 11. Equating the differen-
tial quantities for like particles using Eq. 11 for fast and slow particles,

the relation for nucleon scaling is

E . E',
_c1 = L1 o, ' ' ' ' 1
E - Top(Boyoei JaB jdw ;= g £ (Bl sul, )dE dul, (12)
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and for pions

Using Egqs. 8 and 12,

' = =
v'=v=[f (B, )dE du . . (14)

Equation 14 says that baryons are conserved through the scaling procedure

and that they are given a weight of unity. For pions,

T g Q- RV 5 ¥
Vs f_ E e fci(eci’wci)decidwci i (15)
co ci

and the scaled pions are given a weight of

! € .

co ci

E e', )
co ci

Following the scaling to high energy, the energy and momentum com-
ponents are transformed back to the laboratory system using the Lorentz
transformation. From the use of these equations, conservation of energy,
but not momentum, is achieved for the center-of-mass system. Transformation
to the laboratory system gives results which fail to conserve both energy
and momentum. For the cases considered here, an ~ 10% error in energy con-
servation for particle-particle production > 3 GeV resulted.

To scale when pions are the incident particles, equations similar to

those given above are used. The resulting weights are

' -— -
Eci(Ec‘I‘ mn mﬂ)

' -— —-—
Eci(EcT mn m“)

for the nucleons and recoil pions and
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' — -
ci(EcT mn mﬂ)
' - -—
€ci(EcT mn mﬂ)

for the produced pions, where

the mass of the nucleon

m
n

m

- the mass of the incident pion

EcT,E(':T = the total energy in the center-of-mass system of the slow
and fast collisions, respectively.

Figures Bl, B2, and B3 show comparisons between calculated and experi-
mental data for p-p collisions at 19.2 GeV/c. The calculated results are
for two different angular distributions of the produced isobars.*® These
data were obtained by scaling 3-GeV p-p data generated by Bertini's adapta-
tion of the isobar model?3).

In Figs. Bl and B2 the secondary-proton spectrum for emergent particles
at an average laboratory angle of 12.5 and 40 mrad, respectively, is given,

and in Fig. B3 the secondary r*

spectrum for an average laboratory angle of
40 mrad is given.

The agreement between the calculated and experimental?®:27) results is
marginal. The nucleon comparisons show better agreement than those obtained
for pions. However? as stated in the text, the results of the calculations

are not sensitive to this scaling model since the number of nucleon- and

pion-nucleus collisions > 3 GeV is small.

*¥The angular distributions used in the activity calculations described in
the text were obtained from Bertini.
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