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This TM reports on a calculation of particle fluxes in a 

large, high -Z target by incident protons at Fermilab energies, 

since intense particle fluxes might be of interest in testing 

materials for radiation damage, e.g., materials with practical 

application in thermonuclear reactors 1 • There are various other 

uses as well2 which might be exploited if the creation of such a 

facility is justified by the energy research objectives. 

The Monte Carlo code normally employed at Fermilab for 

shielding design, CASIM3 , has a rather high momentum cut-off 

for particles which are followed by the calculation. Typically 

a value of 0.3 GeV/c (~50 MeV nucleon kinetic energy) is used. 

Effects of lower energy neutrons are included, e.g., in estimates 

of radiation dose, by assuming the high energy flux is part of 

an equilibrium spectrum. This procedure clearly cannot be applied 

to the present problem. 

A general revision of CASIM to incorporate lower energy 

particles, while highly desirable for a variety of problems has 

not yet been tackled. For the present purpose a rather crude "patch" 
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has been applied which allows to lower the momentum cut-off from 

an equivalent 50 MeV down to 1 MeV for neutrons. Production 

(and removal) characteristics were taken to be those of a high -z 

target without being entirely specific, (its properties are taken 

alternatively from 208 Pb and 238u depending upon availability). 

The production model is briefly summarized below. More accurate 

and specific information might be obtained by combining a suitable 

low energy code with a program such as CASIM. There are various 

ways this might be accomplished. For future more detailed studies 

this might be indicated. The present study was undertaken only 

to impart a rough idea of the magnitude of particle fluxes and 

of the shapes of neutron (and charged particle) spectra. 

Production Model 

The production model employed in the program CASIM is suf f i­

ciently documented elsewhere3 . Briefly it is the sum of two terms. 

The first represents the incident particles re-emerging from the 

collision (leading particles) along with particles (pions) created 

in the collision. These particles are selected from distributions 

predicted by the model of Hagedorn and Ranft 4 which reproduces 

experimental data quite well. The second term represents addi-

tional nucleons (other than the collision partner) knocked out of 

the nucleus. These additional nucleons are selected from distri­

butions given by Ranft and Routti 5 , which are simple analytical 

expressions based on the intranuclear cascade calculations of 
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Bertini6 . The numbers of outgoing particles are adjusted to 

enforce energy conservation in each collision (taking duly into 

account the energy carried off by subthreshold particles, energy 

losses due to binding energy and auclear excitation). 

In extending the program to include lower energies, first 

the cut-off momentum for all particles was lowered to 0.1 GeV/c 

(~5 MeV for nucleons). Next, some changes are made in the term 

describing knock-out particles. These changes are based on 

Bertini's calculations for 238 U and 208 Pb. A more thorough 

revision may be desirable for future calculations. In addition, 

and perhaps of most importance for the present purpose, a third 

term is added representing evaporation neutrons (~l MeV). Their 

number and average energy are again taken from Bertini's calcu­

lation. It appears they can be well fitted to an exponential 

distribution with a slope varying slowly with incident energy. 

The evaporation neutrons are assumed to be emitted isotropically 

in the laboratory. For nucleons incident below 50 MeV all 

outgoing particles are assumed to have the same exponential 

energy distribution; direct knock-out neutrons are merely added 

to the total. Between the lowest incident energy of Bertini's 

calculations (25 MeV) and the present cut-off (1 MeV) the numbers 

and spectra of low energy neutrons are chosen so as to be consis­

tent with a recent evaluation of ~ 38U inelastic scattering cross 

sections 7 . Fission has been entirely neglected. Unless one 

wishes to concentrate on very low energy neutrons in large volumes 

this is probably justified8 . The high energy total inelastic 
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cross section assumed is the value calculated for 208 Pb with 

slight adjustments at lower energies. The density of the medium 

is taken to be 12 g·cm- 3 • To estimate albedo beam particles 

are brought 20 cm into the cylinder before interacting. The 

beam is of square cross section measuring 0.1 cm on the side. 

Results 

As is customary in this type of calculation, results are 

expressed in star densities (i.e., densities of nuclear inter-

actions). These may be converted into fluxes upon multiplication 

by the interaction length (~15 cm, though slightly energy 

dependent) and by the incident particle current (-5 · 10 12 sec- 1 

typically at Fermilab) . Also as per custom momentum spectra of 

interacting particles are presented. The star densities are 

averaged over finite volumes (4 cm longitudinally and 2 cm in 

radial extent) covering the entire cylinder. The innermost 

radial region is further subdivided into five annular regions. 

To estimate momentum spectra the volumes are typically much 

larger (40 cm longitudinally and 20 cm radially) . 

Fig. 1 shows a computer prepared plot of contours of equal 

total star density, i.e., summed over all particles (neutrons, 

p > .043 GeV/c and changed particles p > 0.1 GeV/c where p is the 

momentum) ID~r 400 GeV/c protons incident on the large target. 

Because of finite bin size and other limitations, this plot does 

not accurately reveal the high intensity contours close to the 
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beam axis. Table I lists the total star densities near the beam 

axis. As can be seen some very intense fluxes (-2·10 14 cm- 2 sec- 1 

at the itaximum') can he expected over areas as large as, 0. 5 cm. 

Figs. 2-4 show some momentum spectra of interacting neutrons 

in various regions of the target. Tables II-IV list, for a few 

of the regions shown in Figs. 2-4, in addition to the neutrons 

the charged particle spectra. These charged particle spectra 

might be a rather annoying contamination in certain applications. 

For a pencil beam incident on a homogeneous ~a~gee, which 

is approximately the case calculated here, it can easily be shown 

that for materials close in nuclear and atomic properties, but 

+ 
differing in density the flux at position r, obeys the scaling 

law 

where ~a'~b are the fluxes in materials a and b respectively and 

ParPb are the corresponding densities. 

From the above then at least a first impression can be gained 

about the capabilities and limitations of such a facility. If 

further calculation is desired, revising the low energy part of 

the production model is almost mandatory. Also, other information 

(besides fluxes and spectra) could be generated such as heat 

generated in the target. But these are perhaps best postponed 

until the present results have been examined. 
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I. Total star densities (stars/cm 30 inc·proton) near the beam 

axis as a function of depth and radial coordinates. 

II. Momentum Spectra (stars/cm 3 •GeV/c"inc·proton) for central 

regions (r < 20 cm) between depths of 0 to 20 cm (measured 

from point where beam begins to interact, see text). 

III. See Table II, but for depth from 60 to 100 cm. 

IV. See Table II, but for depth from 140 to 180 cm. 



TAR DENSITY IN UNITS OF STARS/(CM3*1NC.PARTICLE> AS A FUNCTION UF OEPTH(OOW~} ANO RADIUSCACROSSJ IN CM 
~R. PARTICLES OF KIND 4 
l=PRCTCNS,2=NEUTRONS,3=PlCfllS,4=All STARS,S=ENER.GY DENSITY IN GEV/CCM3*INC.PARTICLE),6=RELHIVE ERR~R Of All STAR DENSITY) 

---------------~o~·~o ______ _o;c.4000 
0.4000 0.8000 

c. 8000 
1.2000 

1 • 2 000 ______ 1 .6 0 00 
1.6000 2.0000 

-20.00 -16.00 0.611E-02 0.497E-02 C.264E-02 C.llOE-02 0.285E-02 
-16.00 -12.00 O.SOZE-02 o.q95E-02 0.298E-02 o.203E-02 0.443E-02 
-12.00 -~.oo 0.217E-Cl c.e35E-02 0.325E-02 0.494E-02 0.572E-02 

__ -~e~-~o~o __ -__ 4~-~o~o~-----=o~.=398E-Ol 0.12BE-Ol o.122E-Ol 0.116E-O.~l ___ ~o~·~B94~E_-~0~2 _________________ __. 
-4.00 o.o 0.964E-Cl 0.384E-01 0.237E-Ol o.15BE-Ol o.174E-Ol 
o.o· 4.00 0.648E 00 O.l43E 00 C.86SE-Ol 0.723E-Ol 0.445F.-01 

--~4~-~c~o ___ o~c·~o~o"--------'0~·~121E~-~O~l;-----.:.:0~-~4~175~E_O~O=---___;o~·~l~B~l~E~0~0'----~0~·~1~14~E::--:0~0;:.----=-0.976=E_-~O~l-________________ __, 
a.oo 12.00 C.158F Cl C.550E 00 o.327E 00 0.215E 00 0.1~6E 00 
12.0~ 16.00 0.245E 01 0.861E 00 C.459F CC 0.494E 00 0.349F 00 
16.CC 2c.co c.21~E Cl C.955F 00 o.541E 00 0.421E 00 0.325E cc 
20.o~o--~24~.o~o~--~--o~.-~2~2~1-e_,,0~1----a-.~~R~6-E~0°_0 ____ 0_.~s~a~1~E--'-o~c~---o~.~4-0~4~E-o~o---~o.32BE oo 
24.CO 20.co 0.234E 01 o.100E 01 o.725E 00 o.546E 00 0.424E cc 
2~.00 12.00 0.210E 01 C.105E 01 0.767E 00 0.553E 00 0.440E 00 
32.00 36.00 0.241E 01 O.ll4E 01 c.et7E oc 0.556E co 0.50BE 00 
~6.00 40.00 o.21eE Cl C.ll9E 01 o.797E 00 0.599E 00 0.489E 00 

--4-4'-~:-~~~-o------!~~~:-~,~~------0~o:i~~~ g~ g:~:i~ g~ ~:~!~~ ~~ g:~~~~ gg g:;~~~ ~~ 
48.00 52.00 0.171E 01 0.993f 00 0.766E 00 0.679E 00 0.556E 00 
52.CC 56.00 O.l76E 01 O.l06E 01 C.733E 00 0.65LE CO 0.475E OC 
5~.cc 6C.CO 0.141E Ol c.~94E 00 0.664E 00 0.542E 00 0.482E cc 
60.00 64.00 0.153E 01 0.104E 01 o.746E 00 o.57qE 00 o.512E 00 

_ __;_6_4~.c~c~~-6~ecc•~C~O'------~oc~•=l=l-9=E_O~l""-~--o~.740E oo 0.677E oo 0.485E CO 0.39~E CO 
6A.OO 12.00 0.1C4E Cl o.e:q% 00 0.605E 00 0.4-66E-:::O'i:-0----=o-=-.·3a5e 00 
72.00 76.00 0.818E 00 o.70BE 00 0.518E 00 0.432E CO C.36CE CO 
76.00 80.00 0.876E co 0.647E 00 o.sooE 00 0.437E 00 o.328E 00 OCI 
~~.oo A4.00 0.870E 00 0.572E 00 C.449F oc 0.346E 00 0.272E 00 ·1 
P4.CC 81.00 0.645F 00 o.~70E 00 o.527E 00 0.394E 00 C.341E 00 
88.00 ~~.oo 0.667E oc C.485E QC C.400F 00 0.289E 00 O.Z92E o~o~------------------' 
<;z.cc %.oo o.snE oo o.1asE oc o.3s1=e~o~o----o~.-3~1~4~E'~o~o~---a.27i;i: oc 
96.CC ico.oo 0.4eCE cc 0.367E 00 0.336E 00 0.262E 00 o.28~F co 

100.00 104.00 0.541E 00 0.452E 00 0.322E 00 0.294E 00 O.Z35E 00 
104.~C~c::--"1~o~a-.AOAO ______ o~.~4~t.~.4~F:-::0~0,,_ __ __,.o~.~3;7~2~E-O=o:-----;o~.~2~6~9~E,----,;O~O----=-o-=-.~20;;,...,..,1E;;.--,Or.O;,----~o.1a9~!~------------------. 
l'J8.00 112.0r:J 0.351E CC 0.327E 00 0.248E 00 O.l'lBE 00 0.177E 00 

----'l'-'l"-'20...._c~. o'----"1·"'1~6-'-._o-'-o ______ o.;_._;2=.._9=_0;._E;__.O~O,___ __ __:_o...:. • .;_2_::_6~4.:_F_O~C ____ o_;•c_:2 5'•..;;E-:C~C ___ _,o;...•::_:2;:..,6;...;_ 2~E;,-..;O;..;O;.-__ ~o~ !~ l_f_~ o~-------------------' 
11~.cc 12C.CO o.213E cc 0.282E 00 0.233E 00 0.169E 00 0.165E c 
120.00 124.00 0.2ZOE 00 0.202E 00 C.1~5E OC 0.181E 00 O.l34E 00 
124.0C 12~.co o.296E oo o.12oe oo o.12sE oo o.131e oo o.1oeE cc 
12q.o~ 132.00 0.165~ cc 0.127E oc 0.132E 00 O.ll9E 00 o.109~E-O~i,.---------------------. 
132.00 136.00 0.20BE 00 0.173E OC C.103F OC 0.993E-Ol 0.867E-O 
136.00 140.00 C.l~lE CC 0.121E 00 0.114F 00 J.901E-Ol 0.7B6F-0! 

_1_4_0 ___ 0_0--14·4~.o~o::-------=o-.=9qz=E-~0~1----c~.~0~4~2=e--~0~1-----,,-o.~A72F-c1.----,.o~.~1~4~2re--~or1---~o~.~1""27F-o.----------------------' 
144.QC 148.CQ 0.156E 00 O.l04E 00 0.715E-Ol 0.621E-Ol 0.595E-Ol 
148.00 152.00 c.a2ee-01 o.a57E-Ol 0.727E-Ol 0.625E-Ol 0.451E-Ol 
t52.o~o,_--,1~5~<~ •• ~o~o:-------...o-.75,7~2~E-~0"'1---~o'.'9~0~6~F--~0~1----c~.-4r6:r-T'llE~-~a~1.-----.,,or.74~9~5~f--~ar1---~o~.-----5!J3-e--~0~1-----------------J---. 
\~~.CC 16C.CO 0.885E-Ol 0.520E-Ol 0.5q5E-Ol 0.528E-Ol 0.347E-Cl 
160.00 164.00 0.749E-Ol C.54LE-Ol o.708E-Ol 0.380E-Ol 0.435E-Ol 
164.CO 160.01) o.7U3E-Ol o.4oqf-Ol o.441E-Ol o.313E-Ol 0.450',...--~----~~-----~---~ 

168.00 17?.QQ 0.4~6F-Ol C.247E-Ol C.400E-Ol 0.407E-Ol 0.397E-Ol 
172. 00 176.00 0.296E-01 C.449E-Ol 0.273E-Ol O. 309E-Ol 0.292E-Ol """' "°"'3 
~-:cc- iao.co o.332E-ct o.214E-or·~--~o~.~2~a~s~E~--~0~1-----..-o-.~1~1~2~e-~a~1.--~-~a~.~2~4~1~e=~c·~~---~----~-----~~~~~ ~ 

Table I N 



~C~E~TU~ SPECTPA OF lNTE~ACTING PAPTICLES(STARS/C~3*GEV/C+INC.PTCLE> 

l FROM O.C TO 20.00 C~ l FRO~ O.O TC 20.00 CM 
1·~~~~~~~~--~~~~-

1~- R FnC~ o.o TO 10.00 c~ R FROM 10.00 TO 20.00 c~ 

PROTONS NEUTRONS PICNS iLL_S_T-AR_S _______ _ PROTCNS NEUTRONS P IONS All STARS 

r 

I 
0.01 - 0.01 o.o o.c o.o o.o o.o o.o o.o o.o 
c.01 - 0.01 o.o o.o o.o o.o o.o o.o o.o o.o 
0.01 - o .• "-'0=2,,__ ______ c::..._c o.o o.o o.o o.o o.o o.o o.~o ________ _ 
c.02 - 0.02 o.o o.o o.o o.o o.o o.o o.o o.o 
0.02 - 0.03 c.c o.o o.o o.o o.o o.o o.o o.o 
0.03 - o.o4 a.a o.o o.o o.o o.o o.o o.o o.o 

~.C4 c.r.4 c.o O.l3E 01 o.o O.l3E 01 a.o o;~cr--c:o O~l-Z_E_O_l ___ _ 
II a.o4 - 0.06 c.c o.12F 01 o.o o.12e 01 o.o o.86E oo o.o c.s~E co 
_ Q.06 - 0.07 o.o 0.83E 00 o.o 0.83E OC o.o 0.53E CO O.O 0.53E 00 

o.c1 - c.cq o.o o.o;2E oo o.o o.s2E-o~o--------=o.o o.34E-Ci0C.-b o.34F6o 
0.09 - 0.11 0.72E-05 0.4CE 00 0.68E-04 0.41E 00 0.37E-06 o.11e 00 o.o 0.17E 00 
0.11 - 0.14 o.~5E-04 o.20E 00 0.14E-o3 o.2oe 00 0.25F-C5 0.74E-Cl 0.94E-05 0.74E-Ol 

D .14 - C.113 C.<;2~c40:87E-01 0.45E-03 0.88E-Ol o.12E-C5 o.2P.E~-n-c.-1ist-o~o~Ter==-c-o-1 ______ _ 
lA - 0 22 0.21F-03 C.47E-Cl 0.70[-03 o.48E-Ol 0.70E-C5 O.l5E-Ol 0.64E-04 0.15F-Ol 

:z.L:._____!:~?:~ Q~}_? E:-9._3 __ 0--~~'(::Q_!__Q_._2~~-:-.Q} _ ___Q~~QE-Q1 o. 66E-C"i o. 72E-C2 o. 28 E-04 c ~ 73 F-02 ___ _ 
o .2A - c .35 o .4tE-o c. AP.F-02 o.4oe-03 o. nE-02 o. ·rz1-oscr:-35E::oz----o.2&-E=-=-04-o.35F.-.::02 
0.35 - C.45 0.47F-03 0.49E-02 0.36E-03 0.57E-02 0.26E-05 0.26E-C2 Q.31E-04 0.27E-02 
0.45 - 0.56 C.44F-C3 o.21F-02 0.4AF.-03 0.36E-02 o.o 0.66F-03 0.45E-04 o.70E-C3 

L
I 0-:-5.-6------'.1:-71 0. i-~n'.=--o~fO-E-0-2 0.4 lf-03 o. 16E-C2 o. 25E-05 0.22F.-03 o.t sE-05 o.22t~-=o-=-3-------

r.. 11 - c.~q O.L4E-03 0.40F-03 0.3~E-OJ 0.93E-03 0.47E-05 0.6<;f-C4 c.22E-05 C.76E-04 
1).'19 - L.12 C.8RF-C4 0.21F-03 0.2'lE-03 0.5P.f-03 0.47E-05 0.38E-0'• O.O C.43E-C4 
i.12 - i~41 o.n-i'-o4cr:-6-sf:-o;;-o-:-26e-c3 c.41E-03 o.14E-oltCi.:zse-cs-o.o o:-n;r.:-04 ______ _ 
1.41 - 1.78 0.74E-04 O.llf-03 o.21E-03 0.40E-03 o.58E-C7 o.21E-C5 c.o o.22E-05 
1.78 - 2.24 o.<;lf-C5 0.2ftF-04 o.12F-03 0.15E-03 o.o o.o o.o o.o 

!2~~·24· 2~g7 o.ffE~04-o:~l4E-o4 o.11c:-03 o.t-3E-n3 a.a o.c o;o o~-~o------
1 Z.R2 - 3.55 C.1CF-C4 0.57F-05 0.5<lF.-04 0.76F-04 O.O O.O O.O O.C 
~.55 4.47 0.74E-C5 O.P4F.-o5 o.51E-04 0.67E-04 o.o o.o o.o o.o 

~.47 - s.62 o.77r:-05-o.22-F.-05C>.47E-04 0:-57E-o4 o.o o.o c~-c o~=o--------
5.62 - 7.08 0.66F-05 C.3QF.-C5 0.32E-04 0.43E-04 O.O Q.Q O.O O.O 
7.C8 - 8.91 0.15f-05 O.?OE-05 0.27E-04 0.30E-04 O.O O.O O.O O.O 

r---l-lti-•. -2';; ll}.·.213~ C. l2E-C5 C.26E-05 O.l3E-04 O.l7E-(}4 o.o o~-c-----o.o o.-~c--------
1 ~ - o.U:·r-c5 C.?C:F-06 O.llE-04 o.L3E-04 o.o o.o o.o o.o 
I 1~.l] 17.78 0.14F-05 0.70!:-05 0.79E-05 O.llE-04 o.o o.c o.o c.o 
"-TT. 1s - 22.39 0.231'-06 o.65F"=o6-u:a1t-=o5-0.<;tE-os o.o o.o o.o o.o~---------

22. 3~ - 2~.lA 0.13F-05 0.22F-06 0.45E-05 0.60E-05 O.O O.O O.O O.O 
?P..lA - 3'3.4A C.25~-C6 0.12F-06 0.36F-05 0.40E-05 0.0 O.O 0 1 0 0.0 

1-yr;_ '• e -=-41, :i 1 o .soFo6-o:~ 'if:-=01-0.? 6 i:- cs o. J i'F.-=o 5 o; c ·o. o o ~ o..------..o..-.·-..----------
1 44.~7 - 56.23 C.26F-06 o.15F-06 0.19f-05 0.23F-05 0.0 C.C C.O O.C 
[___5~.23 - 70.79 O.JGF-C6 0.1'3F-06 0.83E-06 o.t4E-05 O.Q o.o o.o o.~o _________ _ 

ic. 1q - 89~ i2 o. f'fE-06-cr.11i=-01 o .6n=-=-o6o:86F06 ;a· o. c o.o o. 
?9.12 - 112.20 C.t5E-C6 C.51E-07 0.3AE-06 0.58E-06 O.O O.O O.O O.O 

ll?.20 - l~l.25 O.SOE-07 o.?6E-07 o.t8E-C6 0.2tE-06 o.o o.o o.o o.o 
\Ti;L-2°5 i11.t,1 .4Tt:=-oro-;:p,E-01 o.6AE-o7 o.1:4E-o6 o·.o a~- c;c------.o--.·...----------
1 177.ff~ - 22'.87 0.78F-C7 0.53F-08 o.qlF-08 O.Q2E-07 O.O O.O o.o o.o 
L''~.fl - 2e1.s4 o.10E-01 o.2sE-01 o.o o.ssE-01 o.o o.o o.o o.o 

?.Tf.-P.4-=--:f54.e1 c.sJF:::-rr-o.-nF-o7 o.o o.85F.-o7 o~ o;a t.o o;-u---------
354.Rl - 446.6A 0.25E-05 0.17E-07 O.O 0.25E-05 O.O O.O O.O O.O 
44".6A - 51,z.34 o.o o.o o.o o.o o.o o.o o.o o.o 

~- ;;,,<": i ;.- -=--roT. -q 4 -c:·c:---o.o-----cr;o----o.o- o-;u rr~ a ,,;; c 
: 1n1.q4 - ~Ql.25 o.o c.o o.o o.c o.o o.o o.o o.o 
L_~_!_.?'3 - 1122.Cl c.o o.o o.o o.o o.o o.o c.c o.o 

----
Table II 



O~E~TUM SPECTRA OF INTERACTING PARTICLES(STARS/CM3*GEV/C*INC.P~CLE> 

Z FRO"'I 60.00 TO lC0.00 CM l FRO"' 60.00 TC 100.00 CM 

R FROM o.c TO 10.00 CP/ R FRO"' 10.00 TO 20.00 CM 

"01-'F.NTUM pqcrcNs NEUTRONS PIONS All STARS PROTONS NEUTRONS PICNS All STAPS 

C.Cl - 0.01 o.o o.o o.o o.c o.o o.o o.o o.o I 
C.Gl - 0.01 O.O O.O O.O O.O 0.0 0.0 0.0 O.O 
0.01 - 0.02 o.o o.c o.o o.o o.o o.o o.o o~._;::.o _________ __, 
c.c2 - c.02 o.o o.o o.o o.o o.o o.o- c.o o.o 
o.o~ - 0.03 o.o o.o o.o o.o o.o o.o o.o o.o 
c.r1 - o.o4 o.o o.o o.o o.o o.o o.o o.o o.o 

__ i:~1·~---~-~~t- -tr----·-g~ Hr g: -gJ _____ g :Hi-. ..,..g..,...l _______ _,E1----~~1~~-J~ ~J-=~:iit ~~ --- ------ .... _ --·1 
u.01 - o.oq o.o 0;16!:010:-·o o.16E 01 o.o o.12E 01 o.o o.12E 0-1 
C.C9 - O.ll 0.15E-04 o.q1E 00 0.40E-04 0.91E 00 0.46E-C5 0.59E CO 0.42E-04 0.59E 00 
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0.14 - O.lA 0.24E-C3 o.21r: 00 o.16F.-02 0.21E oc 0.74E-04 o.ToE-oo-6~T2E-020;;--10Coo 
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!).~5 - 0.45 C.l,F-C2 0.14E-Ol 0.24E-02 O.laE-ol 0.26F.-03 0.97E-02 O.llE-02 o.llE-Cl 
0.45 - 0.56 O.llF.-02 0.95E-02 0.23E-02 0.13E-Ol 0.36E-03 0.53E-02 0.95E-03 0.6bE-02 
c.-::;6 - c~7-l C.12F-C2 O.'l6E-02 o.20[-02 0.8AF.-02 0.46E-C-~34f-cy-c:69E=olCl:45E=c2-------~ 
n.11 - o.q9 o.59F-03 0.21E-02 O.lQF.-02 0.4hE-02 0.22E-03 0.16(-02 0.44E-03 0.22E-C2 
C.8'1 - l.12 Q.551=-CJ O.lOE-02 O.U•E-02 0.39E-02 0.18E-C3 0.89E-C3 0.31E-03 0.14l-02 _______ _. 
1.12 - t.41 c.47f:-c3 o.aci=-o-r-o:iTF-02-o.-24f'-02 o.rne-o4-0~4iJE::1n---o:nt::.or-o:·61E.:.03 
l.41 - 1.78 0.23E-C3 Q.53F.-03 0.92E-03 0.17E-02 0.42E-04 O.l9E-03 0.15E-03 0.39E-C3 

~-1_!]~ - 2.24 C. lCE-C3 C.?OE-03 0.78F.-03 O.llE-02 0.22E-04 0.45E-04 0.65E-04 O.l3E-=C~3------~""""-..... 
2.?4 - 2.':l2 Q.'JiE-04 O.<;t.E-04 Q.46F.-C3 0.65E-03 0.14[-04 O.De..:04 O.l6E:...04 0.63F.:::04 ~.J 
~.R2 - 3.55 Q.51F-04 O.P.2F--04 ~.30f-03 0.44E-03 0.13E-C4 0.12E-04 Q.92E-05 0.34E-04 
3.55 - 4.47 0.75F-C4 0.2CF-04 0.23F-03 o.2BE-03 o.20E-06 O.lAE-05 0.74E-05 0.94E-05 
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l'i.13 - 17.7'1 ll.65F-06 0.67E-Cl6 O.l4E-04 O.l5E-04 0.39E-C9 0.0 o.o 0.39E-0C} 
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0 .o o.o o.o o.c 
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89.12 - ll2.2C C.38E-07 O.l<H::-01 0.12F-06 O.lSE-06 o.o o.c c.o o.o 
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Cl'HTUM SPECTRA fJ F INTERACT ING PARTICtESCSTARS/CM3*GEV/C*INC.PTCLE) 

z FROM 140.0C TO eo.oo CM l FROM 140.00 TC 180.00 CM 

R FRC,, zo.oo TO 40.00 c .. R FROM 40.00 TO 60.00 CM 

--·--------------
,.C,.ENTUM PR OT CNS NEUTRONS PIONS All STARS PROTONS NEUTRONS PI CNS ALL STARS 

0.01 - 0.01 ·o .o o.o o.o o.o o. 0 o.o o.o o.o 
o. 01 - o. 01 o. I) o.o o.o 0 .o o.o o. 0 o. 0 o.o 
0.01 - 0 .oz o.o o.c o.o o. 0 o. 0 o.o o.o o.o 
c.02 - 0.02 o.o o.o o.o o.o o.o o.o o.o o.o 
0.02 - 0.03 o.o o.o o.o o.o o.o o.o o.o o.o 
c. 01 - 0.04 o.o o.o o.o o.o o. 0 o.o o.o o.o 
C~C4 - c.c4 c. c 0.25E 00 o.o O .25E 00 o.o o. eee-c1 o.o O. -8BE-Cl 
0.04 - 0 .06 o.o 0. l !lf' 00 o.o o. l BE 00 o.o 0.55E-Ol o.o 0.55E-Ol 
C.C6 - 0.01 o.o 0.12E 00 0 .o 0.12E 00 o. 0 O. 36E-Ol o.o 0.36E-01 
0.07 - 0.09 c. c o. BE-01 o.o 0.7BE-Ol 0 .o o.iZE-01 o.o O. i2E-Cl 
0.09 - 0 .11 O .HE-06 0.35E-Ol 0.67E-05 O. 35E-Ol 0.33E-07 0.87E-02 0.72E-06 0.87E-02 
0 .11 - C.14 o.14E-C5 0.15E-Ol 0 .42E-04 0 .15E-01 0.32E-06 0.43E-02 C.20E-04 0.43E-CZ 
0.14 - 0 .-lFl o. 2FlC:-05 o. S6F.-C2 O. l4E-03 o. 58E-02 0 .60E-06 0.13 E-02 0.12E-04 o.i3e-02 
c. 1 8 - 0.22 o. 79E-05 o.21E-02 0 .l 6E-03 0.23E-02 O. 1 lE-05 o. 56E-C3 O.l4E-04 0.56E-03 
o.?2 - 0.2A C. l<;E-C4 Q.14E-02 o. nr:-04 O.l';E-07 O.B7E-06 o.59E-c3 o.sse-os o.~cE-c3 

0.28 - 0.35 0.14E-01t O.<J3E-IJ3 O.l3E-03 o. l lE- 02 O. 51E-C5 o. 50E-<53o.69E-05<f:-H r.:03 
0.35 - 0.45 c. l<iE-C't o. qqE-03 O.fl5E-04 O. l lE-02 o.29E-05 0 .43E-03 0.45E-05 O. "4E-C3 
0.45 - 0.56 0 .20E-C4 0.42E-03 0.72F-04 O. 5 lE-Ol O. 73 E-05 0 .l 9E-03 0.33E-05 0.20E-03 

--0.5~ - c. 71 c.2or:-04 0.22E-03 0 .HF-04 0 .2'-lE-03 o. nE-c4 ci. 1 lE- C3 C.14E:::~~T3"f.:.:03 
'). 71 - 0."19 C. t 5F- Ct~ 0.14E-03 0.17f-04 O.lBF-03 0 .15 E-07 O.lSE-03 0.96E-06 o. l 5E-C3 
O.fl9 - 1.12 0.44E-05 0.83[-04 0.19f-04 o. llE-03 o. 96F.-06 0.34E-04 0.33E-06 0.35€-04 
1.12 - 1.41 0.17F-05 o.26E-04 0 .11 E:-04 0 .38 E-04 · 0.23E-07 O. S7E-C5 o.22F=--==-c1 o. 5ie-..::.os 
t. 41 - 1.78 O. 26E-05 O. lOE-04 0.51E-05 0.18E-04 0.14E-07 0.22E-05 0.21E-07 0.22E-05 
1. 78 - 2.74 0 .4'+F-06 O. lOE-05 0 .l 9E-05 0.34E-05 o. 6Br-ca 0.15E-C6 0.91E-08 0.17E-06 

~] 2.24 - 2.82 C.4<iF-C7 O. 3 7E-06 0.3flE-06 o .aoE-06 0 .24E- ll o. z4r:-0·60:·14e.:-c:a--o~-gt=-06 
2.82 - 3.55 0.71E-08 O. l 'iE-06 0 .94F-07 o. 25E-06 0.46F.-ll 0.17E-07 0.15E-09 0.17E-07 
3.~r; - 4.47 C. <;SF-CA o. 13£-07 0.4<)E-07 0. 72 F-07 o.o 0.14F-C8 o.c 0.14E-08 
4.47 - 5 .62 O. l 7E-C9 o. l 3E-07 O. l 9E-Ofl Ool5E-07 o.o 0.65 E-11 o.o 0.65E- ll 
5.62 - 7. CB C.11 E-08 0.13E-08 0.55E-08 o.soe-oa o.o o. o. c. 0 o.o 
7.M - a.qi c.t'lE-tO 0. '+1E-09 O.llE-10 0.47E-09 0 .o o.o o.o o.c 
8. q l - 11.22 0. () 0.17E-10 o.o o.11e-1c o. 0 o.o o.o o.o 

11.22- 14.13 c.o o.c o.o 0 .o o.o o. 0 o.o o. 0 
14 .13 - 17 .7A o.o o.o o.o o. 0 o.o o.o o.o o.o 
17.78 - 22.39 o.o o.o o.o o.o o. 0 o~ o o.o o.o 
22.3~ - 28.18 c. c o. 0 o.o 0 .o o.o o.o o.o o. 0 
?r!. l A - 3'i .48 o.o o.c o.o o. 0 o.o o.o o.o o.o 
3~. 11E- '14.67 o. (l I).() o.o 0 .o o.o o.o c. 0 o. 0 
44.67 - 56 .23 o.o o. 0 o.o o.o o.o o.o o.o o.o 
56.23 - 70.79 o.o o.o 0 .o o.o o.o o. 0 o. 0 o.o 
70.79 - Fl9.12 c.c o.o o.o o.o 0 .o o.o o.o o. 0 
89. l 2 - ll.?.20 o.o o.o o.o o.o o. 0 o.o o.o o.o 

112.lC- 141.25 c. c o. 0 o.o 0 .o o.o o.o o.o o. 0 
141 .2 5 - 111 .in o.o o.o o.o o.o o.o o.o o.o o.o 
177.83 - 223.87 o.o o.o 0 .o o.o o. 0 o.o o.o o.o 
223. 1'7 - 281.84 c. c o.o o.o o.o o.o 0 .o o.o o. 0 
281 .1'14 - 35'+. 81 o.o o.c o.o o.o o.o o.o o.ir----o.o 
354. El - 446.68 o.o o.o 0 .o o.o o.o o. 0 c. 0 o.o 
446.68 - 562.34 c.c o.o o.o o.o 0 .o o.o o.o o.c """' ""'3 
562.34 - 7t17 .<)4 o.o o.o o.-o o.o o.o o.o o.-o o.o """' s: """' 707.C.4 - ~91.25 c. c o.o o.o o.o o.o o.c o.o o. 0 

"""' I 
~91. 7 5 1122.0l () .o o.o o.o o~ o o.o o.o o.o o.o . 

0-, - N 
Ul 
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Figure Captions 

1. 400 GeV/c protons incident on a solid lead target. Contours 

of equal total star density (above momentum cut-off, see 

text) in stars/(cm 3 ·inc·proton). 

2. Momentum spectrum of neutrons interacting in six different 

radial intervals between depths of 0 to 20 cm (measured from 

point where beam begins to interact, see text), units of 

stars/(cm 3 ·GeV/c·inc·proton). 

3. See Fig. 2 but for depth from 60 to 100 cm. 

4. See Fig. 2 but for depth from 140 to 180 cm. 

TM-652 
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CCNTOCRS OF EQUAL STAR!E~~RGY) CE~SITY, IN UNITS OF ST4RS(GEV)/(CM3•1NC.PTCLE) 
CONTOURS ARE SHOWN FOR THE INTEGRAL PCWERS CF 10 

-20.00 o.o 20.00 40.00 60.00 80.00 lCO.OC - 120.0C 140.00 160.00 180.00 
ioo.00------------------------------------------------------------------------·-------·--------------------

1 I I I I I I I I I 
I I I I I I I I I i--- ,----
1 I I I I 5 I I I I I I 
I I I I I I I I I I I 

f : : I s : : ~ 11 ---;-- ---:-- : s : 
I __ ____ I I I 5 I I I _____ I_ I I I I 

I I 515 I I 14 I I I I 5 I 
I I 5 I I I 41 I I I I 51 

sc.001--------5-5-5-5------------~----------------------------4-------4-4---------------------------------

r--
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I 
I I I I I I 4 4 414 4 41 I I I 
I 5 I I I 4 4 14 4 I I I 4 I I I 
I 5 5 I I I 4 41 4 I I 14 4 I I I 
I I I 14 I I I I 41 I I 
I I I I I I I I 4 I 4 I I 

~-------15 I I 41 I I I I 14 4 4 414 4 I 
I I I 4 I I I I I I I I 
I I I 4 I I I I I I I I 
I I 41 4 4 • I I I I I I · I 4 I 

R 60.00l----------------4~----~~~~--------------------------------------------------------------------------
1 I 4 4 I I I I I I I I 4 I 

A I I'• I I I I I I I I 41 ---,~--+----.----, ------, - 13 I I I I 
-- I < 1 I : I ll I 3 3 : I I : 1·-- I I I I 3 31 3 I 3 3 3I 3 3 3 13 3 I I I 

L___" I''' I : I 33 1333 I 3 : I 33 I : I 
I I I 13 I I I I 31 I I I 31 I I I I fl 
I I I ~ I I I I I ------13- - I I 
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I I I I I I I I I 313 I 
I I 3 3 I I f I I I I I 3 I 
I I 3 I I I I I I I I 3 I 
I 13 I I I I I I I I 3 I 

"""" ~ 

r 
-------,-1 3 f I I r-----.--.----------------

1 3 I I I I I I I I I I 
I I I I 2 212 2 2 2 212 2 2 212 2 2 I I I I 
I 3 I -- -- i I 2 2 T I 2 I 2 2 I I 
I I I 2 212 I I I 12 2 2 I I I 

2c.co1--------------------2-2-2---------------------------------------------------2-2---------------------

! 
I 

I l I 21 I -- ----1 ----,- -------.----- I 2 2 2 • I 
I I 2 2 I I I I I I I 2 2 I I 
I I I I I I I I I I 2 2 I 
13 I 2 I I I I I I 2 ~-------

1 12 I I I I I I I I 2 I 
I I I llfllllllllllllllllll I I I 21 

[ 

2 11 1 1 I I I II 1 1 1 11 I I I 
I I l ll I I I I ll l l l I I I 
I 2 I l l I I I I I I Ill l 1 l 111 l I 
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-?.o.oo o.o 20.00 40.00 60.00 ao.oo 100.00 120.00 140.00 160.oo 180.oo 

I i::---F-P - 11"-ITM I 
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"""" "'"'3 CCNTCU~---- -----s-~ 
• O'\ 
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PLCT OF THE LOG OF THE ~Ol'E~TUM SPECTRUM OF NEUTRONS INTERACTl~G BETWEEN Z= 
!JNITS OF STAQSl(CM3*1GEV/C)*INC•PTCLE). 

o. 0 ANO Z= 20.00 CM 

nGlO nF 
l"(l'f'~ITIJM 
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-c. 3 c I I I 1 I I 6 5 4 3 2 I * I I I i -- ----·· -----
-o .10 I I I I I 6 5 14 3 I 2 * I I I I 
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PLCT CF T~~ LOG CF THE Mn~fNTUM SPECTPUM OF NEUTRONS INTERACTl~G BET"EEN Z• 
U~ITS aF STARS/IC~l•(nEV/Cl•lNC•PTCLEt. 

60. 00 ANO Z• 100.00 c.-

LOGlO OF MO~ENTUM SPECTRUM OF INTERACTING NEUTRONS 
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