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The muon radiation pattern produced by protons striking the 
M-center target has been studied at some length--using the C.E.R.N. 
computer program "HALO" <Ref. 1 ). The purpose of these studies has 
been to gain insight into the muon radiation pattern likely when 
targetting 1000 Gev protons. In the studies to-date positive pion 
production at the target is followed by decay and transport of the 
resulting muons through an approximation to the Meson area tunnels and 
shielding. The resulting radiation density is very sensitive to the 
presence of magnetic field in the first M2 bending magnets. Levels 
c:alc:ulated due to.,,+_'> v+ decay are r-J 0. 3 mr/hr < ,,....,J 1. 4 mr/hr> fol' 
10**12 400 Gev/c protons <1000 Gev protons) interacting in the target. 
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Introduction 

A prior study of muon fluxes in the Meson experimental area was 
made by T. Ferbel; it is descl'ibed in Volume 2 of the 1976 FeT'milab 
Summer Study. In comparing 1000 Gev production to 400 Gev production, 
a p1"e di c: ti on of an i nc:rease by a factor of 100 was made. For 3 x 
10**12, 400 Gev protons on a 20 cm Be target the muon flux density in 
a 4 rnr cone about the direction of the primary proton beam was 
calculated to be 1. 5 x 10**5 r /sq. meter ( r.J • 2 mr/hr for a 1976 
accelerator cycle time of 8 sec>. This 1976 report has served as a 
starting point for the present study. We have proceeded from it to 
include the effect of ma9netic field downstream of the target; we have 
used a Monte-Carlo approach rather than a closed-form calculation; we 
have t~ied another production modeli and we have more accurately 
approximated the shielding material and voids. Left for later study 
are: < 1 > "di re ct" muon production. < 2) e-Ffec ts due to primary-energy 
protons striking material downstream of the target, (3) variations of 
the magnetic field arrangement downstream of the target, (4) . 

re~inements to the representation of the passive shielding in the 
area, and C5> investigation of other possible production models. 
Other topics for study would be the muons resulting from interactions 
in the M-West target and the muons that would result from targetting 
fo~ the Ml High Intensity Pion beam. 

Review of 1976 Ferbel Summer Study 

-f -t 
In the couT'se of the Ferbel Summer Study fits to Tr , IT K , 

~1. K- production data were made to cover the x <Feynman x> region of 
interest and these were used to calculate the number of decay muons 
above 200 Gev in energy. An estimate for multiple scattering was made 
in order to calculate the area density of these muons in the region of 
the M3 experiments. A 20 cm Be target was used--followed by a 5 meter 
decay path. 

The production cross sections used were 

k (11+) 2 Is-
J_q- ( 11-) ..-.. 

cl.v~ .Jx 

~ (ki) d. \r' (k-) 2- --ofy._ " d '/.-
and 
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both for x:>O. 2. ihese were the results of fits to data T. Ferbel had 
available and were good fits between 0.2 < x < 0.6 

We have tried to reproduce the summer study results. For muons 
from pion parents and for 400 Gev incident protons we succeed in 
repeating the number of muons calculated to within 35% of Ferbel's 
number. For Kaon parents we come closer and get to within 6%. When 
we do the calculations for an incident energy of 1000 Gev and take the 
ratio to our numbers for 400 Gev incident ~nergy. we get a ratio of 
52. This number compares well to the number 60 quoted in the summer 
study report. This ratio is for muons with energy above 200 Gev and 
does not include the increase due to the decrease in the multiple 
scattering angle. Our calculation is further discussed in 
Appendix 1 . 

The summer study report quotes some measured values near the M3 
beam for muon fluxes at 400 Gev and 300 Gev primary proton energies. 
These and the calculated numbers agreed fairly well Ca factor of two>. 
It is pointed out in the report that 4-10 feet of steel lowered 
measured rates by an order of magnitude. 

Remarks .Qll Production Models 

The Stefanski-White production mod&l CRef. 2 > has often been 
employed in Neutrino Department shielding studies and has been 
incorpor~ted into a local version <Ref. 3 > of the CERN program 
"HALO". It can be expressed for -rr+ pT'oduction by 400 Gev protons as 

e 

where 

\see Appendix 2 >. The Ferbel 1976 S.S. production formula is 
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The x dependence of the two models is quite dif Perent. Using the 
Stefanski-White expression the ratio of r+ production by 1000 Gev 
protons to /)+ production by 400 Gev protons for EC p+ > :> 200 Gev, 
is 17. This is much less than the equivalent number of 43 Prom the 
Ferbel model. 

The comparison of these two, differing results leads to concern 
regarding an appropriate production model. Exploration of the 
question of what is the proper production model has been left out of 
the purview of this study. Between the Ferbel model and the 
Stefanski-White model it would be more conservative. when studying 
muon shielding. to use the Ferbel model--since it gives a higher 

~+ prediction for 1000 Gev; however, this study has not been 
consistent in this usage. 

~ or "HALO" to calculate muon fluxes 

The CERN program "HALO" has been utilized to study muon fluxes in 
the Meson experimental area. This has been done with a succession of 
better and better approximations to the Meson area magnetic fields and 
passive steel and dirt shielding Csee Fig. 1 ), for the case of the 
M-C enter target that feeds the M1 /M2/M3/M4 b eaml i nes. The 
Stefanski-White production model has been used for the studies 
discussed in this section. Both 400 Gev and 1000 Gev were used as 
incident proton energies. The program was modified to take into 
account a vertical production angle of 0.6 milli-radian for the M3 
beam for the 400 Gev case. "HALO" has also been used to 
cross-check against the Ferbel results and these cross-checks are 
described in Appendix 3 . 

The Meson Area was first modelled for "HALO" without any magnetic 
fields present. The rates calculated near the M3 beam axis were high 
when compared with fluxes m•asured by the E533 group <see discussion 
in Appendix 4 >. Inclusion of magnetic fields in the calculation 
necessitated the generation of "HALO"-compatible magnetic field maps 
for the magnet of interest. We chose to do this on the Fermilab CDC 
Cyber 175 computers <Ref. 4 >. The magnets inserted were the first 
bend magnets in the M2 beam. These serve also as the first magnetic 
sweepers in the M3 line. The bend consists of 30 feet of B 2-type 
main ring bending magnets. The magnetic field is 18. 5 kilogauss (25 
mr bend -For a 200 Gev particle). The z location starts at 236 feet. 
More details are given in Appendix 5 . 
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With the M2/M3 magnets in place the resulting muon radiation 
pattern at z=1400 feet is shown in Figure 2. In this figure an entry 
of "1" represents a bin with a positive muon flux of 8. 7 x 
10**4 p-+ per square meter. These resu 1 ts corr esp and to 10**12 
400 Gev protons interacting in a "thin" target. The flux represented 
by a "1" entry in a bin in this figure corresponds to a dosage rate of 
0. 09 mr/hr (Ref. 5 >. Indicated on Fig. 2 is an area with the 
boundaries x -420 to -300 inches. y -20 to -4 inches. This area is 
centered in yon the intersection of the proton beam axis with the x.y 
plane shown (intersection at -10"). The average number of entries per 
bin in this area is 2. 7; the corresponding dosage rate is 0.25 mr/hr 
<12 sec. cycle time>. 

For 1000 Gev protons Cat 0 mr production angle> the muon radiation 
pattern at z=1400' is shown in Figure 3. In this case 11 1 11 represents 
a bin with flux 1. 4 x .i.0**6 J1T l'\-\-2.- -- or 0. 3 mr/hr Cacceleratol' · 
cycle is taken to be 60 sec>. As before the normalization is 10**12 
interacting protons. The area indicated on Fig. 3 has boundaries x 
-280 to -180 inches and y -8 to +8 inches. The average number of 
entries per rin in this area is 4.7; the corresponding dosage rate is 
1. 4 mr/hr. This represents an increase of a factor of 6 in going from 
400 Gev to 1000 Gev. It includes a factor of 1/5 due to the longer 
accelerator cycle. A production modei with a steeper x dependence 
<such as that of the 1976 Ferbel S.S.) would make this ratio higher 
than 6. 

!jy_Qn Measurements 

Muon measurements have been made to compare with the "HALO" 
calculations. These are described in detail in Appendix 6 and the 
results are shown in Figure 4 .. The peak rate observed during these 
measurements was 0.08 mr/hr. The M3 production angles during the 
measurement were 0. 46 mr horizontal and 0. 9 mr vertical. The 
measurements were made at the nominal beam height of 48" above the 
floor of the Detector building <Ref. 6 >. Both the measurements and 
the calculation show the muon rates to be highest between the M2 and 
M3 beam lines. This is due to the deflection of positive muons in the 
M2 first bend towards the East. Negative muons are produced at a 
lower rate <due to the lower v production rate> and ar~ deflected 
in the opposite direction. The rates measured on the west side of the 
M3 beam are primarily due to negative muons. 

Conclusions 

"HALO'' calculations of muon fluxes due to proton interactions in 
the Meson center target give results which agree with measurement to 
within a factor of 3. 1 . The calculated rates due to -n--+~ fl+ in 
Figure 2 are actually higher than the measurements discussed in 
Appendix 6 . This could be due to the fact that the second bend string 
in the M2 line has not been included and probably spreads the 
distribution of muons out further (see Appendix 6 ). Other 
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inadequacies in the model or the shielding probably have smaller 
ef fee ts. 

Muon rates calculated with "HALO'' runs at 1000 Gev incident energy 
are a factor of 6 higher than those for 400 Gev incident. w~en the 
Stefanski-White production model is used. The calculated 1000 Gev/400 
Gev ratio would probably be an additional factor of 4 higher than this 
if we had used the production model from the Ferbel 1976 summer study. 

If we take our calculation for 1000 Gev primary protons for f-t 
due to "'Tlf- decay and multiply by a sa.Pety factor of 2 for the 
contribution due to kaons, direct production <Ref. ? ), and negative 
muons and a safety factor of 4 for differing x dependences of the 
production models, we then have a maximum muon flux of 53 x 10**6 per 
square mater for 10•*12 interacting protons--a dosage rate of 11 mr/hr 
for a 60 second cycle time. This many interacting protons represents 
1. 8 x 10**12 protons incident on a 16 inch beryllium target <Ref. 8 >. 

The result that we have JUSt quoted neglects the discrepancy 
between the calculation and the measurement. however. Recognizing 
this, we could take our calculated rate of 1.4 mr/hr for 1000 Gev 
incident and 10**12 interacting protons, reduce it by 1/3. 1 to account 
for the discrepancy, boost it by the safety factor of 4 for differing 
x dependences of the production models. and wind up with a dosage rate 
of 1. 8 mr/hr CS. 4 x 10**6 /J V\1-'2- (f'-"ISe.-1 >. Our range in the 
prediction for·maximum muon dosage rates is, then, from 1.8 to 11 
mr/hr when 1.8 x 10**12, 1000 Gev protons are incident on a 16 inch Be 
target eve·ry 60 sec. 
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Appendix 1 

Attempt to reproduce Ferbel 1976 S.S. results 

For pians the production model used was 

d.v ( 1T--J - II >< 
~ -z... S-o e. lN\ b 

o-fl 

This gives 

J·~-- ( 2' s) (2)<.?) - JI y -II x 
_:_:_. ( ~;-\- ) - e /,S6L. e 
of p '" '' -··- lfoO 

The survival fraction for muons with energy above 200 Gev coming from 
pions produced by 400 Gev protons is 

E.,., -- 200 

£ ~-r -- i;· =I 617-
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This denominator is correct for the range 
the range used in the Ferbel summer studij. 

decaying in the first five meters is 

(-
(where '( l."r' ~ 56 meters for a 1 Gev 0- >. The relevant cross 
section is then 
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Since Ferbel 
write 

calculates the effect of re-absorption in the target, we 

J L- - ~f I -{_L- t);i.,,- b 
e o-,- e Vt a .:c-

o 
~~~---~~·--~~--:----:---~~~-

(' l- - :Cj).._p -( L - t: ) />-.-rr- I 

JI> e e.. "" <>{. -c-

where L = 20 cm and n = 
Continuing 

~ nuclei c:m 
'1"'j 

-3 in th a- target. 

-· -

--
o.666C 

\J-,- ('1.ol) 

--- \ {) A!l-/\r .. 
... --~~ 

L (_ >1T -·- >'(P) 
' 

-/ 237 
/, B'S- , /o __\ ~ 

tl 
/, 02- • /0- ! IA"-b 



Tf\Jl-966 

The rate per incident pro~on is then 

_.... -

R --- hL 

Multiplying by 3 x 10*•12 protons we have the result of 
5. 0 x 10**5 p-t with energ1,1 > 200 Gev per pulse. Since 

,.--. de- ( 1T+) 
d')< 

u 's we have for the sum of both signs 7.0 x 10**5 r Ferbel 
~uotes 0. 52 x 10**6 muons with energy > 200 Gev. and this· is the level 
to which we reproduce his numbers. 

A similar calculation for Kaon parents gave a result of 
2. 16 x 10**5 muons C Ey :>200 Gev). The corresponding summer study 
number was 2.3 x 10**' muons; the agreement is good to within 6'l.. 

Rates for 1000 Gev incident protons were calculated in a similar 
manner and were a factor of 52 higher than the 400 Gev number for 
muons with 'Cf) >200 Gev. The corresponding numb er fr om the summer 
study was 60. 
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Appendix 2 

The Stefanski-White Model 

The Stefanski-White production model <Ref 2 > gives the formula 

. )lN - = i4 (i, c.z_t fe><q (-~;t:--c.f s....:.a)~ ~-
1,f) c;( wS&- [ JO Co 

C{ q . 

where. for rr+ production, 

c () 

A

l~ 

If we integrate over an angular range 0 to e~'h I with 

For Eo = 400, 

where 

dr0 
\) 

, then 

(J. · f SI " ;;:_ 32 mb, and £'.l.....,_ = . 01 radians '"" e. a. "'f-1c.. (,/ • ., 

[r _ ( 1 -+ o 1 c y) -e.. y (P ( - . o 1 c Q' B 
........-
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and g(p) ranges from 0.997 to 0.99998985 for p ranging from p ~ 200 to 
p == 360. Th er ef ore 

where 

x-

The values from this expression are plotted in Fig. 5, along with 
the 1976 S.S. expression and the fit of Wang <Ref. 9 ). Figure 6 
gives the eq_uivalent rest .. ts for 1000 Gev incident protons. 
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Appendix 3 

Cross-Check of Calculations 

Test no. 1 

"HALO" was run with the Stefanski-White production model for 
and a 5 meter decay path. The number of muons whose energy exceeded 
200 Gev was calculated (for 400 Gev protons on target>. For 10**12 
interacting protons the result was 1. 01 x 10*·*'"6 fl+ with E > 200 
Gev. A direct integration gave 1. 0 x 10**6 f'-t- and the two results 
agree to better than the statistical accuracy in the Monte Carlo 
result. 

Test no. 2 

"HALO" was 
was 1000 Gev. 
range for the 
1. 76 x 10**7 
1. 71 x 10**7 

Test no. 3 

as for test no. 1, except that the incident energy 
decay path was again 5 meters. The accepted x 
particles was 0. 2 to 0. 8 . The result was 
with E~-f > 200 Gev. A direct integration gave 
and the 'greement is acceptable. 

A production model utilizing the Ferbel rit for Trf production 
was inserted into "HALO" <Ref 1 >. When run as in test no. 1 the 
number or rt with E) 200 Gev was 7.5 X 10**5 for 10**12 
i n t er a c t i n g p r o ton s . Di re c t c a 1 c u lat i on gave 7. 4 x 1O**5 f T Th e 
level of agreement is acceptable. 

Test no. 4 

We attempted a comparison or a "HALO" run and the Ferbel S.S. 
calculation. "HALO" was run with the produc·tion formula from test No. 
3. The en erg lJ rang es were "Tt-t 200 to 320 Gev, f T from 200 to 320 
Gev. We put in 8.7 meters of steel from 16.4' to 45' to represent 
target load collimators. 38 meters of steel from 145' to 269' to 
represent magnets, and 317 meters of dirt <1041'> from 269' to 1310' 
to represent the berm shielding. The muon patterns were examined at 
z = 1400'. These absorbers and a fixed dE/dz <no relativistic rise) 
gave a fixed energy loss or 200 Gev for all muons reaching z = 1400'. 
The angular range of the -ir+ parents was kept to Oto 0.2 mr, so that 
the spread at the end was due only to multiple scattering. We 
multiplied the resulting number of muons by a factor of 60 to account 
for the missing pion parents at larger angles <This factor came from 
comparing this run with 0 to 0. 2 mr with another that had 0 to 10 mr 
"'IT+ production angular range). 

The "HALO" result is 280 f-1-(- in a region 1. 8 x 1. 8 m**2 centered 
on the o.:7 beam. The number of interacting protons was 10**12; 2000 
1T+~ fl+ decays were forced to occur in this run. Therefore the 

fraction of muons falling within a 3 m**2 circle at z = 1400' is 
a pp ·r ox i mate 1 y 
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The Ferbel S.S. calculated 607. as the fraction of muons in a central 3 
m**2 area. We attempt an explanation of the discrepancy later. 

From the "HALO" result the central dosage rate due to p+ from 
if-t wou 1 d be 0. 0:52 mrem/hr. To this we apply a factor of 2 to 

account for 1T-, K ±.. parents and a factor of 0. 66 to account for 
absorption in the 20 cm target, and the result is then 0.069 mrem/hr. 
The equivalent S.S. number is 0.21 mrem/hr (for 10**12 interacting 
protons>. The latter can be multiplied by 0. 13/0. 60 to account for 
the difference in the multiple scattering and this would give 0.046 
mrem/hr. The level of agreement betweien the "HALO" result and the 
corrected S.S. result is a factor of 1. 5. 

The Ferbel S.S. multiple scattering calculation has a smaller 
yCr. m. s. > at z = 1400' than that in the "HALO" calculation because it 
does not appear to include the effect of the energy loss of the muons. 
A multiple scattering calculation was done with <Ref. 10 > and without 
energy loss and the difference between the results of the two 
calculations can account for the difference between the "HALO" 
calculation and the S.S. calculation regarding the number of muons 
falling within the central 3 m**2 circle. 



TM-966 

15 

Appendix 4 

t!it1.Q.. Calculations and Counter Rates in Experiments 

"HALO" calculations were first done for the M-center target and 
the M3 line without the presence of magnetic fields. A model was made 
for the M3 line for the situation that existed before the "Mesopause" 
(the Meson area shutdown from September, 1978 to June, 1979) and for 
the situation that existed after the "Mesopause". A "HALO" run for 
the p-re-"Mesopause" conditions gave fluxes 'of: 1. 3 x 10**6 fl+ pe-r 
square meter from 1(+ decay per 10**12 protons interacting, for the 
central 1 m x 1 m JUSt outside a beam zone of 16 b~ 8 square inches. 
It gave a flux of 1. 7 x 10**5 f~ for the 1 m by 1 m area Just below 
the central 1 m by 1 m. These calculated rates were high compared to 
observed fluxes of charged particles near the M3 beam <Ref. 7 > The 
1976 Ferbel Summer Study quotes measured rates near the M3 beam as 
ranging between 0.6 x 10**5 to 2.7 x 10**5 muons for 3 x 10*•12 
protons incident on a 8 inch Be target. The conditions are not 
described, but if they are similar to those of his calculation the 
area involved would have been within a 4 mr cone about the beam. 

The E533 group (Ref. 12 > quotes 350000 charged pa~ticles per 
1. 5 x 10**12 protons in an area 50 x 30 square inches, whose lower 
edge is 8" above the beam. With the beam stop in place this number 
dropped to 20000. Both are "post-Mesopause" observations a~d are 
rates observed with a 16 inch beryllium primary target. The beam stop 
is made of permanently magnetized material and is a rectangular block 
12 1 long, 4" wide, and 4" h i g h. I t i s 1 o cat e d at z ,.._, 340 feet. 
E533 measured rates of 50000 per spill in the same area before the 
"Mesopause". 

Figure 7 shows the /'f distribution f-or the "pre-0 pause 11 "HALO" 
calculation. The normalization factor is 15403 muons per unit for 
10•*12 interacting protons. On this figure the M3 beam axis is at 
x=O, y=-11. 76 inches. In a 50 by 30 square inch area, whose lower 
edge is 8 11 above the beam, we find C30>C15403) f'+ on this figuT'e. 
This converts to 295000 muons for 1. 5 x 10**12 protons incident on a 8 
inch beryllium target and we see that the number is high compared to 
the E533 observations. A number more in agreement with their observed 
rates is gotten by using the output of the "HALO" calculation whi~h 
includes the effect of 30' of magnet that serves as·the M2 first bend 
and the M3 first magnetic sweeper. 

Two further comments are in order. The E533 counters whose rate 
is being quoted were located about 100 feet downstream of the large 
aperture 100040 bending magnet in their experiment. In addition. 
during the Meson area shutdown, the M3 vacuum pipe from 2 = 1182' to 
1312' was enlarged from 14" to 36" in diameter and the beam stop was 
rebuilt to be permanently magnetized. 
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Appendix 5 

More Detail fill the "HAL0° B...!Ln:! 

The calculation of the muon fluxes for 400 Gev protons striking 
the M3 target is described here in more detail than in the main text. 
Limitations imposed by the "HALO" program will be pointed out as we 
progress. 

The production model employed is the Stefanski-White model. Muons 
from 1r+ decay are followed to see if they have sufficient energy 
to reach the end of the Meson Area and, if so, they are entered into 
appropriate histograms. The size of the production target is taken to 
be 0.03 inch by 0.03 inch. Look-up tables are formed for the 
integrated 1r·+ production formula <see Ref. 1 ); thes& are in steps 
of 10 Gev/c for momenta between 90 and 400 Gev/c and in steps of 0. 4 
mr for angles between 0 and 5 milliradian. Next. these tables are 
modified to account for the fact that we choose to force the 
decay to occur between z = -5 and 173 feet (see Ref. 1 ). Figure 8 
shows the resulting distribution for the z co-ordinate at which decay 
of the ir+ occurs. Entries into the histogram in Fig. 8 are also 
su0Jected to the conditions that the pion stayed within apertures 
before decaying and that the decay mu.on had suffici7nt energy to reach 
z = 1400 feet. Fig. 9 shows a histogram of d..,..; /tX.B- for pions 
at z = 0 for 190 < p < 200 Gev/c. Fig. 10 shows a scatter plot of p 
vs e- at z = 0. Both Figs. 9 and 10 are for only those pions 
whose decay muons reach the end of the system. 

The Meson train-load collimators start 3.3 feet from the target 
and extend to 50 feet from the target. In the "HALO" input deck these 
collimatgrs are simulated by 35 collimator elements. This simulation 
accounts for the tapered apertures which go from ;::1::.0.071 by 

;:h.O. 054 inches square to :1:-0. 354 by ±.0. 234 inches square (for the 
M2/M3 b earn>. 

The region z = 45' to z = 269' is the Meson Front End hall <see 
Fig. 1 >. For this region the "HALO" data deck has aluminum vacuum 
pipe to 173', has 30' of M2 quadrupole steel represented by steel 13" 
by 17" <with a 3" dia hole in the center), and has 30" of M2 bend 
represented by a main ring B2 magnet field map -- with a central field 
of 18. 54 kg. <The M2 benders have not been offset in the data deck to 
represent their positioning so as to allow aperture for both the M2 
and M3 beams). 

From z = 269' to 347' is the FE hall extension. Further 
downstream are M3 vacuum pipes and enclosures. Berm vacuum pipe 12" 
in diameter runs between z = 415' and 641' and z = 695' to 1003'. A 
pipe 36" in diameter runs between z = 1055' and z = 1310'. The M3 
enclosures are put in as shielding voids, in the shape of simple 
rectangular boxes. Inside the enclosures we put 6' of steel centered 
at z = 350', 8' of steel centered at z = 659', and 9' of steel 
centered at z = 674'. The outside dimensions of this steel ranges 
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from 12 by 12 square inches at z = 350' to 36 by 36 square inches at 
z = 674'. There is a central hole in the steel which ranges from 4 bt,1 
2.4 square inches to 6.6 by 4 square inches and is meant to roughly 
match the M3 beam acceptance.· 

The dirt berm surrounding the enclosures and berm vacuum pipes has 
an actual topography which is complex compared to its possible 
representation by "HALO" shielding configurations. Fig. 11 shows 
rough contour lines at its top and at its toe. This figure also shows 
the slope of the trajectory of the M1 and M6 beam lines and it is .1ot 
surprising that the slope of the toe contour is approximately the 
same. From this figure we have made rectangular approximations of the 
dirt beT'm for use in "HALO". The "tunnel" featul'e of "HALO" has been 
used to account for the presence of the dirt berm. From z = 1055' to 
z = 1310' the outside dimensiori$ of this dirt tunnel in the input deck 
are 168' horizontally and 20' vertically (both centered on the M3 
beam>. From z = 1310' to z = 1372' the horizontal size of the dirt 
tunnel is increased to 192'. 

Changes made t·o "HALO" by A. Malensk for his studies of muon flux 
at the 1~' bubble chamber were borrowed, in part. These changes 
modernized the decay constants and radiation lengths <Ref. 12 ), put 
in the Stefanski-White production model, included the "density" ePPect 
for collision energy losses and pair pT'oduction in the dE/dz for muons 
in iron and dirt. Tables 1 and 2 summarize the changes to decay 
constants and radiation lengths. The dE/dz expressions for iron and 
soil are give in Table 3. These give values that are reasonable 
matches to the dE/dz values in Figure 3 of TM-786, "Muon dE/d:i and 
Range Tables for Tevatron Energies: Results for some Shielding 
Materials", by G. Koizumi. 

It is possible to ~uestion the simplicity of the shielding model 
used in these "HALO" studies., This simplicity is imposed by the 
·restrictions inherent in using "HALO". "HALO" is meant to treat a 
case of one target feeding one beam which travels down one tunnel. We 
also note here that the magnetic field of the M3 sweeping magnets at 
z = 391' and 675' is not included (these have a polarity opposite to 
that of the M2 band at z = 247'). 

The M2 benders centered at z = 374. 5' and z = 391' are main r·ing 
82-type magnets and total 30' in length. They have outside dimensions 
25.25 by 14.25 s~uare inches. The effect of their magnetic field has 
not been included. The muon distribution pattern at z = 352' shown in 
Fig. 13 suggests that the magnetic field of these magnets should have 
a quite noticeable effect -- since many of the muons making it to the 
end in our study pass through these magnets. The M3 sweeping m~gnet 
centered at z = 391' would have little effect -- Judging by Fig. 13. 

A further improvement to the shielding model would be to account 
for the M2 tunnel from z = 1003' to z = 1123', Judging by Fig. 14 , 
including the full length of this tunnel would have the effect of 
removing about 70' of dirt where many muons pass through. Part of 
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this tunnel is accounted for by the inclusion of the M3 tunnel from 
z = 1003' to z = 1055'. The M2 bend magnets in the enclosure from 
1003 to 1123 form the third bend point of the M2 beam. Our omission 
of those magnets should represent a small effect, due to the large 
vertical size of the muon distribution at that point <see Fig. 14 ). 
An impr~ved calculation would account for the second M2 bend point and 
70 more f,~et of enc I osure at z ,,.._ 1100 feet. 
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Appendix 6 

Small-Scale Survey .Q.f. ti1!Qn. Radiation 

A small-scale survey of muon background in the Meson Detector 
Building was made ~anuary 19, 1980 in order to have experimentally 
measured numbers for comparison with those calculated by nHALO» <Ref. 
12 >. The measurements were made between M2 and M3 C 4 positions), 
b~tween M3 and M5 CS positions), and between Ml and M2 <on~ position>. 
All were made at the nominal beam height of 48 inches and at a z 
value = 1386 feet. The portable muon scintillator telescope described 
as "system 2" in Table 4 was used <Ref. 13 ). 

The instrument was mounted at beam height on a tripod which 
allowed measurement of relative horizontal and vertical angles. The 
muon radiation was very directional--as can be seen from figures 15 
and 16 . At each transverse < x) position the instrument was pointed in 
the direction of maximum flux and the number of coincidences were 
recorded for seven beam pulses <the number of protons on target was 
recorded .for the same seven pulses>. 

The angular widths in Figs. 15 and 16 correspond to the angular 
cone defined by the two scintillators. This suggests that the muons 
enter the instrument relatively parallel. Fig. 17 from the ''HALO" 
calculations also shows small angular spreads. We conclude, 
therefore, that ~e may take the counts that we observe as the number 
of muons crossing a 17.B square centimeter area. By doing so we 
arrive at the entries in Table 5 . 

Column 5 of this table is graphed on Fig. 4 . The horizontal and 
vertical production angles of the M3 beam at the time of the 
measurement were 0. 46 mr and ~ 1 mr. The proton beam was going 
downward and was being bent toward the Ml beam. 
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8. For this calculation we use for the beryllium absorption cross 
section 



9. 

Tf\11-966 

23 

0, 71 J 
(181&)(~.o/) 

These numbers are taken from the preprint A.S. Carroll, et. al., 
Fermi lab Pub-78/80-EXP, October, 1978 (Submitted to Physics 
Let·ters). The resulting absorption length is 43. 1 cm and is 
larger than the value of 36.7 cm given in the Particle PToperties 
Data Booklet, April, 1976. 

C.L. Wang, Phys. Rev. D 7, 2609 (1973>. 
3876 ( 1974) 

See also Phys. Rev. DlO, 

10. L. Eyges, Phys. Rev. 74, 1534 < 1948). 
This paper was brought to my attention by Fermilab TM-261, ''Muon 
Shielding: Multiple Coulomb Scattering of Muons with Energy Loss", 
by D. Theriot. The reader of either of these papers is advised to 
check the equations for an error of a factor of two. 

11. The measument equipment is. of course, insensitive to the sign of 
the muons. A great deal of sign separation occurs at the first 
bending magnees. The positive muons are mostly bent to the east 
of the M3 line. They are what has been calculated and they are 
responsible for the highest points seen in Figure 4 . 

12. private communication, Bruce Winstein. 

13. The muon measurements were performed in conJunction with W. Bak~r. 

14. The portable scintillator telescope is described in section 4. 10 
of the Fermi lab Radiation Guide, op. cit. B. J. Holt was very 
helpful in arranging the loan of this instrument. 



l-IALO 
Program 

(Version 2.2) 
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A. Malensk 
change 

c 1'-" values <meters> 

7.64 7.8 

3.67 3. 71 

Branching Ratio 

0. 58 0.63 

Table 1 

Change in Decay Constants 

24 

Particle 
Data Booklet 
April, 1978 

7.804 

3.709 

0.635 
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Radiation Lengths 
(meters> 

Material HALO A. Malensk Particle Data 
Program change Booklet 
<Version 2.2) Apri L 1978 

AIR 312.4 312.4 300. 5 

FE . 018 . 0177 . 0176 

cu . 0147 . 0147 . 0143 

DIRT . 15 . 165 

Be . 338 . 338 . 353 

Pb . 0051 . 0051 . 0056 

Al . 0886 . 0886 . 089 

Table 2 

Change in Radiation Lengths 
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p range dE/dz fl or Iron CGev/meter) 

< 1 1. 16 

1 < p < 100 1. 26+0. 12 ln ( p) 
2... 

100 / ,_ p < 400 7.72-2.69 ln ( p ) + 0.31 (lnCp>) 
2-

400 < p < 1000 32.08-10.61 ln ( p) + 0. 9 54 (_1 n C p >) 

dE/dz for Iron 

p range dE/dz for Soil (Gev/meter> 

< 1 . 46 

1 < p 
_ .. 
,_ 100 0.35 + 0.0287 ln ( p) 

2....-

100 .r ,_ p ( 400 1. 51-0. 434 ln ( p ) + 0.0466 (ln<p>) 
2--

400 ·C p < 1000 3. 3854-1. 184 ln ( p) + 0. 107 (_1ncp>) 

dE/dz flor Soil CGev/meter) 

Table 3 
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These 
detectors and the asociated electronics can be carried by one 
person. Their LED scalers can be set to accumulate counts in 
one of four modes: coincidences between the two detectors, 
singles in either one of the two detectors, or random (i.e., 
delayed) coincidences between the front and back detectors. 

Scintillator Diameter 

Scintillator Area 

Scintillator Spacing 

Half-Angle of Cone of 
Sensitivity 

4.8 cm 

17.8 cm 2 

53 cm 

45 mrad 
(2.6°) 

Properties of Radiation Physics "Muon Finder" 

Table 4 



x value 
(inches) 

-628 

-296 

-234 

-177 

-124 

123 

196 

264 

325 

411 

No. of 
counts 

75 

2423 

972 

423 

1014 

301 

254 

423 

332 

95 

TM-966 

No. of 
protons 
x 10**-12 

3. 7 

25.9 

27 

26 

25 

22. 3 

25. 4 

24. 5 

25.7 

25 

Table 5 

No. of 
muons 
x 10**-12 
interacting 
protons 

1. 7 

7.8 

3.0 

1. 4 

3.4 

1. 1 

0.8 

1. 4 

1. 1 

0.3 

Muon Flux Measurements 
at Nominal Beam Height 

Radiation 
mrem/hr 

0.018 

0.084 

0.032 

0.015 

0.036 

0.012 

0.009 

0.015 

0.012 

0.0034 
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____ 115.000 TQ ___ 120.000 --··-- 22 ;oz-···-- ·--·-·--·--------······-·-----····-···--·------· 
120.GOC TO 125.000. 11 Xl 
125.000 TO 130.000 23 XX3 
130.0JO TO 115.tOO 25 ~X5 

______ 135.000 TO __ 140.000 ___ ·---·- 21 _ XXl ____ ·-·--·----·- --------·---·----
140.000 TO 145.~CC . zq ~xq 
145.000 TO l.5~.(·QCi 27 AX7 
150.000 TO 155.000 30 JXX 

___ 155 • 000 TO ___ 160·. 000 ____ .:.25 _ )lX5 ·-----·- _________________________ . -·--~---· _. 
160.000 TO lb5.000 19 1q 
1~5.00~ TO 170.COO 19 XQ 
170.000 TO 175.000 11· X3 

______ 175 .ooo to. ___ ieo.ooo _____ 12 . xz -------·-------·-·-·---··-·------0.-·-·--·------··· 

GREATE~ TH~N 180.000 0 

. t-IHEAN • ·- &3.z3q72 FT R.M.s._ HALF WIDTH • ··-·-- 56.q2601 FT -····-·-··----· 

TOTAL NUMBER OF PARTICLES C~NSIOEREO 1146 

{(o I t-.l T 

~· 0 
I I 6 I Q 



TM-966 

H[STtGP~~ NO. 8 
DIST~IBUTID~ OF T~FTA lN ~R 
FLAGS • ~P HENO 

FOR Pl 
DAT~ P".'l/('\~/Oi;. 

o.ccc FT <~nstTION Al 

-SCALE°-FACT0~-~~-.-1x--;,----1·--E-NTRIES.---------·- ·-- ----------·-· -"·-·--·-----·--·-·····-···----

LESS T~•~ o.ooo O 
-- -----0~ OJO-T0----.-200 ---- -iz---).~)..().); >:xx IX)C ___ - -----·· ---- ---·-.·· ·--··---------------

• 200 TO .400 ?6 ~~X~~)A~X!X~~XXXXXY.I)XJXXX 
.400 TO .6CO 24 ~~XX)X~~XIXA)).~XtlXI~XXX 

_____ • 6 o o To ___ · __ -• e cc _______ 5 ___ ;.:A. ~i'.t 
.soo TO t.ooo 4 XAXX 

t.ooo To t.200 3 xxx 
lelOO TO· 1.400 2 XX 

____ 1. 4013 ... TQ ____ ... l. 600 ________ l_X 
1.60-0 TO 1.aoo 1 x 
1.800 TO z.ooo 1 ~ 
2.000 TO 2.200 2 XX 

--· ____ z.200_ TQ ____ Z.400 LJ~------
2.400 TO Z.600 0 
Z.600 TO 2.~oo 1 X 
2.eoo To 3.ooo o ____ 3.COO.TO .3.200 Q ____________ _ 
3.200 TO 3.400 1 X 
3.400 TO 3.600 1 X 
3.600 TO 3.800 0 

___ .3 .eoo __ ra_ ____ 1t.ooo o_ 
4.000 TO 4.200 2 XX 
4.200 TO 4.400 1 X 
4.400 TO 4.600 0 

___ !t .. 6oo ___ yo_ 4.eoo o 
4e800 TO 5.GOO 0 
5.000 TO 5.200 0 
5.200 TO 5.400 O _____ 5. 400 __ TO ____ 5 • 60 0 O ________ _ 
5.600 TO 5.800 O 
5.POO TO 6.000 0 
6.000 Ta &.200 0 

___ 6.200 TO 6.400 _____ 0,L--_________ --------- ___ _ 
&.400 TO 6.600 0 
&.600 TO &.ecc o 
6.P.00 TO 7.000 0 

____ 1.ooo __ To ____ 1 .• 2.oa o'-----------------------
1.200 TO 7.400 0 
·7.,00 TO 7.600 0 
1.&00 ro 1.eoo o 7.eoo_,ro .e.ooo. a _______ _ 
a.coo re e.2oc o 
a.200 TO 8.400 O 
8.400 TO B.fCO 0 ___ e .600 ro _____ e. eoo ______ o 
a.eoo ro q.o~o o q.ooc ro q.zcc o 
Q.200 TO q.400 0 

______ 9.400 TQ _____ 9.6CC ______________ O ___________________________ ------·--·---·------------
9.600 TO 9.800 0 q.aoo TO 10.occ o 

_GREATELI.HAN ___ ___io .. ..o.c.c a___ ___________ -----· ---------

HMEAN • .78544 "R R.~.s. HALF •IDTM • 

TOTAL NUMBER OF P•RTICLES CONSIOF~EO 88 

-----'--------------··----···----- ----------·-- --- -------------



TM-966 
-- ---·-----·----·---- - .. -------------- ----- --·---- ......... ---- ---------------

HISJrG~A~ NO. 10 . 
HO~ ZO~T4L A~IS... P I~ GFV/C FOR PI AT 

AT 

DATE ctO/O~/l"'i. 

VERTICiL A~Is... THETA I~ ~R · FO~ Pl 
o.ooo CT (P~STTJ~~ 
0.000 ~T (DO~ITION 

FLAGS .. -•.-HENC __ -·--------- ______ ... 

~o.oo 190.00 zqo.co 3qo.co 
+--------~ +-----------•----------- +-+ ~l!"S ______ o.ooo T0 ______ .200 I - 90QeC~H3~5753532? I ll«L. 

.• 200 TO .400 12 l 5LCJYDMNYS1IOAQ53Q,32Z2 lI 341 
.400 TO ebGO 14 67Z3SU~TCOUCR~G6CA7~6734~3 121 366 

-- ---·---·4 

.600 TO .~oo 114 226374~544548751~221?1 ZllI Q~ 
---- • BOQ __ TQ. __ .1.ooc Il 1 21 341444 11123 L 121 L _______ 1 _ _3Q ______ -,--

1.coo TO 1.200 I 1121132213~2 1 2 1 1 1 I ?R 
l.ZJO TO 1.400 I 3 2ZZ2113 111 1 1 I ?l 
1.400 TO lebCO 11 1 '- 2 1 3 1 21 21 l I 1~ 

__ l.600 TO __ . __ l.ROO 1 __ _1 ___ 12 21. 1111 .. ________ l ________ t. ____ l~? __ _ 
i.eoo TO· 2.00:.> + 1 21111 3 1 t + tz 
2.000 TO z.200 I 21 13 3 2 22 2 1 I lQ 
2.200 TO 2.400 I 1 1 112 111 I Q __ z .400_ TO. ?..~oo_L __ _l ___ 11 __ .ll.Ll_ I _1-t ______ _ 
Z~b~O TQ 2.eoo 11 1 1 1 1 I 5 
2.eoo TO 3.ooo 1 1 I 2 
3.000 TO 3.200 I 11 12 1 2 I R 

___ 3.200_ TO 3.400_ll__lL_L .llul__ _I _._7 ______ _ 

3.400 TO 3.600 I 1 11122 2 I 10 
3.600 TO 3.800 I 1 ? 1 I ~ 
1.800 TO 4.000 + 1 1 21 1 + 6 

---~:~8&-l8 ~=z~8--J-Lr1 1 f-c~-1 -t---~--------
4.400 TO ~.600 I 1 1 1 I 3 
4.600 TO 4.800 I 11 1 I 3 

____ 4.BOO_TO 5.oco __ r_ 11 L_ _______ _ 
5.000 T!J 5.200 I t 
5. ioo Tn 5. 400 I I 
5.400 TO 5.600 I I 

___ 5.600 TC 5.soo_I ___ _1 ___ _ 
5.eoo·ro 6.ooo + + 
6.000 TO 6.ZOO I I 

------

6.200 TO &.400 I 1· 
___ 6.400_T8 6.600 1---------

6.600 T &.aoo I t 
&.eoo TO 1.000 I I 
7.000 TO 1.200 I ·I 

---t:~88-lB t:~88- I I---------,,--
1.&oo TO 7.800 I I 
7 .1300 TO a. 000 + + 

__ e.ooo_.ro a.200 .... L ?) {) Sc.A--rT'C'~ '.rt -L-
s.2ou TO 8.400 I I 
8.400 TO 8.600 I I 
6.600 TO f'.POO .I F' I 
8 • p 0 0 T 0 q • 0 0 0 I I G- ! 1 0 - ! ___ .. -------q.coo· ra·--9. 200 r I 
q.200 TO Q.400 l J 
9.400 T.O q.600 I I 

-----. --~: ~88--lR---·16: ggg--}-- --------------- -- !----:-- --------- ---------------
·---------•---------+-~-------•-• sv~~ s s 

_________ u . ---- __ u ----- .. ------- -- . ---- -- .. -... ----- --· 
.,1-·rr1z101ce7A775533·n121 II' 
s212535q~3qe1356q61oce60Pe1sssz4s 

UNDER IN OVJ:~ 

UNDER 0
0 

0 0 
IN ll't6 0 
OVER 0 0 0 

TOTtl t-;U14!3ER -i:fF--PA1ffICl.Ef COtJSIOFR_f_ri __ -----. 

H1'l!=f\N • 
V~!=AN • 
C'JR~F.LATHlN • 

1146 

?14.425132 G!=V/C 
• 720(:.7 "'R 

-.14743 
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HISJCG~A~ NO. 11 
HO~ ZOhTAL AXIS ••• 
VERTICAL AXIS ••• 

___ .fLAGS- •--HF.ND 

x 
y 

IN It4 
IN IN 

TM-966 

FOR HAL'l AT 
FOR !-'ALO AT 

DA~f FI0/0'3/0i;. 
~52.CCC ~T f P~~TTIQ~ NO. 
352.CCO ~T f P~~ITir.~ NC. 

-100.00 -60.00 -zo.oc zo.oc ~o.~o 100.co 

45J 
45) 

TI PIE 

+---------+---------•---------+---------+----------+ su•s 
------~il~H~ ii---- ~u~~n 1 · --- ---------------- -~ ----------------1--- --~-- ----------
-- :g~=g~g IB---:~f :888---1 1 -------1 1 

-7&.ooo TO -12.000 
-72.000 TO -68.000 

--:~2:8&8 18----:~~:888- • :Ln_r__ ---t--l 
-6-o.ooo To -5&.ooo f n I z 
-5&.000 TO -52.000 1 1. 1 I 3 

____ -5z.ooo.Ta __ -4e.ooo· i 1 r_z ____ _ 
-48 .too TO -ftlt.OOC 1 2 I - 3 
-44. 000 TD -40. 000 l 1 1 111 I 5 
-40.000 TO -36.000 I 1 11 l llZ 1 q 

--:i~:888-~8-~~~:888-1 11T---Pl2 f2t-:L i---1~ 
-2a.ooo TD -21t.ooo I 1 11112 111 f 10 
-24.000 TO -20.000 + Z 11222221 1 + 16 

--:i2:888--f8--~U:888-i --2-·i~l2 ~~lt-4ll t--~~ 
-12.000 To .;.e.coo 5333 z 111 i 1 21 

-B .coo TO -4.000 1 5ABG32 l 1 I 4q 
-----"'-4.000. TO .oco__ - f"UHl'Jlllll3 _____ l 2____ x__41z_ ____ _ 

.OJO TO 4.000 I KS'SS4Z21 11 11 I 356 
4.000 TD a.ooo I 1GJF72ZZ 11 1 67 
e.ooo TO iz.ooo l iz 331 111 11 1 I 16 

---l~:8&8--Ja--J8:88%--+ 1I 1t
2i 1!- l-11-1 !--1~-----

20.000 TD Zlt.000 I 11 l 1?5 I 11 
.24.000 TD 2R.<;OO I 1 ZZ4 21 I 12 ___ za.ooo_ya_ ___ 3z.ooo_ r__ ______ ___i ____ .11111 _3 r ___ 10 ____ _ 
32.oog TD 3&.ooo I l 1 z 1 21 I a 
36.03 TD 40.000 I 1 1 1 211 7 

----i::ggg--fB--ii:ggg-JJ ~1-~-i-1zi\~-J_ ---J---!---
5l .ooo TO 5&.ooo 1 211 I 5 
56.000 TO 60.000 + 1 + 1 

---g2:88&-fg-·--~~·:8~8-f L-T ----J------f 
68 .ooo TO 12.000 I I 
72.000 TO 76.000 t 

___ 76 .ooo-__ ro __ @o.ooo__ ___ . I 
eo.ooo TO er..ooo I · -, ., ,.-,, I 
e4.COO TO 88.000 I · -c.. -= ~~ '--

__ J~:888 fg ___ ~g:888 l _________ _c_ _____________________________ .____ -------- ______ ! __________ _ 
Q6.000 TO 100.000 + + 

+---------+---------+---------+---------+---~---+ SUM~ s s 
------------~,..-------5H~ai; Z2:?1 ;°!3?1 r -------------------~-- ---------

Uti!OfR 
IN 
OVER 

UNO ER 

0 
0 
0 

I~ 

0 
1144 z 

s 313eql72HZEIOH6 37 7111 ! 

OVf P. 

--------- -----·--------- ~---·----- ---·-· -- -

0 
0 
0 

f-1111 f .A 'I • 
V~FAN • 
CC~R HATIOt-1 • 

CV 1' ST r.. I ov.., ! ,,,.._/ 

G c:v 

~IG!'!AH • 
SIGf'IAV • 



TM-966 
HISJOGRA-. NO. 13 U•ll" "'''"~'L'Jt 
HO~ ZONT4l AXIS ••• x IM IN FO~ HALO AT lOt-0.0ClO ~r f 0 1qnot-. ~rn. 58) ••• 
VFFTICAL AXts... ., IN IN FOP MALO AT lC~a.c.cc FT (D\JSITH1~ NO. 58) 
FLAGS • . HEND -------------·------------------···--------- - -······------------·--·-·- ----·--·-------·-··-----

-500.00 -400.00 -300,00 -200.00 -100.00 -.oo 
+---------•-------~-•---------•---------•----------+ su~s - :11~:888 ls :ui:888 1---- --------- 1- --------- -1----·-1 ---.--

-lC8.000 TO -104.000 I · I 
--~104,000 T0_-100.000 I " l l 

-=~~:88& ls :n:88& 1 1 
l 1 1 1 ~:-r----:-----

-- -ee.ooo TQ __ -s1t.·oc<Ll. ___ J _______ _ 
-e1t.ooo TO -00.000 + 111 + 3 
-@o.ooo TO ·-1&.00C I 1 1 I ~ 
-76.00.0 TO -12.000 L 1 1 I 2 __ -n.coo T0_.~6a.ooo__ . __ i_1. ___ 3 
-68.GllO TO -M.000 I 111 1 1 21 7 -61t.ooo TO -60.000 1 tt 1 s 
-60.000 TO -56.COO l 1 2 3 l 1 1J ca 

--=~~:8&8·· l8-:U:888- I 1 1 lll 1 
33 2 l Lj--d-, 

-1ta.cac TD -H.ooo 1 1 21 31 l2 113 I 11 
-1t~.ooo TD -40.000 + z z 1 311 1 1 1 1 + H 

-· --:;:~g:ggs-fs-:i~:&ss-1 1111l -n2--i1rr-- 1+l---1~ 
-lz.ooo TO -20.000 112 z n33121 1 1 I 21 
~za.eoo TD -z4.ooo I 22452322 il21 1 l i l 31 

___ -24.000 T0 __ ~20.ooo 1....L l 3Z4Z2?245H2 l_L_--1.__ __lt]'!!-----
~zo.ooo TO -1&.ooc 11211?7254151321 i I 40 
-16.000 TO . -12.000 I 14241 ~ 44522 llZ 1 11 1 I ltO 
-12.000 TD -e.ooo z 12234332351~1 41 1 1 zt 46 
-8 000 TD -ft 000 1233H433.,225q35"1 1 L_ 68 

--~-;.;.4:000-Ta-·---· :ooo·-· i l113444M41t'+3712l t --. · 57·-----
.000 TO 4.000 I 312't~32513346442U 1 I 58 

4.000 TO . a.coo I 442473'5344 832323~ zl n 
___ 8_.000_ T0 __ 1z..000_1 -1132'!2'i3443434 72212..1 1 _'57 

lZ.000 TO 16,000 2 '9225223511221 1 1 1 37 
16.000 TO 20.000 I 1 142~~4~4 23 41 21 11 46 
20. 000 TO Z4.000 1311584 231 11 11 I 34 

----13:838·-l8--U:8g8--I i ·z23hH4 ~ 1lH 21 1 i 1-n 
-32.000 to . 3&.ooo 1 11 z5122212 1 1 I n 
361000 Tll 40,000 • l 2132231 3 1 1 + ZO 

___ 40.000 .Tn ___ H.000 I 12.2 ---~1-2.. _J_ .. 11 ---~-
44.000 TO 48.000 I lZ 1 1121 1 11 1 111 15 
lt8 .ooo TO 52 .000 I ?l 1 1 1 I 6 
sz.ooo TD t;&.000 I 1 l 22 l 1 1 1 J 10 
5&.000 TO .. 60.000___ 2._l_ 1 ._ 4 --·-. -~2:888--lB- ~~:888 f 1 u--i -i~ · 1 1 I I ; -----
6e.ooo To 12.oooj· i u i 1 1 5 __ n.ooo To 76.ooo .1

1
.--

1
- t ____ i_ ____ _ 

1&.C'jO ra-~o-~ooo + + 2 eo.ooo TO e1t.OOO I 1 1 I 2 
84.000 TIJ £18.000 I 1 1 J z 

---~~:8&8-l8 ~~:888- t ---1 ·----r-------·-
c;i&.ooo To 100.000 1 I 1 

100.000 TO 104.000 I I -
l01t.ooo _To 10-..ooc I / I · 

__ __________ -·-----·-- _______________________ ..:. -------~--~--io b.o ______________ ------------------,-----

108.0~0 TO 112.0CC I 1 1 I 
112.000 Trr tl6.ooo I 
116 .ooa Ta 120.cct + 1 • -----·-"-- --·--- .. --------··------ ---· -- --·- _+--------·~-----~--+---------+--------+--------+ . - s . ~ 

u u 
. ,. l?3456f.57t>,~7"4'21l 1 "" 

______________ · ________________ S .. _ ______ . 1178 q3Q l F15020Q23 l 2C 72 5~ ~12'.-\2 2 4 '5h~O qq7s 

UNDER IM OVER 
UNO ER 0 45 26 

_ IN _______ 0 - --- q)f>___ _ 65 -·---- -·. 
OVFR 1 3~ 37 

TOTAL NU~~ER OF PA~TIClfS CC~SIDE~fD 

H14FAlil • 
V:"!FAN • 
C01UEUTICN • 

l\46 

2 

l 
SUl'!S 

SIGMA~ • 
SIGP'AV .• 

t..foo Gcv X'f'.IC10£NT--· 
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~ ~~~:~~ ~:~~ -~ ~-~-f: ~-~~ ~~-~~~ ~ ~~--.~--1.-;...-:.-f~-+-+-: ~i-:-::. ~~- -- -·- - --t-
~ -·-f---

-- ·:;._: :h,. 
~ - - ·-:: f.--.--:-1 - -· 1---- .....-.. .. 

:- :--~--= i--:_J... 

- i..-.. - ,_ ___ 

~t--t::.-~~ .;.-~-

·:=:>--::-:_- :=i-:,;:=-_ '".:.::..: -
- - -- _:::.: -:-±--....:.: -- -:-· t::::::-- --'I 

--·-- .::: ·- - --

\OO ~~; ~: -·· }~:-=~::;~- ,t=:+-P-e-: ~- ~~2l~~~-:-i~~~~~ 
~-:~~ ~~~; =:-:-~7~= :-~--~~:-~::-: T~-=~-t~E~-~~:-bE ~:· ?~f~ ~ 

0 

-WO 

' _;.: -:: c. ::~ - ~ - ·-~ .....,.... i:;::p:: :::ct±_ ~: - -- - .'.::.:it: 

/ .,:) 

ANGULAR WIDTH 
MUON MEASUREMENT 
FIG.14 
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-?CO.COil 
__ -1 qo .ooo 

-1eo.ooo 
-110 .aoo 
-160.000 

____ -150.000 
-140.000 
-130.000 
-120.000 

----- -110. 000 
-100. 000 -qo.coo 
-eo.coo 

---- -10.000 
-61).000 
-50.000 
-40.000 

----- -30 .ooo 
-20.000 
-10.000 

O.O·JO 
10. 000 zo.ooo 
30.000 
40 .ooo 
50.01)0 
60 .ooo 
10.000 eo.ooo qo.ooo 

100.0')0 
110.000 
120. 000 

----- 13 u • 01) 0 
140.000 
150.000 
H0.000 

----H8:883 
lf~0.000 

IN HR 
IN MP 

Tlvl-966 

F'lR HALO AT 
FOR HALO AT 

-200. 00 -10-0.00 o. 00 ____ ---100 .oo 2·00·;-00--·-···-·-:------·----

TO -190.000 
TO _-ao.ooo 
TO -170,000 
TO -160.000 
TO -150.000 
TO _ -Ho. COO 
ro -no. coo 
TIJ -IZO. 000 
TO -110.000 
TO _-100,; 000 
TO -cm. ooo 
TO -flo.ooo 
TO -70 .000 
TO ___ -f,0.000 
Tl) -50.000 
TO -40.0CO 
TO -30.000 
TO __ -20.cco 
TO -10.000 
TO o.coo 
TO 10.000 
TO -· __ 20. 000 
TO 30.000 
TO 40,000 
TO i;o.oco 
T 'l _ __ 6 0. 0 0 0 
TO 70.000 To ~o.ooo 
TO crn.ooo 
Tl'! 100.000 
TO - 110. 000 
TO H0.00.0 
TO 130. 000 

f8 --1;8:888 
TO 160.CCO 
TO 170.000 
TO . lE!O. 000 To ___ 1crn.ooo 
TO 200.000 

+---------+---------·--....... ----+----------+ su~s I T I -- -- -------------------------- -I--------
x ! 
I - I f----·----·------- -·y 
I 1 t 
1 I 
~ ________________ l ________ · __ }_____ ---------t---- z ---
I 11 1 I ~ 

1-------1~~--~ 1 ~i~if l~ii------;- -----1---- ~!---
I 1 17.1't4tfl5 1 t ' ' I ----·---------- 12 32Mt7q92 _ ! ___ 1t1 __ 
I 32~AURry413 T 104 
+ 28 HHf'IH231 1 1 + '43 
1 22 41-'U$FC56?. I 1'~ 1--- ------- 11 2lH~~~HU __ 1 ________ I----~~ ---
I 21 2M56fl4112 i t,7 

1---·---·------- 2!~~ 1 ~!iil1~·1-1-------· t--~Jt-----
I 1 · 1 I 2 i ________________ __l ___ _l ____________ j __ ., ___ _ 
I 1 t I 2 i - ------------ 1------------------------I----l__ ___ _ 

l I I ----,-________ _:________ l ·--

1 

• + 
+-------~-~~------•---------+-~--------+ 5U"S ---- -----------------·--·-------- .. s ----·----· --·---------- ----·-·------- --·----~----·-·----··ij-- --------
~ 1126~~~~7421 • 
S Z501774't84411Zbl21Z 11 ~ 

--- U"IOER ______ rn----·-oveR ---------------------- ·-- -----------------------·------· 
UMOfR 0 0 1 HMEAN • -18026\QO ~R 
IN 0 llltft 0 VMEAN • - .502~1) MR 

_ OVER --·----- Q _______ l_ ______ !) ________ ·__ CORR ELATlDtL !l ________ ~ .. 27369 _________ _ 

TOTAL NU~BER OF PARTICLES CONSIDERED 

X-1 
/ 

(V'llJ 0 N 

l/OO 

1146 


