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Introduction

The determination of dose equivalents due to Fermilab operations at offsite locations has
always been an important part of the environmental monitoring program of the Laboratory. This
program includes the measurement of muon radiation patterns near the site boundary and the
estimation of both individual and population doses resulting from operating the fixed target
experimental program. The results obtained during previous years have been formally
documented in the annual Site Environmental Reports and their predecessor document, the annual
Environmental Monitoring Reports. Other publications describing the methods of measuring the
muon radiation fields have also been generated.!-11 The purpose of the present note is to present
the results of the measurements of muon dose equivalent at the Fermilab site boundary during
Calender Year 1990 and describe in detail the method of estimating the population dose at more
distant locations due to these muons.

Summary of Site Boundary Muon Measurements

As described in several of refs. 1-11 (in detail in refs. 4, 5, and 9), the muon fields near the
Fermilab site boundary are conventionally measured by use of scintillation counters mounted in the
Mobile Environmental Radiation Laboratory (MERL). The raw data consists of measurements of
the normalized muon fluence (muons/cm? per 1 X 1012 protons) obtained during scans transverse
to the muon trajectories. These data are based on average counts (background-corrected) in each of
two plastic scintillation paddles; the ratio of coincidence to singles counting rates vary from 0.2 to
0.6 at site boundary locations. This ratio depends on the direction and divergence of the muons
incident on the paddles. It will be unity for a broad beam parallel to the horizontal. The
conversion factor for converting integrated fluence to dose equivalent has been determined by G.
R. Stevenson to be independent of energy over a wide range;12 its value is 1 mrem per 25,000
muons/cm2.

The only significant muon radiation fields produced by Laboratory operations occur to the
northeast of the site. These fields follow the extension of the fixed target primary beamlines since

the production of energetic muons is kinematically restricted to forward angles relative to the
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during the fixed target physics program, which operated from February through August of 1990,
e
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found significant muon fields (in terms of instantaneous flux density) at the site boundary
originatine from four beamlines: MW, MC, MP, and NM. Three other beamlines p
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MC, MP, and hree other beamlines produce barely
detectable muons at the site boundary: PW, PE and PB. For these beams, the fluence measured
in the vicinity of the site boundary is correctly described as being "upper limits". Operational
conditions for most of these beamlines were much the same as those which existed during the
1987-1988 fixed target run described in Ref. 8. For most of the data, the reproducibility for the
two running periods was quite good.

Figure 1 is a site map which shows the location and directions of these seven beamlines.
Since vehicular accessibility is required to actvually make the measurements, Roosevelt Road
(Route 38, slightly outside the site boundary) is the most convenient place to perform site
boundary scans. Fortuitously, it also provides opportunity to make scans of the muon radiation
pattern transverse to their trajectories. Results were obtained at this location for all of the beams
except for NM and these measurements form the basis of the offsite dose determinations. For
NM, the proximity to 345 k'V power lines caused interference in the MERL telemetry system which
rendered measurements at the vicinity of the intersection of the NM muon radiation pattern with
Route 38 unreliable. For the NM beam, more complete measurements could be made at the Power
Line Road just inside the site boundary.

For the Meson Area beams and the NM beam, the most relevant fluence measurements
obtained in the vicinity of the site boundary are shown in Figs. 2 and 3. Figure 4 shows the
fluence associated with Proton Area beams. The measurements at Eola Road (well within the

Fermilab site) indicate that only PB contributes to the fluence at more remote locations.
Apparently, there were no muons associated with PW, PC, and PE under 1990 beam line running
conditions. Moreover, at the site boundary location, Route 38, there is scant evidence of muons
from PB as well.

Near the site boundary, the terrain is relatively flat. The muons are expected to have
relatively high momenta (tens of GeV/c) so that attenuation due to multiple scattering in air and
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dependence as a function of the distance from their "source”. For all but one of the beamlines

§Another possible source is the aborts at C0. In a measurement conducted in February of 1988 and
documented in a memorandum from Alex Elwyn to Sam Baker dated March 18, 1988, it was reported that
at the service road paraliel with Butterfield Road, results at 400 GeV were consistent with zero muon flux
density. Atthe same location, which is about 1.06 miles from the C0 abor, a value of {2.0 £0.8) X 1077
mrem per 1012 protons was found for 800 GeV protons.



which were measurable sources of muons during 1990, the "source” would best be defined as the
location at which the primary proton beams interact with a target.  For the NM beamline,
however, the "source” is more realistically taken to be the point where the muon beam leaves the
downstream end of the Muon Laboratory since the muons of concern are a focussed, nearly
paralle! beam to that point. Figure 5 shows measured peak flux density times Z2 plotted as a
function of distance Z for various beamlines based on the more extensive measurement made
during the 1987-1988 Tevatron Fixed Target run.8  For these plots Z is measured from the source
as defined above. Except for the PB beamline, the inverse square law dependence is reasonable
for locations near the Fermilab site boundary. For PB, values of the muon fluence fall faster with
distance than 1/Z2, and so the assumption of an inverse square dependence is a conservative one.
In what follows, an inverse square dependance is used to extrapolate (or interpolate) to the actual
site boundary from the location at which measurements were performed.

Table 1 lists, by beamline, the results of measurements in spreadsheet form (Microsoft
Excel™) and tabulates conversion to muon dose equivalent at Route 38 and at the actual site
boundary location. These data form the basis of the worst case dose scenarios and offsite
population dose assessment. Data for PE and PW are based on upper limits from measurements
made during the 1987-1988 run. The columns in the spreadsheet are described as follows:

Column B is the Z-value of the location where the measurements nearest to the site boundary were
done. For all but NM, this is Route 38. For NM this value is for the Power Line
Road.

Column C is the measured peak value of the fluence in units of muons/cm? per 1012 incident
protons as measured using the MERL.

Columna D is the full width at half-maximum (FWHM) of each distribution at the measurement
locadon.

Column E is the integrated proton beam intensity for each beam during 1990 as recorded by the
Secondary Emission Monitors (SEMs) logged by the Research Division. The
SEMS are calibrated in collaboration with the Environment, Safety, and Health
Section using the facilities of the Activation Analysis Laboratory.

Column F is the Z-value at the site boundary for the given beamline.

Column G is the integrated dose equivalent during 1990 at the site boundary for each beam using
the peak fluence, the integrated proton intensity, the dose conversion factor
described above, and the 1/Z2 dependence to correct from the measured peak value
to an estimate at the actual site boundary.



Column H is the standard deviation (6) of each distribution at the site boundary, approximating the
distribution with a Gaussian. It is obtained from the FWHM (i.e.,, 0 =
FWHM/2.35) at the point of measurement, assuming a linear dependence with Z.

Column 1 is the Z-value at Route 38.

Column J is the integrated dose equivalent during 1990 at Route 38. Note that the value for NM is
obtained from the measurement at the Power Line Road assuming the 1/Z2
dependence.

Column K is the standard deviation of the distribution at Route 38. Four times this value is the full
width used to define the areas of population exposure due to the muons from these
beamlines. This value is also useful in determining the degree of overlap from the
various muon fields.

Column L is the location of the muon peaks measured from the intersection of Town Road with
Route 38. (If Z is along the beam, then the X coordinate is essentially along Route
38).

Column M is the angle east of geographic North of the line determined by the peak value of the
muon flux density at Route 38 and the source.

As observed in this Table, all beamnlines, except for MW, produced peak off-site dose
equivalents far below the 10 mrem/year Fermilab guideline set by the Laboratory Director. Even
for MW, the observed site-boundary dose equivalent is considerably less than the 100 mrem/year
limit specified in DOE Orders 5480.11 and 5400.5. The value of approximately 16 mrem found
for MW represents about 5 per cent of the natural background dose equivalent of 300 mrem
(including the recently identified effects of indoor radon) to the average U. S. resident.13 From
this Table and Fig. 1 it is clear that the muon patterns do not have significant overlaps nor do they
cross each other. There are no residences near the Fermilab site boundary. This reduces the
probability that any one individual actually received this much dose equivalent. Comparison
with results obtained in previous years can be made. The worst case dose equivalent during 1987
was 13 mrem!4 while the same quantity in 1988 was 1.2 mrem!3, In those years, the beamline
producing the highest offsite muon fluence was NM. The lack of fixed target operations in 1989
resulted in no exposure during that yearl6, The worst case muon fluence averaged over the last 4
years is thus about 7.5 mrem at offsite locations. These locations vary and are dependent on the
configuration of the physics research program. Clearly, the average peak offsite dose equivalent
due to muons is less than 10 mrem/year. The year-to-year fluctuations are thus due to the changing
requirements of this program.



Population Dose Equivalent Due to the Muon Radiation Fields

The normal environmental monitoring program includes the assessment of effective dose
equivalent to the population due to U. S. Department of Energy operations. The results of these
assessments are published in the annua!l Site Environmental Reports. This has been done for
muons produced during fixed-target operations at Fermilab. The muons of concern are those
which leave the site parallel with the ground. Those which enter the earth are ranged out while
those emitted upward at significant angles are likewise of no concemn since there are no tall
buildings or mountains in the immediate vicinity of Fermilab. The elevation above sea level at the
NE corner of the Fermilab site is 745-750 feet. To the northeast of the site, in the general
direction followed by the muons, the elevation gradually rises to approximately 800 feet above sea
level at a distance of 5 miles from the center of the site. Within the first 20 miles, the elevations
rise to no more than approximately 900 feet above sea level. Elevations beyond that distance are
generally lower as Lake Michigan is approached. At a distance of 20 miles, muons which were
travelling horizontally at the site boundary are found 270 feet above the typical surface elevation of
750 feet (and thus about 120 feet above the surface at the point of highest elevation of 900 feet)
due to the curvature of the Earth. Thus they are not a feasible source of dose equivalent to people.
However, the Earth's curvature has not been included in the calculations done here; we, in effect,
assume a flat Earth, The consequences of this assumption are insignificant compared with other
errors in the assessment.

The calculation of population dose equivalent due to these muon fields consists of the
determination of the intensity distribution and the direction and width of the muon cone at the site
boundary. These values are listed in Table 1. For offsite locations, the muon distributions are
taken to be Gaussians. As can be seen from the measured distributions (Figs. 2, 3, and 4), this is
an approximation more accurate for some beamns than for others. However, it is a conservative
choice in all cases if the peak value is taken to be the peak of the Gaussian and the FWHM is
measured by ignoring "spikes" such as are seen in the pattern due to some beams (e.g., MW). In
other words, the FWHM is taken to include both of the MW spikes (see Fig. 2) which are found to
be superimposed on an otherwise rather flat distribution. Thus, if the peaks are assumed to be
Gaussians, the area within + 20 of the peak includes 95 % of the muons and is a good
approximation to the total muon fluence,

In the calculation of population dose equivalent, we need the average muon intensity within
a full width of 4o at each longitudinal distance Z for points beyond the site boundary. To simplify

this calculation, the assumed Gaussian distribution at Route 38 is replaced by a rectangular one of



width 46. The height of the rectangle, which represents the average muon fluence, is obtained by
setting the area equal to the area of the Gaussian distribution taken from -2¢ to +20. This
prescription gives a value of [0.95 X (21)0-5)/4 = 0.6 times the Gaussian peak height for the
average muon intensity. For other offsite locations, the width of the distribution relative to that at
Route 38 is assumed to increase linearly with Z and the average intensity relative to that at Route 38
is assumed to scale as 1/Z2, where Z is measured from the source.

Figures 6 and 7 display the 1980 population distributions in the vicinity of the laboratory,
binned in sectors originating from the center of the Tevatron. It is clear that the directional
information of the muons and this population data can be used to determine the population dose
equivalent due to the muons. Obviously, only the NE and NNE sectors are in the path of these
muons.

Table 2 presents the calculation of the population dose in spreadsheet (Microsoft Excel™)
form. At the bottom of page 1 of this Table are listed the inner and outer population bin boundaries
(rmin and rmax), the computed area® of these bins in mi2, the 1980 U. S. Census values for the
population within them for the two sectors of concern, and the population densities (per mi2)
computed here. In the upper part of the table are displayed the population dose calculations. The
contents of each column are described below:

Column B is the Z-value at Route 38.

Column C is the peak dose equivalent in mrem received at Route 38 as determined above.

Column D is the standard deviation of the muon distribution transverse to the muon trajectories at
Route 38.

Column E is the mean dose equivalent delivered within the width (+20) taken for purposes of this

estimate at the Route 38 reference location.

For the remainder of the table, the different rows under each beamline correspond to values
pertinent to the population zones being traversed by the muons starting with the first one
encountered at the site boundary and extended out to 2 50 mile radius from the Tevatron center.

Column F is the distance of the point where the trajectory enters a given population zone from the
Route 38 for a given beamline.

*For the 2- 3 mile bin, approximately 1/6 of the area is within the Fermiiab site and thus contains no
residences. Hence, the tabulated areas for these bins is taken to be 1/6 of that bin.



G is the distance of the point where the trajectory leaves a given

Route 38 for a given beamline.
Column H is the path length of the muons within a given population zone.

pop nulation zone from the

Column J is the area of the given population zone exposed to the muons from the given beamline.
It is computed by multiplying the width (4 standard deviations) at the center of the
trajectory within the zone times the path length in the zone.

Column K is the average dose equivalent within the bin. Since the 1/Z2 dependence is being used
here, the average within a population bin corresponds to that found at the geometric
mean of the values listed in Columns F and G.

Column L is the population density of the appropriate bins from the other part of the chart. The
MW, MC, and MP distributions are entirely contained within the NNE sector while
the other four beamline muon distributions cross from the NNE sector to the NE
one. This is taken into account in the chart.

Column M is the number of exposed people taken as the product of the population density and the
exposed area.

Column N is the population dose determined as the product of the entries of columns K and M.

Column O is a summation of the population doses for each of the beamlines. The grand total of
population exposure is listed at the bottom of this column.

Column P is a summation of the total number of people potentially exposed to muons from each
beamline. The grand total of people potentially exposed people is listed at the
bottom of this column along with average dose equivalent per exposed person.

Thus, the result of this assessment is that a total collective population dose equivalent of

4941 person-mrem was and distributed over an estimated 406,593 persons. The average dose

equivalent to exposed person was, then, 0.012 mrem. In the rapidly-developing areas around
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Population
1980 Census 1990 Census Percent
(Final) (Preliminary) Increase
DuPage County 658,876 781,666 18.6
City of West Chicago 12,550 14,796 17.9

Thus, conservatively, the estimated population dose equivalent should be increased by
approximately 20 per cent. If this is done, the population dose total of 4.94 person-rem is
increased to 5.93 person-rem and the number of people potentially exposed to the muons is
increased from 406,593 to approximately 490,000. As mentioned, natural background (including
the newly-recognized significant contribution of indoor radon) results in an average dose
equivalent of approximately 300 mrem to each person in the United States13. Thus the estimated
490,000 people potentially exposed to the muons would receive a dose of 1.5 X 105 person-rem
from natural background. Hence, the Fermilab muons result in an insignificant increment in the
total population dose equivalent of 0.004 per cent. By comparison, in 1987, 1988, and 1989 the
population effective dose equivalents were 2.0, 0.6, and 0.0 person-rem, respectively.14,15,16
During the 1987-1988 run, the offsite muons were dominated by muons from NM which was then
operating in a mode which produced more offsite muons than it does in its current configuration.
In 1990, the peak offsite dose equivalent is due to MW. The width of the muon distribution due to
MW at equivalent value of Z is considerably wider than that of the distribution due to NM. This
increases the numbers of people in the geographic areas intercepted by the muon trajectories. The
distribution of the population exposure among the various beamlines may be of interest in the
planning of future operations.



References

1. C.Moore and S. Velen, "Muon Beam Halo Studies”, TM-497, June 11, 1974.

2. Craig D. Moore, "Comparison of HALO Predictions with Experimental Measurements of
Offsite Muons Arising from 275 GeV/c Muon Line Operations”, TM-680, August 10, 1976.

3. S. Velen and C. Moore, "Offsite Radiation from Operation of the Neutrino Area Muon Line
at 225 GeV/c", TM-732, June 2, 1977.

4. 1.D. Cossairt, "Recent Muon Dose Equivalent Measurements at Fermilab”, TM-1061, June
30, 1981.

5. I.D. Cossairt, "Recent Muon Fluence Measurements at Fermilab", Health Physics 45
(1983) 651-658.

6. A.J. Elwyn and W. S. Freeman, "Muon Fluence Measurements at 800 GeV", TM-1288,
November, 1984.

7. A. I Elwyn, "Muon Fluence Measurements at the Site Boundary for 1985", TM-1394,
march, 1986,

8. A.J. Elwyn and W. S. Freeman, "Muon Fluence Measurements During the 1987-1988
Fixed-Target Run", TM-1518, April 4, 1988.

9. A.J. Elwyn, J. D. Cossairt, and W. S. Freeman, "The Monitoring of Accelerator-Produced
Muons at Fermilab”, FERMILAB-Conf-88/107, presented at the 220d Midyear Topical
Meeting of the Health Physics Society, San Antonio, Texas, December 4-8, 1988 and
published in the proceedings of same.

10. J. D. Cossairt, A. J. Elwyn, W. S. Freeman, and 5. W. Butala, "A Study of the Transport

of High Energy Muons Through a Soil Shield at the Tevatron", Nuclear Instruments and
Methods, A276 (1989) 78-85.



11.

12.

13.

14.

15.

16.

17.

10

J. D. Cossairt, A. J. Elwyn, and W. S. Freeman, "A Study of the Production and Transport
of Muons Through Shielding at the Tevatron”, Nuclear Instruments and Methods, A276
(1989) 86-93.

G. R. Stevenson, "Dose and Dose Equivalent from Muons,” CERN Report T/S/-RP/099,
European Organization for Nuclear Research, CERN, Geneva, Switzerland, 1983.

Health Effects of Ionizing Radiation-Beir V, National Research Council, (National
Academy Press, Washington, DC, 1990) p. 18.

S. 1. Baker, Fermilab Site Environmental Report for Calendar Year 1987, May 1, 1988.

S. L Baker, Fermilab Site Environmental Report for Calendar Year 1988, May 1, 1989.

J. D. Cossairt, Editor, Fermilab Site Environmental Report for Calendar Year 19389, May 1,
1990.

United States Census Bureau Report on the 1990 Census (preliminary), January 23, 1991.



L6/L/2

GG 00¢- L2l 0Zv'0 09201 Lél £9%°0 69.6 Z1+3819°E {00€ 620 0 09201 8d| 91
S'EY 00¥ let 95e'0 oOrEQ!L ccl 0820 Y066 Z1+3690°1 [00€ 90’0 0vEOQL X M”
o'oY 0004 LEl 520°0 08201 gl £20°0 Y¥B6 9}+3660°¢ [00E €0°0 08201 Nd M”
S$°8E 0Evl 88 o.vv.m. 950/, I-4:] eLi’e 0299 Z1+3925' |09l 620 GSPS N h”
SlE 159¢€ 56 gee't 9.001 o8 avl’| 0vv8 L1+3e08't (|S¢e L1'0 22001 di M
5'6¢ cesy ad yiLE0 80101 oLl 0yS'0 8041 91+3lgl'e |0vE LE'Q 80101 N M
S'Le LS5 a4 0iv'e 96101 €01 SL6'S} S0gEl £1130986'2 (0¥E 692°C 96101 MA w
[(Bap) |(13) pa umol[{u) st o1y | 8E ‘&1 (1) () pug aus|'puq aus () "pug (1)) [ z131 4ad 1) N
o|Buy | Jo 1sem’Y © ewbis © weiw | gg NYH-Z D ewbis | © waill | '9115-Z | sUO10.d # | WHMJ ZWwo,n [einseaw-Z|wead| |
W 1 A r { H 2 E) 3 a ) 2] v

0661A0 Buung g¢ ewnoy pue Aiepunog aig 2yl le s9sO@ UONW JO uoleINdB] | 3qEL




Table 2 CY1980 Population Dose Due to Muons

A _ B [+ D E F G H
1 [ Beam [ Z @ Rte. 38 mrem @ Sigma @ Mean Dose | Z-Z(@Rte 3B) | Z- Z{@Hte 38) pathlength
2 (ft) Rte. 38 Rte. 38 {H) | in4-Sigma | at Inner bnd. | at outer bnd. | In zone {mi}
3 {mrem) {ml) {mh)
4
5 W 10196 8.170 144 4.902 -0.55 -0.2 0.35
6 10196 8.170 144 4.902 -0.2 0.85 1.05
7 10196 8.170 144 4.902 0.85 1.85 1
8 10196 8.170 144 4.902 1.85 6.85 5
9 10196 B8.170 144 4.802 6.85 16.85 10
10 10196 8.170 144 4,802 16.85 26.85 10
11 10196 8.170 144 4.802 2685 36.85 10
12 10196 B8.170 144 4.902 36.85 46.85 g
13
14 MG 10108 0.314 144 0.188 -0.5 -0.17 0.33
15 10108 0.314 144 0.188 -0.17 0.85 1.02
16 10108 0.314 144 0.188 0.85 1.85 1
17 10108 0.314 144 0.188 1.85 5.85 S
18 10108 0.314 144 0.138 6.85 16.85 10
19 10108 ¢.314 144 0.188 16.85 26.85 10
20 10108 0.314 144 0.188 26.85 36.85 10
21 10108 0.314 144 0.188 J6.85 46.85 10
22
23 WP 10076 1.225 95 0.735 -0.3 -0.15 0.15
24 10076 1.225 95 0.735 -0.16 0.87 1.02
25 10076 1.225 95 0.735 0.87 1.92 1.05
265 10076 1.225 95 0.735 1.92 6.92 5
27 10076 1.225 a5 0.735 65.92 16.92 10
28 10076 1.225 95 0.735 16.92 26.92 10
29 100786 1.225 g5 0.735 26.92 36,92 10
30 10076 1.225 95 D.735 36.92 46.92 10
31
32 [N 7056 2.440 BB 1.464 -0.13 0.9 1.03
33 7056 2.440 88 1,464 0.9 1.9 1
34 7056 2.440 a8 1.464 1.9 6.9 5
35 7056 2.440 a8 1.464 6.9 16.9 10
36 7056 2.440 88 1.464 16.9 26.9 10
37 7056 2.440 88 1.464 26.9 36.9 10
38
39 |PW 10280 0.025 127 0.015 -0.12 0.8 1.02
40 10280 0.025 127 0.015 0.9 1.92 1.02
41 10280 0.025 127 0.015 1.92 6.92 5
42 10280 0.025 127 0.015 6.92 16.92 10
43 10280 0.025 127 0.015 16.92 26.92 10
44 10280 0.025 127 0.015 26.92 36.92 10
45
46 |PE 10340 0.256 127 0.154 -0.1 0.93 1.03
47 10340 0.256 127 0.154 0.93 1.93 1
48 10340 0.258 127 0.154 1.93 5.93 5
49 10340 0.256 127 0.154 £.93 16.93 10
50 10340 0.256 127 0.154 16.93 26.93 10
51 10340 0.256 127 0.154 26.93 36.93 10
52
531PB 10260 0.420 127 0.252 -0.1 0.95 1.05
54 10260 0.420 127 0.252 0.95 1.95 1
55 10260 0.420 127 0.252 1.95 6.95 5
56 10260 0.420 127 0.252 6.95 16.95 10
57 10260 0.420 127 0.252 16.95 26.95 10
53 10260 0.420 127 0.252 26.95 36.95 10
59
8 0 |Population 8in Boundaries:
61] rmin rmax Area {mi**2)| NNEPop. NE Pop. NNE Pop. NE Pop.
62] (mi} (mi) in 1980 in_ 1980 per mi**2 per _mi=*2
63 2 3 0.160 112 178.000 700.0 1112.5
64 3 4 1.374 2078 4557.000 1512.6 337.2
65 4 5 t.766 1265 5101.000 716.2 2888.0
66 5 10 14,719 5821] 12718.000 385.5 864.1
67 10 20 58.875 66274] 78701.000 1159.6 1336.7
58 20 30 98.125 76075] 282724.000 775.3 2683.2
69 30 40 137.375 120930| 135718.000 B880.3 1017.1
70 40 50 176.625 145415 0.000 823.3 0.0
2/7i91 Page 1




Table 2 CY1990 Popuistion Dose Due 1o Muons

] J K L ] N [+] P

1 | Beam axposed Ave Dose @ { Pop. density | No. sxposed Pop. dose Summed Summed

2 area_ (mi{**2} in bin {(per mi**2) | _peopls {pers.-mrem}| pop. dose exp. pop. |
3 {mram} pers.-mrem

4

5 MW 0.03 2.68E+00 700.0 22 164.7

8 0.13 3.80E+00 1512.6 202 768.6

7 0.19 1.74E+00 716.2 133 230.8

B 1.77 5.51£-01 395.5 702 386.3

)] 7.79 1.11E-01 1159.6 9028 1000.6

10 13.43 3.38E-02 775.3 10416 352.2

11 19.08 1.64E-02 B880.3 16800 275.1

12 24.73 9.66E-03 823.3 20363 196.8 3375 57664
13

14 NC 0.03 2.80E-01 700.0 21 5.8

156 013 1.43E-01 15126 198 28.4

16 .18 6.64E-02 716.2 133 8.8

17 1.78 2.089E-02 395.5 706 14.8

18 7.84/ 4.20E-03 1158.6 8055 38.2

19 13.54 1.28£-08 7753 10489 13.4

20 15.24 5.19E-04 880.3 16937 10.5 ]
21 24.94 3.65E-04 B23.3 20532 7.5 127 58122
22

23] w 0.0 9.46E-01 700.0 7 6.3 — ]
24 0.09 5.4BE-01 15126 132 72.3

25 0.13 2.52E-01 716.2] 94 23.6
26 1.19 7.92E-02 395.5 472 a7 .4

27 5.22 1.61E-02 1159.6 65047 97.4

28 8.09 4.93E-03 7753 6967 34.4

29 12.76 2.39E-03 880.3 11231 26.9

30 16.53 1.41E-03 823.3 13608 19.2 317 38558
31

32 N 0.09 9.60E-01 1512.6 134 128.7
313 0.14 3.61E-01 716.2 83 35.3

34 1.43 3.81E-02 8641 1236 121.3

36 6.60] _ 1.74E-02 13367 3825 153.6 ]
36 11.59 5.08E-03 2983.2 34581 175.6

3? 1B.58 2.42E-03 1017.1 16864 40.8 656 51739
as

398 PW D12 1.04E-02 15126 178 1.9

40 0.7 5.16E-03 2880.0 487 2.5

41 1.57 1.66E-03 864.1 13549 2.3

42 6.85 3.40E-04 1336.7 9160 3.1

43 11.78 1.04E-04 2983.2 35184 3.7

44 16.74 5.07E-05 1017.4 17022 0.9 14 63381
45

46 PE 0.12 1.10E-01 3317.2 3498 43.7

47 017 §5.25E-02 2888.0 481 25.2

48 1.57 1.70E-G2 864.1 1356 231

49 6.82 3.51E-03 1336.7 9121 32,0

50 11.74 1.08E-03 2083.2 asg12 37.8

51 16.65 5.24E-D4 10171 16934 B9 171 53301
52

53 PB 0.12 1.78E-01 3317.2 408 72.9

54 0.17 B.45E-02 2888.0 485 41.0

55 1.58 2.75E-02 864.1 1368 37.6

56 6.88 5.66E-03 1336.7 9195 52.1

57 11.83 1.74E-03 2983.2 352982 61.5

58 16.78 B8.47E-04 1017.1 17068 14.5 279 63816
53

60 Grand Total: 4941 406593
61

82 Ave Qose psr

63 exp. person: 0.012
64 mremj

65 1
(1]

6T ]
68 ]
69

70 j’ 1

27791
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Figure 1 Map of the vicinity of the Fermilab site showing the locations of the seven

beamlines with measurable offsite muon fluences. The 22.5 degree sectors used
for determining population dose are also shown on this figure and are labeled
according to compass direction (N, NNE, NE, etc). These sectors have their
origin at the center of the Tevatron.
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Figure 4 Muon fluence measurements for Proton Area beams PC, PE, and PB measured at
Fola Rd and for PB measured at Route 38 during the 1990 fixed target run.
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Residential population distribution in the vicinity of Fermilab based on the 1980 U.
S. Census. The populations have been grouped in bins as indicated within 22.5¢
sectors originating from the center of the Tevatron . The numbers displaced on the
plot are the residential population of a given bin. The labeled rays indicate the
muon trajectories due to the corresponding beamlines. )
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Figure 7. Residential population distribution within 50 miles of Fermilab based on the 1980
U. S. Census. The populations have been grouped in bins as indicated within
22.59 sectors originating from the center of the Tevatron. The numbers displayed
on the plot are the residential population (in thousands) of a given bin. The labeled
rays indicate the muon trajectories due to the corresponding beamlines.



