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YEAR INTENSITY (1E19) PROTONS 
1973 
1974 1.48 
1975 1.95 
1976 2.33 
1977 3.00 
1978 2.51 
1979 3.25 
1980 1.36 
1981 2.00 
1982 2.24 
1983 .003 
1984 . 1 31 
1985 .608 
1986 .152 
1987 1 .31 
1988 .737 
1989 .557 
1990 .501 
1991 .725 
1992 1.07 
1993 .971 
1994 1.36 
1995 1.68 
1996 .871 
1997 1. 13 

TABLE I. BOOSTER YEARLY INTEGRATED INTENSITY 

As a check we did a survey of the concrete f Io or 
every foot starting at Booster magnet 12-3 and figure 2 
shows the results also with location of the sampling holes. 
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Figure 2. Longitudinal radiation survey in the 
vicinity of MPOl. The sampling holes are marked 
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This survey (and a survey of the magnets themselves) 
shows that losses start occurring well upstream of the 
extraction septum MP01 while the model assumes all the 
losses started at MP01, however the bulk of the losses did 
occur on the septum and as we will observe, the predicted 
activation in the top sample of hole S2 by the model is in 
reasonable agreement with the experimental data. Figure 
3 gives a cross section of the Booster tunnel along with an 
indication of the location of the sampling holes and the 
location of the aquifer. 



Figure 3. Booster tunnel schematic 



DATA ANALYSIS 

The core borings were analyzed by the Fermilab ES$1-1 
section for radionuclide production in a spacing of 
approximately one foot increments. The raw data is given 
in appendix 1. When dealing with real life samples of di rt 
one can not have exact reproducibility of lengths and 
spacing; however a great deal of effort was taken to 
examine 6" samples every foot, and the data appears to 
behave reasonably. Examining the production of Sodium 22 
depicted in figure 4 we see that the pattern is roughly what 
one would expect from figure 2, i.e. the amount of Na22 in 
holes S1 and S2 is approximately equal and much larger 
than in S3. 
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Figure 4. Spatial pattern of N a22 production in the 
three sampling holes. 



CASIM predicts that the distribution of star density in 
a thick shield goes as exp[-2.5*r] where r is in meters. 
Hence one would expect that if there were no migration of 
nuclides then the pattern of activation would follow this 
simple exponential. Figure 5 shows the spatial distribution 
of three nuclides from hole S2 compared to this simple 
functional form and there is a clear relationship that 
indicates that the parameterization is reasonable and that 
there has been no migration of these nuclides. 
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Figure 5. Nuclide Spatial Pattern in hole S2 compared to CASIM pattern prediction 



There is an interesting observation that one can draw 
from the experimental data as shown in figure 6. It is 
apparent that one can estimate the production of certain 
other isotopes once one has predicted the Na22 production 
for regions in a thick shield. This is from the fact that the 
ratios shown in figure 6 are nearly flat over the region 
sampled even though the momentum spectrum and particle 
composition varies along the cascade. 
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Figure 6. Comparison of the production of various nuclides to Na22 in 
hole S2 as a function of depth. 

The data for tritium production in holes 81 and 82 are 
presented in figure 7 along with the parameterization used 
for the other nuclides. It is obvious that the exponential is 



not a good representation of the spatial pattern of the 
tritium. This is evidence for vertical migration of the 
tritium. 
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Figure 7. Tritium spatial production compared to a simple 
exponential parameterization. 

We will discuss the analysis of the migration after 
first discussing the absolute calculation of nuclide 
production in the top sample of hole 82. In discussing the 
production of nuclides from accelerator operations one 
needs to incorporate the time history of the intensity as 
documented in Table I. We have made a simplifying 
assumption of uniform irradiation for the nuclide 
production, however we have used varying lengths of time 



in calculating the average intensity based upon the 
behavior of the build up factors shown in figure 8. 
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Table II gives the results for several isotopes along 
with two different assumptions for the length of time for 
the tritium irradiation because of the obvious downward 
migration of the tritium from the top: 

Ai= specific activity per gram (pCi/gm) = 
(BFi/ -ri )*N*S* K/(1.17E6* p) 

N = the average number of protons per year for the 
appropriate irradiation time, T N.B. remember 
there is an assumed loss of .02 (1E19 protons) 

S = the number of stars per cubic centimeter per 
proton in the unprotected region: 7E-8. 

Ki = the probability per star that an atom of nuclide 
will be produced 



Ti = the mean lifetime of nuclide I (yr) 
1.17E6 = converts disintegrations per second into 

picoCuries (.037) and years into seconds (3.15E7) 

p = density of soil, 2.25 g/cm 3 

BFi = build-up factor = Ti *(1 - e·T/Ti )*e·Tc/Ti 

Tc = cool down time, or time from end of irradiation 
to the start of the counting, actually the counts 
have been corrected for this 

Nuclide Ki Ti(yr) T(yr) N(E19) BFi BFi/ Ti Ai 
H3 .075 17.5 10 .9 7.63 .436 156 
H3 .075 17.5 24 1.33 13.1 .746 395 
Na22 .02 3.68 10 .9 3.5 .95 91 
Mn54 .004 1.21 5 1.2 1.2 1 25 
Co60 .003 7.45 24 1.33 7.19 .97 20.6 
Eu152 .01 18.8 24 1.33 13.8 .73 51.5 

Table II. Parameters in calculation of specific activity, Ai. 

Data 
269 
269 
118 
52 
8.3 
12.4 

Figure 9 shows the comparison of the predicted 
versus experimental nuclide production in the top sample 
of hole 82. The agreement over the range of data is 
impressive considering that this was not a controlled 
experiment. The agreement shows that we have some 
handle on the modeling and the intensity history since this 
is an absolute calculation. 
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There are two points for tritium with two differing 
assumptions about the length of irradiation. This is the top 
sample and any migration would lead to a diminution in 
expected specific activity. Please note for tritium that 
this is the amount produced in the soil and the 
concentration reported by the Analysis Laboratory is the 
result of boiling off the water (hence the difference 
between 777 pCi/ml and 269 pCi/gm, i.e. there has been a 
volume correction applied to the data for comparison to 
the CASIM prediction). 



One unknown in considering the spatial pattern of the 
tritium is the vertical migration rate. We have attempted 
to determine this factor by examining the spatial pattern 
of the tritium at one point in time (namely the day the co re 
samples were taken). A crude model showed that the 
spatial pattern could take very different shapes depending 
on the assumed migration rate, hence a sophisticated 
model incorporating the irradiation history, an improved 
cascade simulation utilizing MARS, and differing migration 
rates was developed. The results are shown in figure 1 0 
comparing the model, with different vertical migration 
rates, to the experimental data for Hole 82. As shown 
before the resu Its are clearly inconsistent with a zero 
migration rate, but they are also clearly inconsistent with 
a rate of .15m/yr. A reasonable number is .03 m/yr that 
gives a shape which resembles the data; there is a 
discrepancy with the first point but the overall pattern 
clearly approximates the data better than the other two 
curves shown. Also the top sample is the one in which 
horizontal migration might be most important due to the 
construction of the Booster tunnel. A copy of the FORTRAN 
program used for this study is included in Appendix II. 
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CONCLUSION 

One aspect of this study has been the study of the 
production of non-migrating nuclides and further study 
may in fact yield better values for the K parameter (the 
probability per star that an atom of the particular nuclide 
will be produced. Also the results of this study can give 
experimental numbers for the production of other nuclides 
when the amount of Na22 has been calculated. 

However the most important part of this study has 
been the determination of the amount of tritium produced 
by extraction from the Booster and the experimentally 
determined migration rate. If we look at the top sample 
result in hole 82 of 777 pCi/ml of tritium and use the 
experimentally determined rate of migration and the 
depth to the aquifer of 13.1 m, we calculate that the 
concentration will have decayed away to 1.1 E-8 pCi/ml. If 
we look at the bottom sample, which is 11.3 m away from 
the aquifer, we calculate that the 116 pCi/ml will have 
decayed to 5.2E-8 pCi/ml. Our conclusion is that the rate of 
migration determined over the 24 year irradiation history 
of the Booster extraction point is small enough that the re 
is no problem with migration of tritium to the aquifer. 



APPENDIX I. 
ACTIVATION ANALYSIS REPORTS 
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