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ABSTRACT

Brookhaven National Laboratory (BNL) has constructed a new neutrino production

target station at the Alternating Gradient Synchrotron (AGS). To determine the environ-

mental impact of this addition, a study has been conducted in the vicinity of the old target

area to determine the radiological consequences of operating this experimental facility.

Typical BNL soil samples were placed at two locations near an operating target: at right

angles to the target and behind thick shielding close to the direction of the incident beam.

These samples were used to determine the macroscopic radionuclide production cross

sections and teachability. Environmental measurements at the old target area consisted of a

core from beneath the concrete floor and a monitoring well installed down-gradient of the

facility. At the new target area we used activation foils to monitor the high energy particle

flux entering the soil as a result of its operation. Results from all areas of the study are

presented along with estimates of the potential environmental impact of the old and new

facilities.

I. INTRODUCTION

The "product" of a high energy particle accelerator is usually a well defined beam of

high energy protons or electrons. At accelerators such as the 30 GeV AGS proton

accelerator at BNL, this product is immediately destroyed by directing it into a stationary

target. The result is an enormous amount of nuclear "debris" or secondary particles flying

*This investigation was supported by the U.S. Department of Energy Contract DE-AC02-76CH0016
to the Safety and Environmental Protection Division, B root haven National Laboratory.



off in all directions. A small fraction of these secondary particles is selected for further

study using very sophisticated assemblies of magnets and various types of particle

detectors. This is the raison d'etre of the whole accelerator complex. The remainder of the

particles produced in the target constitute a radiation hazard and a source of background to

the experiments and must be shielded against.

This shielding can only be accomplished with large amounts (several meters) of bulk

absorber, such as earth, concrete, or steel. This shielding material is made radioactive by

the same interactions which absorb these secondary particles; these interactions create even

more particles of lower energies in the process. Enough shielding must be placed around

the target to contain the vast majority of secondary and later generation particles. Because

of the large size of the required shielding, the cost of the shielding material becomes a

significant factor in the design of a new facility.

Soil or sand, such as we have on Long Island, is almost free. It is, therefore, a very

attractive material to use when architectural or other considerations do not rule it out. One

of the problems with sand as a bulk shield is that it is porous. Water, whether from rain or

subsurface flow, can pass through the sand, leach out some of the radionuclides induced in

it by the high energy particles, and carry away these radionuclides in an unknown and/or

uncontrolled fashion.

The object of this study was to estimate before and after the fact the production and

leaching of various radionuclides in soil near the target station. Making such an estimate

requires a knowledge of the hadron fluxes and resulting radionuclide production in a very

large volume of soil comprising the shield over the target station. It is obviously

impractical to measure either the flux or the radionuclide density over such a large volume.

We can, however, use modern techniques and a knowledge of the target system design to

calculate the flux throughout the volume of the shield.



The conversion between the hadron flux and radionuclide production in soil depends

on particular cross sections which are best determined empirically. Finally, the fraction of

the resulting radioactivity which is leachable by groundwater must be measured. Section II

below describes our experimental determination of key radionuclide production cross

sections, and the leaching of same from BNL soil.

Any comparison between these extensive calculations and flux or activation measure-

ments, even at a few isolated points, is useful to validate the calculation.

H. RADIONUCLIDE PRODUCTION AND LEACHING IN SOIL

We are interested in nuclear interactions leading to certain species of radionuclides.

The yield of each radionuclide per star in sand depends in principle on both the elemental

composition of the sand and the energy spectrum of secondary panicles (chiefly neutrons)

at that location. It turns out that only a very few radionuclides are of practical concern: the

very short-lived ones decay before they can travel any distance, and the very long-lived

ones are not produced in any abundance from soil (Borak et al. 1972). The radionuclides of

primary concern are 3H(t1/2 = 12.3y) and 22Na (t1/2 = 2.6y), both produced via spallation of

heavier nuclei.

We measured the conversion factor between high energy particle flux (itself propor-

tional to the CASIM star density) and the macroscopic h i and 22Na production cross

section in BNL sand. Sealed cans of moist sand (-5% water content) taken from two

different locations on site (PET excavation and reclamation area) were placed in each of

two locations near an operating high energy target, as shown in Figure 1. The locations

were chosen to represent the range of neutron spectra that one might find in the sand

shielding around a target: a "soft" spectrum at large angles to the incident beam direction

(location "S"), and at a smaller angle a "harder" spectrum ("F") with a cascade more fully
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developed in the shielding blocks. Aluminum and copper discs were placed on each can to

monitor the flux during the irradiations.

Aftei the short-lived activity had decayed away, the monitor foils and soil samples

were counted for 22Na gamma rays using a Ge(Li) system. The reaction 27Al(h,x)22Na, in

the aluminum foils, with a cross section of 12.S mb and an effective threshold of 34 MeV,

was used as a flux monitor (Cumming 1963). (Here h represents any hadron, such as n, p,

K; thresholds and cross sections used were those measured with incident protons at 30

GeV). The copper foils were counted for 54Mn, the 63l65Cu(h,x)54Mn reactions having an

effective threshold of 80 MeV.

Finally, 500 grams of each soil sample was packed in a column for leaching

measurements. Distilled water was brought to a pH of 4 using sulfuric acid to produce the

pH of local rainwater (Naidu 1978). Approximately 300 ml of this water was passed

through each column once a day for at least six days. Each leach took approximately six

hours. The water samples were counted for Na and were distilled and counted for H in a

liquid scintillation counter. We estimate that we recovered an average of at least 97% of the

leachable 22Na. Results are shown in Table 1.

The measured radionuclide production rates are 4.0 ± 1.1 nCi/gm of 22Na per 1014

flux, and 3.0 ± 1.2 nCi/gm of 3H per 1014 flux. The quoted error is dominated by the

variations between samples, which differed in soil composition and incident hadron

spectrum. These numbers are used in the calculations that follow.



TABLE 1

Results of soil activation experiment at AGS. Bracketed values represent counts of same sample.
Only results for soil type "P" were presented in the preliminary report. Calculated conversion
factors are based on a soil density of 1.8 gm/cm and an interaction length of 58 cm.

Irradiation Location Front Side

Soil Type* P II P R
22Na Specific Activity, nCi/gm 1.0 3.2 0.0751 0.21
22Na Leachable, nCi/gm 0.077 0.26 0.0049 0.016
22Na Leached, % 7.7 8.3 6.5 7.6

Average Leachability of 22Na 7.5 ±0.7%
3HLeachable,nCi/gm 0.57t 1.9 0.048T 0.27

).50
).57

in Cu FoU. nC</gm {» {*;° { .24
>.24

Flux,** hadrons/cm2 1.8 x 1013 8.7 x 1013 2.3 x 1012 5.7 x 1012

Total 22Na/1014 Flux, nCi/gm 5.7 3.6 3.3 3.6

Average Total 22Na/1014 Flux, nCi/gm 4.0 ±1.1

nCi/cm3 7.3 ±2.0

Star-to-22Na conversion, nCi/star (4.3± 1.2)x 10"12

Leachable 3H/1014Flux,nCi/gm 3.2T 2.2 2.1f 4.7

Average Leachable 3H/1014 Flux, nCi/gm 3.0 ±1.2

nCi/cm3 5.5 ± 2.2

Star-to-3H conversion, nCi/star (3.2± 1.3)x 10 1 2

.came from reclamation area.
4a reaction using a conversion factor

gm ". The ""Mn data were not used.
tCorrected value from preliminary report.

III. OLD NEUTRINO HORN MODELING AND SOIL SAMPLING

A simplified diagram of the target station used until 1983 to produce neutrinos for

physics experiments is shown in Figure 2. The incoming 28 GeV U-line proton beam from

the AGS strikes a target. Secondary particles produced are selected by the arrangement of
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two magnetic "horns" and collimators immediately following the target. Particles with the

desired combinations of electric charge and momenta are focused into a parallel beam by

the intense magnetic fields produced in the homs; other particles strike the absorber or

collimators, or are defocused and enter the surrounding shielding. The entire assembly is in

a ground-level tunnel covered with an earthen berm. Additional shielding is shown stacked

around the horns inside the tunnel.

Particle production in the simplified target and collimator geometry (for both old and

new configurations) was modeled using the Monte Carlo hadron cascade program CASIM

(Van Ginneken 1975; Van Ginneken et al. 197S). This program simulates the production

and interaction of many generations of particles in any geometry chosen by the user. The

magnetic field was ignored. Calculations using CASIM have compared well with measure-

ments in the instances when it has been possible to make such measurements (Awschalom

1976, Gollon 1981, Cossairt et al. 1982). CASIM has also been extensively employed at

Fermilab for various shielding calculations, including soil activation calculations similar to

that reported here (Borak 1972).

CASIM was used to calculate the number of nuclear interactions ("stars") in sand

produced by particles of momenta greater than 300 MeV/c. (For neutrons and protons this

corresponds to an energy of about 49 MeV.) For the old geometry, we calculated that each

incident proton produced a total of 3.45 stars in sand surrounding the target station. The

vast majority of this activity was produced in the soil outside the concrete tunnel in the

area around the target and collimators. A total of 2.1x 1020 protons incident on this target

location during its ten year life span would have produced 2.9 ± 0.8 Ci of 22Na and

2.2 ± 0.9 Ci of 3H (soluble) in soil. These would have decayed to 1.2 ± 0.3 and

1.7 ± 0.7 Ci respectively by July 1984.



To measure the activation of the soil around the original neutrino target, we made a

coring through the tunnel floor into the soil below. The location, shown in Figure 2, was

chosen to be in an area of low enough residual radiation levels to permit the slow coring

process. The 100 cm long sample so obtained was split into 15 cm long subsamples, which

were independently counted using a Ge(Li) detector.

We attempted a column leaching measurement on these samples, but because of the

clay content of the soil, the water did not flow uniformly through the samples. Consequent-

ly, we had to resort to repeated batch teachings in a tumbling apparatus. The extraction of

both 22Na and 3H was slower in these measurements than in the column method. Figure 3

shows the cumulative extraction of 22Na and hi from several subsamples. Note that nearly

all the soluble activity appears to have been removed after four leaches. Although this

method is not as reproducible as column leaching, we believe that both methods give

comparable results here.

Table 2 and Figure 4 show the concentration of total and teachable Na and teachable

3H as a function of depth below the concrete tunnel floor. As can be seen in Figure 2b, the

variation in radial distance from the beamline between the top and bottom samples is only

about 70 cm, rather than the 100 cm coring length. Further, the deeper samples are not

shielded from the beam line by as much steel as the shallower ones, so the expected

variation in specific activity from top to bottom is only a factor of two, rather close to what

was observed.

Using CASIM, the star density per incident proton was calculated at one depth,

corresponding to segment 5. In order to obtain reasonable statistics in a short computer

run, a cylindrically symmetric idealization of the geometry was used. According to this

calculation, each incident proton results in 1.2 x 10"10 stars per cm3 corresponding to a

flux of 7 x 10*9 particles/cm2 at this location.



TABLE 2

Results of Analysis of Soil Coring Taken Under Old Neutrino
Target Areas, and Comparison With Calculated Specific

Activities for the Same Location.

CORING SEGMENT

DEPTH UNDER FLOOR
22Na Measured

Total Specific Activity

Leachable Specific Activity

Percent Leachable
3H Measured Leachable Specific Activity 0.14 0.12 0.052

1

o-io

0.28

0.016

5.6

3

25-40

0.25

0.016

6.2

5

55-70

0.24

0.012

5.2

6

70-85

0.18

0.006

3.2

7

85-100

0.13

-
_

cm

nCi/gm

nCi/gm

%

** nCi/gm

Calculated
22Na, Total Specific Activity, Segment 5
3H Leachable Specific Activity, Segment 5

0.024

0.036

nCi/gm

nCi/gm

* H presumed evaporated from sample prior to processing.
'•Sample lost

\2OAccording to AGS records a total of 2.10 x 10 protons were delivered to this area

over the course of ten years. After allowing for the decay of each nuclide, we predict an

in-situ total specific activity of 0.024 nCi/gm of 22Na and 0.036 nCi/gm of leachable 3H, as

shown in Table 2.* (Note that in Section II the measured production of 22Na is higher than

that of H, but because of its shorter halflife there is less of it remaining at the end of the

ten year life of this target station.) These calculated values arc to be compared with

measured values for segment 5 of approximately 0.24 and 0.052 nCi/gm for total 22Na and

leachable 3H, respectively.

It is clear that far more 22Na was found in the coring than was predicted by the Monte

Carlo calculation described above. The reason for this lies in the oversimplified model

*The calculated values reported in the preliminary version of this paper were wrong.



used for the calculation: The cylindrical model was composed of concentric shells obtained

by rotating a radial ray going directly from the beam line to the coring sample, as shown in

Figure 2b. Such a ray goes through a considerable thickness (76 cm) of stacked iron

shielding. Neutrons coming from the target region can reach the area of the coring sample

much more readily if they bypass the stacked iron by going directly into the floor and then'

scattering to the side. This "short circuit" in the shielding is more than adequate to explain

the excess of observed 22Na activity over that calculated.

An average of 5.1 ± 1.3% of the Na in the various segments was leachable. This

compares with 7.5 ± 0.7% for the four canned soil samples that were irradiated. Assuming

that the coring soil sample was similar in composition and structure to the canned

irradiated samples, we can conclude that most of the leachable 22Na which was created in

the area under the target station floor has remained there. This suggests that the water flow

under the target station has been at a low rate or nonexistent, since half the leachable 22Na

comes out in the first wash.

The measured 3H/22Na ratio in the corings is well below that measured in the canned

samples. There is a clear reduction in the observed 3H yield with depth in the coring, as

shown in Table 2. At least some of this drop-off is the result of the evaporation of tritiated

water after the coring was removed. (The samples were counted in a top to bottom order.)

Even if we use the largest observed ratio of 3H/22Na activity, this ratio is still a factor of

three lower than predicted by the canned soil measurements with decay corrections. Again,

the most likely explanation for this is the known evaporation from the coring samples, but

H migration out of the irradiation area cannot be excluded by this data. Any tritium loss

by migration in-situ must have occurred rather recently since fully a third of the total

tritium production should have occurred during the last run of the old target system less

than ten months before the coring was taken.



In any case, another coring should be taken (with better techniques, too) closer to the

old target station when ambient radiation levels allow.

IV. HYDROLOGICAL TRANSPORT AND MODELING

Although radionuclides created in the soil and which remain fixed are a subject for

consideration when an accelerator is decomissioned, there is no environmental problem

beyond the immediate location of the accelerator. Only those radionuclides which are

leachable, and in fact are leached ar.i irsnspc.itc-:! a-.vay m scumr? --if drinking water or

other pathways, can present an environmental problem. Decay and dispersion during this

transport will reduce the degree of associated hazard.

It is very difficult to deduce from first principles the amount of leaching taking place

in our complicated geometry. For the part of the old neutrino target station under the tunnel

floor — the area of greatest specific activity — clearly less than 100%, and probably, not

more than 25% of the leachable Na is in fact being leached. The H probably behaves in

the same fashion. Tne vertical transport down to the aquifer depends on unknown

quantities such as rainfall penetration into the shielding berm, and the degree of saturation

of the soil directly under the tunnel floor.

We, therefore, attempted to directly measure the concentration of radionuclides in the

groundwater at a location close to the target area. A statistical/modeling approach,

described in detail elsewhere (Hauptmann 1984; Prickett et al. 1981) was used to predict

the direction of underground water flow. The input data consisted of the synoptic water

levels in a number of wells on site (Figure 5) and a quantitative description of the

characteristics of local soils and the topmost aquifier. These water levels indicated the top

of the saturated portion of the aquifier at a number of points, and a surface was fit to these

data points. Figure 6 shows the calculated height of the water table on site. The model uses

the gradients of the water table and the soil properties to determine water flow rates and
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directions. Horizontal transport is included, but vertical transport is not. Thus, the model is

really two dimensional. Radioactive decay during transport is properly handled.

Figure 7 shows the calculated contours for ^H distribution in water after 36 years of an

assumed but unrealistic steady state input at the location of the neutrino target area.

Obvious are the flow direction — to the southeast, and the flow rate 0.5 to 1.5 feet per

day. The tritium is assumed to move with the same velocity as the water. Based on this

predicted flow, a well was located as close as possible to the anticipated tritium plume, as

shown in Figure 7. Pumping of this well produced a sample which we counted for 3H and

^Na. No activity was detected above our detection limits of 2.0 x 10"7 jiCi/ml and

1.5 x 10"8 (iCi/ml, respectively. A careful comparison of the well location drawing and the

anticipated plume, direction shows that the well may be too far to the east to be directly in

the plume. Temporary heavy pumping over the course of a week did not shift the plume

enough to produce a sample with detectable activity. An obvious next step might be to drill

a better positioned well.

During the 36 years covered by this calculation the tritum being transported at the

leading edge of the plume decayed by a factor of eight. Because of the low water velocity,

the plume had not yet reached the site boundary. The methodology used here is capable of

making predictions on direction and rate of flow, but is not yet able to supply a

semi-quantitative estimate of specific activity in the groundwater at long distances from the

source.

The problem presented by the 22Na is relatively trivial because of its much shorter

half-life. If the Na were transported at the same velocity as the groundwater, it would

decay by a factor of 13,000 before leaving our site. In fact, this is a gross overestimate of

the transport rate and quantity of 22Na which would leave the site. According to data from

the US Geological Survey, the sodium ion velocity in BNL soil is expected to be only 1/20

11



the water velocity. If this is in fact the case, then looking for 22Na in water far from its

production source would be pointless.

V. NEW TARGET STATION DESIGN

The new, but conceptually similar target station (Figure 9) has been built slightly

upstream of the old one. It is intended to eventually accept a proton beam ten times more

intense than that delivered to the old target station. The principal difference in the shielding

is that the new target station uses stacked concrete and steel shielding above the target area,

and has a thicker steel and concrete floor underneath. The "blockhouse" walls and roof are

much thicker than the floor, thus radiation penetrating the floor produces essentially all of

the soil activation around the blockhouse. Downstream of the blockhouse is a new decay

tunnel consisting of a corrogated steel arch spanning a concrete floor. All the necessary

personnel radiation shielding is provided by soil; no insoluble shielding is used in this

region. This new tunnel connects to the tunnel housing the old neutrino train discussed in

Section in.

The first soil activation calculation using CASIM employed a very simple target and

collimator model of the target train. The shielding was modelled rather carefully, however.

The initial design of the target area called for a continuous layer of steel shielding under

the concrete floor. However, because not enough steel was available, the steel layer was

built with gaps as shown in Figure 9. CASIM was used to explore the difference between

the as designed and the as built configurations. Figure 10 shows the number of stars in soil

in each foot of soil as a function of depth below the concrete blockhouse floor. Integrals

under these histograms give the total number of stars created in soil per incident 30 GeV

proton:

0.43 star/proton for the original design

1.9 star/proton for the blockhouse as built.

12



Thus, according to the calculations, the deviation from the original design resulted in

five times as much soil activity as intended for the region immediately under the

blockhouse. The calculated activities created in different sections of the target area are

given in column (1) of Table 3.

A later, more detailed calculation included all relevant details (see Figure 9) of the

neutrino target, magnetic focussing horns (not shown), collimator, and two beam plugs.

This calculation assumed that vhe old neutrino horn and all stacked shielding around it

would be removed from the old target tunnel (Figure 2) which is downstream of the new

decay tunnel. Although the old horn and some shielding were removed, most of the stacked

steel and heavy concrete shielding remains in place in the tunnel, where it causes a slight

reduction in the neutrino flux and an unknown (but not significant) reduction in the

activation of the soil surrounding this area.

Four separate calculations were made with this model to explore the effects of the

magnetic field, and the range of statistical ^uctuations. The results of these calculations are

shown in Figure 11, 12, and 13 and also given in Table 3. Figure 11 shows the calculated

star density on the inside of the concrete tunnel wall r = 1.65 m) from two independent

runs with focussed 7t+ (to make ji+ and \)). Columns (2) and (3), represent the same two

calculations using only different random number sequences. The variation between these

runs gives a good idea of the statistical uncertainty at any particular point. (Note that the

star densities at nearby points are highly correlated in these Monte Carlo calculations.) The

effects of different focussing conditions can be seen by comparing columns (2) and (3) [for

neutrino production] with column (5) [for anti-neutrino production]. Figure 12 shows the

identical geometry, in which JC" are focussed to produce anti neutrinos and \i. The

histograms are reasonably consistent within their statistical errors. The only evident effect

of the magnetic focussing is to move a small fraction of the induced soil radioactivity from

13



around the new decay tunnel to a location further downstream, around the old target tunnel.

And finally, the effect of the detail of the modelling of the target equipment (with no

focussing) can be seen by comparing columns (1) and (4). The highly simplified model

consisting of a target, plug, and collimator gives the rather different results shown in

Figure 13. Evidently the first calculation, which accurately modelled the blockhouse and

bulk shielding around the tunnel, but only crudely modelled the target system itself,

yielded just as accurate a figure for the total soil activation (stars) as did the much more

detailed calculations. The cruder model did overestimate by a factor of two (relative to the

detailed calculations) the stars produced in the soil under the blockhouse floor.

Table 3. Calculated soil activation for different target station models and magnetic focussing
conditions. Two independent calculations for TC+ focussing to produce neutrinos were
made. All results are in stars per incident proton, integrated over the volume of the soil
shield.

Model
Focus for

Under Block-
house

New Decay
Tunnel

Old Target Tun-
nel

TOTAL

Crude

None

. (1)

2.0

7.3

0.1

9.3

Jt+

(2)

1.4

7.0

0.6

8.9

Detailed

(3)

1.0

7.3

0.8

9.0

None

(4)

1.1

8.1

0.2

9.3

(5)

1.1

7.4

0.4

8.8

In summary, we calculate that the new target station produces 9 stars in soil per

incident proton. This is 2.6 times more than were produced in the older station. The

difference arises from the fact that all areas of the old station had some shielding - even if

only the concrete tunnel walls - while the wails of the new decay tunnel following the

blockhouse are made of a thin steel plate arch.
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VI. ACTIVATION MEASUREMENTS IN NEW TARGET STATION

A series of three activation measurements was made inside the new neutrino target

blockhouse to measure the high energy flux entering the shielding walls. In each case, a

series of copper and aluminum foils was placed along the wall adjacent to the walkway,

about a meter above the floor. The activation foils were spaced every meter longitudinally

except for the most extreme upstream and downstream positions, where the spacing was

every two meters. After each neutrino run, which typically lasted 3 to 6 months, the

activation foils were allowed to decay in situ several months. During this time the shorter

lived activities in the foils decayed away, and the radiation level in the target area decayed

enough to make recovery of the activated foils practical.

The foils were counted on a Ge(Li) detector in the S&EP low level counting

laboratory. A contact geometry was used when possible, as the counting efficiencies for

this geometry were known. If contact counting was not possible because of the resulting

high count rate, they were counted at a distance and an empirically determined correction

was applied. The nuclides of interest were of course 22Na from Al, and 54Mn from Cu.

Decay corrections were applied to determine the specific activity at the end of each

neutrino beam run. Because of the long lifetimes of these radionuciides, compared to the

duration of the runs themselves, it was not necessary to take into account the time structure

of the proton beam delivered to the neutrino target.

The details of the three runs were as follows:

begin date

Nov 84

Jun 85

March 86

end date

Jan 85

Dec 85

April 86

beam

narrow band

narrow band

wide band

incident

1.59x

4.07x

5.56x

protons

1019

1019

1019
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The 54Mn data were not ussd in the following analysis for a number of reasons. Chief

among these are (a) troubles such as pile-up during counting, (b) a shorter halflife (312

days versus 2.6 years for ^Na) which makes the irradiation history harder to correct for;

and (c) inconsistencies with the 22Na data. The 22Na data are plotted in Figures 14 and 15.

The data from the two narrowband runs agree quite well among themselves, with at most a

20 percent spread between them. This spread is consistent with the uncertainties of foil

activation and beam intensity measurements in this type of non-precision measurement.

The difference between the first two (narrowband) runs and the third (wideband) run is

also clear. The latter appears to produce approximately half the star density (and soil

activation) per incident proton un the region measured as does the former. A detailed

comparison of the two target geometries would be necessary to determine why this occurs,

and where the "missing" radioactivity has gone.

Finally, we may compare the star densities measured via activation detectors (Figures

14 and 15) with those calculated from CASIM (Figures 11 and 12). To properly make this

comparison, the star densities calculated for concrete must be increased by 17% to correct

for the greater density of the aluminum used in the flux measurements. Another 1%

increase is required to correct for the difference between the CASIM calculational

threshold (P,,,^ = 300 MeV/c, or E ^ = 49 MeV for neutrons and protons) and the 30 to 34

MeV Al (h,x)22Na threshold. After these adjustments are made to the results shown in Figs.

11 and 12, the close-in activation flux measurements are still 60% higher than the

corresponding calculations. If this discrepancy also holds at larger distances outside the

insoluble shielding (i.e. after an additional 30 to 60 cm, or 70 to 300 gm/cm2 radially) then

all calculated activities in Sections III, V and VII should be increased upward by 60%.
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VII. SUMMARY AND FUTURE OPTIONS

As stated above, we calculated that with the blockhouse target station as built, about

nine stars are created in sand for each incident proton, with the activity around the decay

tunnel clearly dominating the situation. This is a factor of 2.6 greater activity per incident

proton than was produced in the old target area.

Although this design is roughly consistent with that of the old target station, which has

produced no evidence of groundwater activation, this area should be carefully monitored in

the future. This is especially true since the intensity at which the old target area operated

had increased steadily over its ten year life, so that any problems associated with its

operation at maximum intensity would have had only a year or two, not ten, to show up.

An obvious and rather easy extension of the monitoring program that would also verify

details of the Monte Carlo radioactivation calculation would be to take a coring sample of.

the soil around the decay tunnel in the section between the new blockhouse and the old

target station. In addition, the activation foil measurements and comparison with calcula-

tions should be extended into the region in which most of the soil activation is produced,

namely the thinly shielded decay tunnel downstream of the blockhouse. Finally, a better

located well should be drilled to monitor the groundwater actually leaving the target station

area.

Plans are being made to eventually increase the AGS intensity by a factor of ten

(Smith 1984); the new neutrino target system was designed with this increase in mind.

With an incident beam of 2x 1020 protons per year, the resulting 1.8 x 1021 stars per year

correspond to the production of (5.8 ± 2.3) Ci/y of leachable 3H, according to the present

model. Further refinement of our calculational and transport models is necessary to better

understand what the possible consequences of such operation might be.
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FIGURE 1: Locations of sealed s o i l samples placed near an AGS target to be
activated by secondary part ic les .
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FIGURE 2: (a)

(b)

Plan view of the neutrino target station used from 1974 to 1983
at BNL. A proton beam enters from the left, striking the
target and producing secondary particles. The magnetic horns
and steel collimators select particles of the desired charge
and momenta; some of these decay to produce neutrinos.
Vertical cross section at the location of the soil coring.
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FIGURE 3: Cumulative extraction of (a) ̂ Na and (b) 3H as a function of the
number of batch leaches performed. The numbers on each curve refer
to the coring subsample.
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FIGURE 4: Concentration in nCi/gm of total 22Na, leachable 22Na, and leachable
H as a function of depth in the soil coring. Depth was measured
from the bottom of the concrete floor slab.
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FIGURE 5: Location of AGS and ground water surveillance wells at BNL. The
ground water flow was modelled within the area of the rectangle.

FIGURE 6: The calculated height of the water table surface within the rectangle
of Figure 5. The general slope was determined by the general trend
of measurements in wells on site; the structure results from forcing
the surface to match these measurements in the areas where they
exist.
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FIGURE 7: Calculated contours for 3H distribution in ground water after 36
years of steady state 3H at the location of the neutrino target area.
The coordinates are in latitude and longitude. The rectangular
boundaries are those shown in Figures 5 and 6.
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FIGURE 8: Location of monitoring well in relation to the neutrino target areas
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FIGURE 9: The new target area showing elevations (a) parallel and (b) perpendicular to the beam direction.
A tunnel with wall and roof made of corrugated metal extends downstream of the stacked steel and
concrete "blockhouse" shown here.



FIGURE 10:

Calculated star production in the
soil under the new neutrino target
block-house floor. Each bin shows
the longitudinal integral of the
calculated star density per incident
proton in a 30 cm thick layer. Two
cases are shown: the blockhouse floor
as it was designed, with a 30 cm thick
layer of steel under the entire floor
(dashed histogram), with gaps in the
steel shielding.
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FIGURE 11: Calculated star density in the concrete wall of the blockhouse as a
function of distance from the start of the blockhouse. Two statisti-
cally independent calculations are shown for the case in which the
horns are set to focus positive pions.
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FIGURE 12:
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Calculated star density in the concrete wall of the blockhouse as
a function of distance from the start of blockhouse. This case, for
negative pion focussing, should be compared with Figure 11 for
positive pion focussing.
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FIGURE 13: Calculated star density in the concrete wall of the blockhouse as
a function of the distance from the start of the blockhouse, using
a highly oversimplified model of the target train consisting of a
target, a plug, and a collimator with no focussing. Results of
statistically independent runs are shown.
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FIGURE 14:
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METERS FROM START OF BLOCKHOUSE

Measured star density per incident proton in aluminum foils placed
inside the blockhouse using the reaction Al (h, x) ̂ Na reaction for
two narrow band neutrino physics runs. Comparison (after
normalization adjustments discussed in the text) should be made with
Figures 11 and 12.
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FIGURE 15 :
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METERS FROM START OF BLOCKHOUSE

Measured star density per incident proton in aluminum foils placed
inside the blockhouse using the reaction Al (h, x) 22Na reaction for
a wide band neutrino physics run.
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