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POSSIBLE CONTAMINATION OF GROUND WATER SYSTEMS
' BY HIGH ENERGY PROTON ACCELERATORS

Ralph H. ‘Thomas '

Lawrence Rad1at1on Laboratory
_ University of California
Berkeley, California 94720

= ABSTRACT

A general evaluation of the problem of pos sible’ ground water
contamination due to the release of accelerator produced radionuclides
~ to ground shows it to be an unhkely problem for existing and projected
high energy accelerators 1n the energy reg1on of several hundred GeV.

I, INTRODUG TION

'High energy partlcle accelerators are not often thought of as
potential polluters of the environment. Indeed by comparison with
nuclear reactors they are rather puny in their ability to produce. radio -
activity. Thus, for exa.mple, it will be shown here that the total 1nventory o
of tritium produced in the ground water of earth shields of the néw genera-
tion of highenergyaccelerators currently under constructlon(l) or being

deSLgned (2) (3) is about ten curies of trltmm at saturatlon.

ngh energy ‘accelerators are nevertheless potent radiation sources

" and need to be heavily shielded both for radiation safety and to permit

their experimental utilization. Large strong-focusing accelerators (such
as at Brookhaven National Laboratory in the United States, CERN in
Western Europe, or Serpukhov in the Soviet Union) are buried under-
ground to provide the necessary shielding. This method of construction

_ brings the surrounding shield in fairly close proximity to the accelerator,
and, if substantial particle fluxes may be generated in the earth and

' ground water, it is possible that radioactivity may ultlmately appear in
local ground-water systems. Thus; although the total inventory of o
tritium in the ground water of the shield is only ten curies, it is produced
directly in the environment--a release comparable to or in excess of _
that reported for many power reactors (4). ‘Although the particle fluxe s
appearing in the earth may be quite small compared with those produced
by nuclear reactors, they may nevertheless be sufficient.to induce
specific activities in excess of those recommended by the Internatmnal
Commission on Radiological Protection (ICR®)(5) as fit for human"
ingestion. Thus, for example, a high energy flux only =~ 105 neutrons/
cm? sec will produce a maximum permxssxble concentratmn (MPC) of
tritium by Spallatlon in water.
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The first reported study of possible contamination of ’ground_WéLter
by accelerator-produced radionuclides is due to Nelson(6) at the
Stanford Linear Accelerator Center, who estimated the radioactivity
induced in ground water close to beam dumps at the SLAC 20-GeV
electron linear accelerator. The expectation that no significant water
contamination would arise has been subsequently confirmed by environ-
mental radioassays at SLAC(7) and by measurements at the Stanford.
Mark III electron linear accelerator(8). Hoyer(9) has reported the
observation of measurable quantitieg of Na~22 in drainage water from the
CERN 25 GeV Proton Synchrotron (CPS) but concluded that-- "at working
conditions of those at the CERN Proton Synchrotron at present . . .-- '
no hazard exists from the effluent drainage water or even manipulation
of the soil near target regions. But it cannot be ruled out that radio-
active isotopes, especially Na-22 and Dé-7, near or above maximum
permissible'concentra.tions may be washed out from the soil surrounding
future high energy accelerators or be directly built™ in the ground water .

|33 : P .

Thus it is clear that the qué stion of possible ground water contamin-

ation by high energy accelerators merits some detailed study, sincé it
could be an important factor in accelerator design or siting, and, in any
case, such pre-operational studies are good health physics practice.
Furthermore, in a climate of increasing public concern about water
pollution it is valuable to have a closely documented study for public
information. ' '

This paper presents a simple model which may be used to rapidly
assess the magnitude of possible contamination problems at any acceler-
ator site. General considerations show that it is unlikely that high energy '
acclerators, of the energy and intensity planned for the near future, will
produce significant concentrations of radionuclides in water systems at
site boundaries. The recommendations of Committee II of the ICRP(5)
for continuous Sccupational exposure, reduced by a factor of 10, have been
accepted in this paper as providing acceptable levels for the concentration
of radionuclides in drinking water supplies. '

Nevertheless, it is recommended that detailed studies at particular
sites be made to ensure that no hydrological conditions apply which result
in high concentrations of radioactivity in ground water systems. Some
typical examples are given.

ate

produced (author)
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2. GENERAL FORMULATION O-F',THE PROBLEM

In general, when the SpeCIfLC act1v1ty of a radionuclide appearlng
in the ground water system contlguous to a high energy accelerator
merits concern, estimates of the residence time’ in the activation zone,
transport time into the public water supply, and time for mixing, dilution,
sorption in the aquifer will be needed.

Thus, 1f the total 1nventory of a partlcular nuclide at saturatlon in -
the activation zone is Qg curies, the quantity of activity reaching the
public water supply, Q, can be written S : :

. 'Qb-"QQ (1_ T/T)e:’f /'T" : : : : (1) .

where
+ is the mean life of the nuclide,
T is the residence time in the activation zone,

t is the time taken to reach the public water supply after leaving
the activation zone, - Co B ‘

¢ is the fractlon of act1v1ty produced that flows freely in the
. ground water. : : : :

Dllutlon is difficult to estimate, but limits may be set by consider-
ing dilution resulting from pumping water from the general area. Thus
‘the specific act1v1ty, S, of water reachmg pubhc water supphes may be

written
s - b o @
where. D'is a dilution factor.

The total specific act1v1ty reachmg the public water supply in
unlts of MPC is given by '

. -t ‘
5 - Q(1eT/T) o S
MPC = Z — e

1

where M is.the MPC of the 1 ith uchde.
The loglcal sequence of ‘this study is an evaluatlon of the para-

~ _meters of Eq. (3). It wxll be seen that the chemical sorptlon parameter
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e plays én'extremely important' 'role;

3. MAGNITUDE OF THE PROBLEM - SELECTION OF RADIONUCLIDES
TO BE STUDIED

Equvatic')n (3) shows that the 'rnaximum rate of release of activity
occurs at small residence times when: ’ '

[SMPC:Imax ' ZM‘T e SRR

If the conservative assumptlons are made that all activity producéd is
released to the ground water and that transport to the edge of the site
occurs very quickly, we may write:

[SMPC] Z — : o . (5)
1 o

If the act1v1ty released can be considered to be’ a.ssoc1ated w1th the -
inflow of water due to rainfall in the accelerator site, the average rate
of outflow of water --from a site of some 20 km? in area with net average .
inflow due to rainfall (corrected for evagoration and runoff) of 0.20
m/yr--would be approximately 1010 cm~/day.

Fairly elementary considerations lead one to conclude that the
total radionuclide production of a 500 GeV accelerator losing somne
10% of its beam intensity of 1013 protons fsec” 1™ would be about 1500
curies in the accelerator components, accelerator room and surrounding
shield. Of this 1/3 or less, depending upon precise details of acceler-
ator construction, can appear in the earth. Because short- lived nuclldes
will be of no concern, we might expect some 10% of the total activity
produced in the shield-- ~50 curies--could in principle contribute to
ground water contamination. '

Gabriel et al(10, 11) have estimated the mean life of a mixturé
of radionuclides produced in the earth shield of a high energy accelera—
tor as ~ 1-2 years. Thus substltutmg the values

sk :
This would be considered an unusually high beam loss.
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Z Q = 50Ci
D = A~1'o“—10/.rﬁ1
T = 365 days
M j: 3 ),(bl,.()_6 p.o /ml for uhidentified
L _ accelerator produced radlo—
: nuchdes :

into Eq. (5) we obtain:

[SMPCJ = 5MPC
max

Although this simple a'rgument‘ does not, ab initio, completely
eliminate the possibility of ground water contamination, it does
indicate that such an eventuality is unlikely. In general the total
inventory of long-lived radionuclides will not be released to the ground
water, they will not be produced at maximal quantities and the MPC's
will be larger than the restnctwe value of 3 X 10-6 pc/ml.

Table I gives the quantity of some Eypic'al. accelerator produced

‘radionuclides that would give a concentration of 1 MPC if released at

maximum productlon rate into 1010 ml water per day.

Although the number of radionuclides produ’ced'in the earth and
ground water in an accelerator shield is potentially very 1arge, only a
few can be produced in maxunal quant1t1es in ground-water systems.

Equa.tion (4) ShO'WS that radionuclides-_’of most concern will:

a. . Be produced in large quantities, and/or

'b. have a low MPC,
c.. .pass efficientlyv int'o the groundwater System,_ :

d. not decay s1gn1f1cantly in being trans ported to a pubhc water
o supply, : »

Nuclides with short half - llves w1ll decay so rapidly as to be of no

~ potential hazard when they reach a public water supply. Conversely, if

the half-life is long the production rate will be too small and the nuclide
‘will not appear in significant quantities. Knowledge of the hydro geology
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Table I, Quantity of typical accelerator -produced

" radionuclides, Q, that would result in a

concentration of one MPC if released at
maximum rates.

Nuclide MPC,M  Mean - Q

(|¢C/cm3) | Life, 7 (Ci)

: . (days)

P-32 |  2x107° 2.0..63‘ o 4 1
Fes9  6X107° 65 39
‘Be-7 2 X107 77.04 - 1540
Sc-46 Caxw0s 121 ag
s.35  exi05 26 16
Ca-45" 9 X 10'6, g 220 20 |
Mn-54 1 ><’1‘or'4.‘-“ 410 410
i\Iafzz o axwo’ 1370 550
Ho3 o 3 X107

6428.4 190,000

of the accelerator site being studied will indicate the range of radio-

" active half-lives that are of interest, It is usually reasonable to’ study
radionuclides with half-lives in the range 10 hours < T < 100 years,
but detailed investigation of site conditions will identify the appropriate
‘range to be investigated. Those nuclides in this range of half-life that
‘also satisfy conditions (a), (b), and (¢) are fortunately few in number. .

4., PRODUCTION OF RADIOACTIVITY IN ACCELERATOR sH_LELDs

4.1, Neutron Activation

Several experlmentaI(IZ) and theoretical studies(13, 14, 15) have ‘
shown that the production of radioactivity in accelerator shields is largely



due to neutrons.

Photon-induced activation is insignificant, other than very close to =
the accelerator vacuum chamber. By consideration of the equilibrium
spectra measured in accelerator sh1elds(12) and the relative population
of neutrons and charged part1c1es(13) it can be shown that the greater part

- of the radionuclide production will arise from neutron interactions

between a few MeV and a few hundred MeV Two mechanlsms for the
productlon of rad10act1v1ty are therefore 1mportant

a. Thermal Neutron Capture. Neutrons generated in the nuclear
" cascade are ultimately therma.hzed and captured in the
‘surrounding earth and water, This mechanism is clearly
more 1mportant in earth than in ground water because of the
~high thermal neutronabsorptioncross section of some of the
constituent elements of the soil and the relatlvely low concen-
trations of impurities in the ground water. Hughes and
Schwa.rtz(l6) have published a Compllatlon of thermal neutron
absorptlon cross sections.

b. High Energy Reactions. Neutro.ns of more than a few MeV may
- produce i'ea.ctiOns of the type (n_,'p_), (n, pn), (n,a), etc..

_ Thermal neutron act1v1t1es may be rea.dlly calculated from known
thermal flux densities and the cross sections tabulated by Hughes and
Schwartz(16). Estimates of induced activity by the high energy reactions
is a little more difficult because the production cross section is a.
function of neutron energy. The evaluation of specific activities thus

~ requires knowledge of cross sections and neutron spectra. It is appropri-

ate to note at this point that high energy cross sections may be calculated

from fundamental nuclear theory to a fair accuracy(l7,18). In studies
such as this, where high prec131on is not requlred neutron cross sections
may thus be evaluated with sufficient accuracy, in most cases to within
less than a factor of 2, in the absence of experlmental data. Bruninx(19)
has tabulated high energy nuclear reaction cross sections for charged
particle energies greater than 50 MeV which are of value in estimating
nuclide yields. ' ‘

The three important sources of radionuclide production in an
earth shleld are neutron Spa.llatlon in the water, neutron absorptlon,’ and
spallation in the soil. Neutron capture in the water is unimportant,
while neutron reactions in dissolved impurities in the water are generally
inconsequential because of their low concentratlon. -

4.2, Neutron Sgalletibn Procesées"‘ in "Water

Table 1I lists the possible spallation products from 0-16- produced
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directly in water, listed in order of 1ncreasmg half-hfe We have seen
that the short-lived nuclides will be of little consequence, but Be-7 or
H-3 may be produced in sufficient concentrations to cause concern.
Be-7 is readily absorbed on rock surfaces, but H-3 passes freely
through ground-water systems and is usually the oxygen spallation pro-
duct of greatest concern.

The specific activity of a nuclide producedv by neutron spallation
in the accelerator shield is given by :

So(l)‘ = Z Nj S 0y (E) ¢ (E)4E, o . (§) ;
where
So(i) is the specific activity of the nuclide i,
Nj is the number of target nuclei of type j,
..E is the cross section for production of the radionuclide
- i from target nucleus j by a neutron of energy E,
Eij is the threshold energy for the reaction,
$(E)dE is the neutron differential energy spectrum.

Table II. Spallation products from O-16.

Nuclide v ‘Half-life.
c-10 ' 19 sec
O-14 _ 71 sec
0O-15 ' 124 sec
N-13 10 min
C-11 20.5 min
Be -7 o 53 days
H-3 : 12.2 years

Measurements of Be-7 and H-3 production in water in a variety
of accelerator spectra(20) and by monoenergetic protons (19,20)
suggests it appropriate to use production cross sections of 10 mb and
30 mb independent of energy for Be-7 and H-3 production for oxygen
‘spallation, respectively.

For an energy-independent cross section Eq. (6) reduces to:.



st =z o [ oamee )
o : 'Eij ‘; ‘ o '
=z NJ“A % (forE >E ) , ‘_ L - ®)

where

d(E > ELJ) is the mtegral ﬂux densﬂ:y of neutrons of energy
greater than E1J :

4,3, Radionuclide Production in Earth v '

‘ The problem of evaluating the productlon of rad1onuc11des in earth
is extremely complex. Gabriel et al (10, 11) have reported some
approximate calculations of the production of radionuclides in earth
but to quote the authors, . . . thére is considerable uncertainty in the :
activity . . . where it is largest." Refinements in the calculations is
to be anticipated but in the meantime direct experlmenta.l measurements
must be used, Hoyer (9) has measured Na-22 and Ca- 45 produced in
the earth shield of the CPS, and Borak et al. (21) of ANL and NAL have
_ reported preliminary measurements in glacial till, These two studies
naturally show differences in the radionuclides produced in largest
quantities, depending upon the chemical composition of the soil irradiated.
Because the neutron flux distribution in the CPS earth shield is well
understood (12), the data due to Hoyer (9), who has studied radlonuclldes
having half lives larger than two days, will be discus sed in some detail.

From the known chemical composrtlon of the earth and measured
flux densities (12, 22) the specific activity of earth near target reglons
‘was calculated. Table III lists the radionuclides-identified.

v To check his calculations, Hoyer compared his estimates with
measured values of the specific activity of Ca-45 and Na-22 found' in
earth taken from several locations in the earth shield. Measured
activities were, in general, lower by a factor of 3 than those calculated,
which Hoyer attributed to leaching of these nuclides from the site by
rain water. But, it seems reasonable to assume from these measure- :
ments that the values calculated by Hoyer are unlikely to err-on the low
side. ' : v

4.4, Total Production of Radionuclides by a High Energy Accelerator - -

Once the radionuclide yield vper unit flux density in water and
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Table III. Long lived radionuclides produced in CPS earth shield ‘(after Hoyer). ,

: ' . - Saturation activity
MPC . Production per unit flux density

- Radionuclides Half-life . pe/ml reaction = ~Hc cm™ sec/g n
P-32 - 14.34d 2% 107 S-32(n, p}P-32 | 3.3% 10 11
Fe-59 45d  6X 1077 Fe-58(n, y)Fe-59 2.8X 10'1%
Be-7 53d  2X 1073 '0-16(n, spall)Be-7 < 4.3X 10" ;
Sc-46 84 d '4)(10;5,_L4n555(n,spaH)Sc-46.‘ <‘5.5x:10'13
S-35 87d  6X 1070  S-34(n,y)S-35 < 1.1x 10" 2
A ’ ' 6. ‘ . -10
Ca-45 - 153d 9X10 ©  Ca-44(n,y)Ca-45 6.2X 10
Mn-54 2784 1x10° % Fe-54(n, p)Mn-54 3.3%x 10710
- ‘ ‘Mn-55(n, 2n)Mn—54_ _
L= | -10
Na-22 2.6y 4X 10"~ Na-23(n,2n)Na-22 2.33X 10
- o " Al-27(n, spalljNa-22  5,75X 10 S

ground is known, the total production in an accelerator shield may be
estimated. ' ' ’

If the distribution of specific activity of a given radionuclide in an
accelerator shield can be estimated, then the total production of that
nuclide may be obtained by spatial integration. A proton accelerator |
may be considered, for the purpose of calculating induced activity, as
a source of neutrons. In the high-energy strong-focusing proton
synchrotrons it is sufficieritly accurate to ignore the radial curvature
of the accelerator. Thus, if the specific activity at a position (r;z) in
the shield is S(r,z) at a given time, then the total quantity of the nuclide

~ contained in the shield, Q, is given by '

Q = [warSv(r,z)drvdz, : : | (9)

~ with appropriate limits to the integration. We can write
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fraction by we1ght of target element in sh1e1d

shield density,

Avogadro's number, '

atomic weight of target element

production cross section,

1ntegral neutron flux densﬂ;y E > EO at the p01nt r,z.

where

Sappo -
n i n Ill ([}

QEO(r’
For nuclides produced by sPallatmn in water we have
S(r,2) = (M)cep (£2), )
where =~ =~ M = the molecular welght of water, |

Thus the total quantity of a radionuc'_lide at saturation Qoié given by

= (52_!:‘)0 I f ZTI'I.@(I‘, z)dr_ dz, (12)
- where a = effective radius of the accelerator room (cyhndrlcal

geometry as sumed)
. If the d1str1but10n @(r z) is known, it follows Q ma.y be evaluated

Measurements of the Spa.t1a1 and energy d1str1but1on of neutrons in
the CERN .protron synchrotron earth shield have been reported in great
detail elsewhere(12). Briefly, measurements of neutron flux densities
were made with various threshold detectors at many positions in the
shield. For all neutron energies of concern to us here and, with accuracy
sufficient for our purposes, the flux-density distribution in the shield
‘region around an internal target may be convemently written

alr, 2) =.(—) ® P - I2) exp (-2/p), (13)

where cylindrical geometry is assumed and &(r, z) is the neutron flux
density of neutrons of energy greater than Ej at the position r,z. Thus
substituting for & (r, z) into Eq. (12) and 1ntegrat1ng, we obta1n

- L 5B . | E 5
Q, wa o (B%) (.ap)\‘)‘df)max‘(for E>Eg) dis/sec. . (14)
Measurements at CERN gave values

a = 390 cm,
B = 650 cm?

‘This model snnphfles the. actual situation because the maximum flux
density observed in the shield does not occur at the point r - &, 2z 0.
It is understood, however, that the maximum flux density ohserved

will be substituted for @, 5.
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16 g/cm3 ,.- g
and substituting into Eq. (14) we obtain
QO = t.'lO)( '10? (Tff)o q’m_ax (for E >E6) dis/sec , o (15)
_ when 0is in millibarns |
The measurements at CERN also support the view that the number
-of secondary particles generated in the shield is proport1ona1 to beam

power. - Thus Q  may beexpressed1n terms of beam power lost to the
accelerator shield:

_ 5 f. .
Q0 = 4.40x 10 .. (K) Po T)(EO) dis/sec ,
= -6 £ | : . : o
='2.97x10 (K)PUTI(E y Ci o _ (1_6)
where o Pis the beam power lost to the shield in units of GeV/sec

KE.) are values of maximum 1ntegra1 neutron flux density, - -

dmax(for E > Eg), observed in the CERN PS accelerator
shield per GeV/sec.

Values of n(EO) based on observation at CERN are given in Table IV

In calculating the radionuclide production the following relationships
between total quantity of nuclides in the shield, at saturation, and the
maximum specific activity of the nuclide 1n rock or water are helpful.

For nuclides produced in rock, :

Q, A . S
] = 2 wma v \; . i (17)v
max ' v : S _
for nuclides produced in water,
Qg \ ) . . .
(S V= 2nfipaph, | (18)
‘max ' o

where fwis the fraction by weight of water in the rock, Substituting for
Cap and A, we > get for the CPS

fe = 0.15 at CERN(12).
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. maximum thermal neutron flux density was 2.5 X 10° n/cmz.sec_.

o _.'_13_.

in rock, | g— )= 8.44Xx10 g, - (17a)
in Water‘,-(—*s—— = 2.74X10 ml. . (18a)

Fihally,,-ffﬁthe 'spec'ifi»c, at:tivity o{a riuc',lide in rock is mea'sured directly
and expressed as x uC/g/n/cm”sec, the maximum specific activity of
that nuclide appearing in the accelerator shield will be:

Spnax = P (E,) x Ci | (19

0

Cand Q, = 8.44x10'Pn(Ey x KCi, | (20)

Table IV. Values of n(Eo). a'_

- Neutron - n(Eo)
~energy < - -{n/cm? ‘GeV) -
(MeV) - {x10-8)
. 3.6
2 3.5
3 3.4
4 3.3
6 3.1
8 3.0
10 . 2.8
20 2.4
30 2.1
- 40 1.9
50 1.8

- o - . - m R A e W M R e Gm e A s e SR M

1012 p/sec and 25 GeV.

The values of,ﬂ(Eﬁg) given in Table IV ére based on an estimateé of
a maximum flux density of 6 X 10° particles/cm?2 sec of energy greater

‘than20 MeV produced in the earth shield of the CPS with a single target
in operation at a beam intensity of 1012 protons sec=1 at 25 GeV, and

the measured neutron spectrum in the earth(12). The corresponding

Thus, using Eq. (16) the production of Be{"? and H-3 in the ground
water of an accelerator shield may be calculated. Equation (20) and the
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data. of Table III give the p’f'odﬁ'ctidn of'nu(_:lidés i'n‘ the earth.

Based on these discussions estimates of radxonugllde production
in the shield of a 500 GeV accelerator with intensity 1013 protons/scc,
of which 10% is lost to the shield due to 1neff1c1ent beam extraction are [
glven in Table V. :

Since overall beam extraction efficiencies of 95% are confidently e
predicted and efficiencies better than 99% expected at some labora- - '
“tories (26), these estimates represent an upper limit of the induced .
activities to be anticipated in practice. (The extracted beam will be
disposed in beam dumps specially designed to contam the induced radio-
activity ) : '

Table V. Radionuclide ’pl"ioduction in'.a_ccelei'a-tor shield,

Mean life MPC Saturated activity

. Nuclide - - (days) . | ‘ - (pc/ml) S (Ci).
P-32. . 20.6 2% 107> 4.2 X% 1072
| - | o p L
Fe-59 .- 64.9 o 6X 10 - 1.2x10 7
Be-7 . .17.0 2x 107 4.4 .
T s -4
Sc-46 - Sz 4x10 7 5.6 X 10"
R A - -4
S-35 o126 5 C6X 10 4,6 X 10
Ca-45 _ 221 . 9XxX 10 2.6X 10
Mn-54 _ 401 o 1x1o 4.2 X 10
e N L -
Na-22 1370 .. 4Xl1lo T - 8.9X10 °
H-3 6428 o S 3X10 7 9.0
" These cgléﬁlatl.ons assufné: T L : : o A

a. That the ‘radial dlmensmns of the 500 GeV accelerator are : o
identical w1th the CPS. ’ S AR ok

b. Equlllbrlum spectra s1m11ar to those measured 1n the CPS
shield will be produced.
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c. The chemlcal compos1t10n and water content of the earth
shield is snullar to that at the CPS :

5. WA'.TER TRAN'SPORT, DILUTIO'N, AND CHEMICAL SORPTION

- We assume that ramfall absorbed into the earth moves vertleally
downward past the accelerator to the water table. An estimate of the

residence time of water ﬂowmg through regions of high flux density"

may be obtalned from the size of the actlvatlon zone and the rate of
inflow of water from rainfall. Estimates so obtained indicate water
residence times of ~ 2000 days, but hydrological studies at accelerator
s1tes wxll be needed to estabhsh rehable values. ' '

After 1eav1ng the actwatlon zone water will continue to move
downward to the water table and then be transported. horizontally to the

edge of the accelerator site. Radioactive decay subsequent to production

is usually of importance only for shorter- lived nuclides. Thus, for:
example, in a journey of 7 days Be-7 will have decayed by a negligible

‘amount. . On the other hand for short-lived nuclides, e.g., C-11, O-15,

and N-13, the decay factor is.very large (approx. 1 1015), making them
of no account.

If we assume that the activity produced in the activation zone is
released steadily during the residence time of water in-the activation
zone then using Eq. (1) the rate of release of activity at the per1meter
of the accelerator site, R, is given by

R = — — Ci/day : @1)

t/'r

T

Thus if the quantity of water pumped from the site is P em3/day using |

Eq (3) the specific act1v1ty of water reaching the water supply in MPC
is glven by:

6 < eQ(1-e
- _ 10 B

“T/ryet/T

2)

with - Qj in curies
 Mj in pe/em

T, t, and 7j in days
- P cm3/day

Figure 1 shows the ‘concentration calculated as a function of = 7'
residence time, if it is assurmed that all the activity produced in earth

“and water can be released directly to the ground water. A value of 10 10
»ml/day was used for the total volume of water abstracted from the
_accelerator S»lte area and a transport time in the water table of 7 days
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aSsurned. vRadionuclide prbduction data was taken from Table V.
InSpectlon of Flg. 1 shows that the SpeCIfIC act1v1ty of the water
never exceeds 0.03 MPC and decreases only very slowly with re51dence
time up to ~ 1000 days.
Chem1ca1 sorption: W111 prevent several of the nuclides from
appearmg in the ground water and consrderably reduce the- MPC

actually observed

Mawson (24) has recently rev1ewed eXperlence of the movement

of radioactive wastes buried in the ground, - " He says, "with few exceptlons,

adsorption and exchange processes occur between the radionuclides and
consituents of the soil." He concludes his review by saying, "The burial

- of radioactive waste is usually a very safe operation., If the site is
selected with care any radionuclides that enter the soil will progress
quite slowly down to the ‘water table. Once in the ground water they

will move faster, but still at a rate of one to several orders of magnitude

less than the rate of movement of the ground water. These statements
apply to most catlons--many amons move at about the same speed as

the ground water.

Be-7 has been recognized as being produced in a form very
strongly absorbed onto surfaces in carrier free solutions (25). .
Similarly, studies by Blythe (26) show that P-32 is predominantly fixed
in chalk soils in the form of calcmm phOSphate. Borak et-al (21) report
that of the long-lived radlonuchdes produced in glacialtill, only H-3,
Na-22, Ca-45, and Nm-54 were found in leach water, while Thomas (8)
has repOrted the solubility of gross y-activity produced in earth as
<1%. Detailed sorption studies may be necessary for particular acceler-
ator sites, but available information suggests many accelerator
nuclides will be strongly retained. Tritium may pass freely into the
ground water,

6. CONCLUSIONS

- General consideration of the total quantity of radionuclides
produced in the earth shield of high energy accel rators suggest no
serious contamlnatlon problems in volumes of water comparable with
rainfall on the site. More precise estlrnates indicate maximum specific
activities in ground water of ~ 3 X 102 MPC if all long-lived nuclides
are released However, chemical sorption plays an extremely important
role in lirmiting the release of radionuclides to the general environment
and if only tritium is mobile levels of ~ 1077 MPC are estimated. '
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or _

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of .
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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