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ABSTRACT

Monte Carlo calculations were performed to estimate
the tritium production in groundwater around the Linear
Accelerator (Linac) and the Low Energy Booster (LEB)
tunnels at the Superconducting Super Collider Laboratory
(SSCL). The calculations were performed using the new
version of the Los Alamos High Energy Transport
(LAHET) code system (SUPERHET). Most of the tritium
activity was found to occur in a zone extending 2 m from
the tunnel wall. The calculated tritium production rate
was used to derive the maximum allowable beam losses
that would result in an average groundwatcr concentration
in the activation zone of 20pCi/cm3, the federal
maximum contaminant level (MCL) for tritium in
drinking water. The maximum allowable beam losses
were found to be about 4% and 2% of the maximum
operating beim for the Linac at 1 GeV and the LEB at
11 GeV, respectively. These percentages are well in
excess of typical operational losses at existing high-
energy accelerators. The results are in good agreement
with previously reported calculations. Tritium saturation
activity in water pipes resulting from the derived
maximum allowable beam loss was found to be
355pCi/cm3 in the Linac operating at 600 MeV and
363 pCi/cm3 in the LEB operating at 11 GeV. Accidental
tritium releases from water pipes were found to cause an
inhalation dose rate of less than 0.013 (Linac at 600 MeV)
and 0.009 mrem/hr (LEB at 11 Gev) in the tunnels. These
dose rates are well within the laboratory's design limit of
0.1 mrem/hr for controlled areas. Accidental beam losses
were found to cause activation in excess of the MCL only
after an irradiation time of more than 557 hours in the
Linac at 600 MeV and €9 hours in the LEB at 11 GeV, A
full-beam accident lasting more than one hour is
considered unlikely.

I. INTRODUCTION

Activation of groundwater and tritium buildup in
water pipes are important radiation protection issues at
high-energy accelerators. Pipes are commonly used
inside such facilities for fire protection and cooling
systems. The purpose of the present work is to assess the
tritium production rate in groundwater and wafer pipes in
the vicinity of the Linear Accelerator (Linac) and the Low
Energy Booster (LEB) tunnels at the Superconducting
Super Collider Laboratory (SSCL).

At high-energy accelerators, the principal nuclear
reaction that produces tritium is oxygen spallation caused
by neutrons with energies above 20 MeV. Tritium (as
tritiated water) is easily transported in groundwatcr and is
considered to be 100% teachable. Because of this high
teachability factor and the lack of a site-specific model
for groundwater transport, the federal maximum contami-
nant level (MCL) for tritium in primary drinking water, as
set by the U.S. Environmental Protection Agency (EPA),
is used here in the derivation of the maximum allowable
beam loss. The MCL for tritium in drinking water is
20pCi/cm3.1 Limiting the tritium saturation concen-
tration in the activation zone to the EPA's MCL is a
highly conservative approach because

• The saturation level is not reached until after
more than 86 years (seven half lives) of
operation;

• Groundwater movement outside the activa-
tion zone will reduce the resident time over
which the water is being activated;
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• Groundwater movement into the activation
zone will result in dilution, reducing the
average concentration of tritium;

• Groundwater transported from the activation
zone to an area reachable by the public will
be highly diluted; and

• The tritium activity wilt be reduced as a
result of decay during the groundwater
transport process.

H. METHODOLOGY

A. Computer Codes

This work is based on the new version of the Los
Alamos High Energy Transport (LAHET) code system
(SUPERHET),2 the Los Alamos National Laboratory
modification of the High Energy Transport Code (HETC),
which was originally developed at Oak Ridge National
Laboratory. The SUPERHET code was used to simulate
radiation transport and interaction in the Linac and LEB
tunnels and to perform calculations of tritium production
rates in the groundwater and water pipes. The geometric
capability incorporated in the code is that of the Monte
Carlo Neutron-Photon (MCNP) code.3 SUPERHET
incorporates the FLUKA computer code for the transport
of particles with energies higher than about S GeV.2 In
the present calculations, the Bertini intranuclear cascade
and evaporation models with a pre-equilibrium inter-
mediate stage are applied in SUPERHET to the transport
of high-energy particles. The code can model the
transport of pions, muons, protons, neutrons, deuterons,
tritons, He-3 ions, and alpha particles.

The Benini intranuclear cascade mode] assumes that
a nonelastic interaction with a nucleus can be described in
terms of particle-particle collisions occurring within the
nucleus and that the kinematics of these collisions is not
affected by the remaining nucleons.4 Spatial variations in
the energy distribution, number density, and potential of
the nucleons inside the nucleus are taken into account.
Experimental data for free particle-particle cross sections
are used in tracking particles within the nucleus. The
products from collisions consist of excited residual nuclei,
protons, and neutrons. Proton-nucleus nonelastic colli-
sions below 15 MeV are disregarded. The ISABEL
intranuclear cascade model, which allows hydrogen and
helium tons as projectiles, is used in SUPERHET 10
model the transport of deuterons. tritons. He-3 ions, and
alpha particles.5

The evaporation model determines the energy and
direction of the evaporated neutrons, protons, tritons.
He-3 ions, and alpha particles and the excitation and
kinetic energy of the recoiling residual nucleus. In
SUPERHET, the Fermi breakup model replaces the
evaporation model for excited light nuclei (A < 20>,6 A
multistage pre-equilibrium model is implemented as an
intermediate stage between the intranuclear cascade and
the evaporation phase of a nuclear interaction. The
energy loss of charged particles by excitation and
ionization is treated by using the continuous slowing
down approximation with the density effect correction.
The elastic collisions of protons with all nuclei other than
hydrogen are disregarded. The differential cross sections
for the elastic collisions of nucteons of energy greater
than 15 MeV with hydrogen are taken from experimental
data and are the same as those used in the intranuclear
cascade calculations. Pfcutron elastic scattering was
included in this work up to 100 MeV.

B. Geometry

The Linac tunnel is modeled as a cylinder with a
radius of 206.4 cm and a 40-cm-ihick concrete wall. The
magnet is assumed to be a homogeneous cylinder of iron
with a radius of 15 cm. The magnet aperture is taken to
have a radius of 3 cm. Four 25.4-cm-diameter water
pipes are represented as a 1.6-cm-thick layer of water
along the inside of the tunnel wall. Tbc LEB tunnel is
identical to the Linac, except that it has a magnet radius
of 27 cm and an aperture radius of 3.8 cm.7

The soil surrounding the tunnel is taken to be
compacted fill with a wet density of 2.3 g/cm3 and water
volume content of 51% (0.51 cm3 of water per gram of
fill).8 A tritium leacbabilify factor of 1 is assumed An
activation zone, defined as the region around the tunnel
containing most of the tritium activity caused by a point
beam loss, is used to assess the tritium concentration in
soil.

A source emitting a parallel beam of protons with a
Gaussian density over a 0.56-mm radius was placed 1 mm
from the aperture wall. The beam was directed into the
magnet face parallel to the axis of the cylindrical tunnel.
Calculations were performed at 600 MeV and 1 GeV for
the Linac, and at 11 GeV for the LEB. The number of
histories tracked in the Monte Carlo simulation were
400,000, 200,000 and 40.000 histories at energies,
respectively, of 600 MeV and I GeV in the Linac. and
11 GeV in the LEB. Tritium production rates in «hs soil
activation zone, air region inside the tunnel, and water
pipes were recorded.



C. Calculations (3)

The SUPERHET code provides an estimate of the
rate of tritium production, the track length of the neutron
flux (above 20 MeV), and the rate of roiielaslic collision
in each region of the tunnel. Once the iritium production
rate is known, one can derive the maximum beam loss
that yields a saturation activity of 20 pCi/cm3 in ground-
water. This saturation activity represents the EPA limit
on the tritium concentration in primary drinking water.1

For groundwater activation, the specific activity in
soil is given by

where

where

S5oj| = Specific activity of tritium in soil (pCi/g)

N_= Number of protons incident (lost) per
second

"soil = Tritium production rate in soil (atom/cm3

per incident proton)

p s o i l = Soil wet density (g/cm3).

The tritium concentration in groundwater is given by

C g w = NP "son L / ( V 0.037 Psoi l) (2)

where

C = Tritium concentration in groundwater
(pCi/cm3)

Np= Number of protons incident (lost) per
second

"soil = Tritium production rate in soil (atom/cm3

per incident proton)

L = Effective volume teachability factor of
tritium (dimensionless. taken to be 1)

V w = Volume fraction of groundwatcr in soil
(cm3/g)

Psoil= Soil wet density (g/cm3).

Similarly, the tritium concentration in water pipes is
given by

C •ipcs = Tritium concentration in water pipes
(pCi/cm3)

NL= Number of protons incident (lost) per
second

s - Tritium production rate in water pipes
(atom/cm3 per proton).

A tritium concentration of 20 pCi/cm3 in drinktng
water is reported in U.S. Department of Energy (DOE)
Order 5400.5 to result in a committed effective dose
equivalent of ( mrem per year, based on Ihe consurr^lion
of 2 L per day. for an annual total of 739 L.s Thus, the
committed effective dose equivalent is given by

= Cgw D C F i n g (4)

where

H, r /,= Committed effective dose equivalent
from ingestion of tritium (mrcm/yr)

C,u. = Tritium concentration in groundwater
"gw.

(pCi/cmJ)

BCF jng = Ingestion dose conversion factor
(0.05 mrem/yr per pCi/cm3).

To estimate the dose rate from accidental release of
tritium from water piprs, it is assumed that all the water
in the pipes is released to the tunnel's floor. The water is
assumed to evaporate at a conservative rate of
0.2 cm/day.1" The tritium concentration in air caused by
water evaporation is given by

*-air ~ '-pipes floor t / V i i r (5)

where

^,. = Tritium concentration in air (pCi/cm3)

= Tritium concentration in water pipes
(pCifcm31)

ER = Evaporation rate (0.2 cmAJay)D

V.i,., „ = Surface area of line tunnd's lll̂ ^̂



t = Time after leakage (days)

Vair = Air volume in the tunnel (cnv5).

Once the activity in air is known, the inhalation dose is
estimated as follows:

inh = C l i r .RDCF i
inh

(6)

where

HinIl = Committed effective dose equivalent
from inhalation of tritium (mrem/hr)

Cair = Tritium concentration in air (pCi/cm3)

DCFinh - Inhalation dose conversion factor for
tritium in vapor (6.4 x 10'8 mrem/pCi)J l

IR = Inhalation rate (1.2 x 106 cm3/hr).12

In the case of an accidental loss of the total operating
beam, the activity will not reach saturation. Under these
conditions, the tritium concentration in groundwater is
given by

Cg w = Np n^, L XI (Vgw 0.037 P j o i l) (7)

where

C g w = Tritium concentration in groundwater
(pCi/cm3)

Np = Total number of protons lost per accident

"soil = Tritium production rate in soil (atom/cm3

per incident proton)

L = Effective volume teachability factor of
tritium (dimensionless, taken to be 1)

X = Decay constant of tritium (1.79E-9 sec"1)

Vgw _ Volume fraction of gmaundwater in soil
<cmJ/g)

Psoii = Soil wet density (g/cm3).

III. RESULTS

A. Tritium Production Rate

The results of ihe above analysis of the tritium
production rate in soil, water pipes, and air are
summarized in Table 1. An activation zone extending a
distance of 2 m from the tunnel wall in the transverse
direction and 8 m along the Linac tunnel (12 m for the
LEB) is found to contain most of the tritium activation.
The statistical uncertainty of the production rate is within
2% in soil, T7c in water pipes, and 16% in the tunnel air.
The production rate of tritium increases with increasing
prcton beam energy in the machines. This increase
occurs because higher energy protons generate more
neutrons. Oxygen spoliation caused by high-energy
neutrons (>20 MeV) is the principle nuclear reaction that
produces tritium at high-energy accelerators.

B. Maximum Allowable Beam Loss

Table 2 gives the maximum allowable point and
distributed beam losses; these values represent the losses
tbat would result in groundwater saturation activily of
20pCi/cm3 (the MCL for tritium). The maximum
allowable distributed beam loss is calculated on the basis
of one point loss every 8 m in the Linac and every 12 m
in the LEB. Tritium activity from a point loss occurring
beyond these distances is negligible. Table 2 also lists the
percentage of the annual operating beam that can be lost
without exceeding the MCL; this percentage is calculated
on the basis of a maximum operating beam of 2.8 x 1020

and 2.4 x 1020 protons per year in the Linac and LEB,
respectively. The derived percentage losses are well
below achievable operational limits. Typical beam losses
at existing high-energy linear accelerators are less than
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Table 1: Results of the analysis of the tritium production rate in soil, water pipes, and air.

Machine Energy
(MeV)

Tritium production rate in
soil (atom/cm3 per proton)

Tritium production rate in
pipes (atom/cm3 per proton)

Tritium production rate in air
(atom/cm3 per proton)

Linac
Linac
LEB

600
1.000

11.000

1.8x10-"
4 .3x10"
1.7 x lO 1 0

2.7 x 10-10

5.9 x |0-10

2.6x lO9

7 .9x10"
2.5 x 10'-
7.2x10-'-



T:»Me 2: Maximum allowable beam loss based on are average groundwaier s
of 20 pCifcm3 in the activation zone.

Machine

Linac
Linac
LEB

Energy
(MeV)

600
1,000

11,000

Maximum allowable point
beam loss (proions/year)a

8 .9x10 ' '
3.6 x lO 1 7

<i.2x]016

Maximum allowable distributed
beam loss (protons/year)3

2.7 x m19

1.1 x 1019

4.1 x 10)S

Percentage of
maximum

operating bean}'1'
9,T7c
3.97c
1.7%

3 Based on 5,000 hours of operation per year.
b Based on a maximum operating beam of 2.8 x 1020 protons/year in the Linac and 2.4 x 1019 protons/year

in the LEB.

C. Tritium Activity in Water Pipes

Table 3 gives the tritium concentration at saturation
activity in water pipes caused by the maximum allowable
beam loss. Tritium saturation activity in pipes was found
to be 355 pCi/cm3 in the Linac operating at 600 MeV and
363pCi/cm3 in the LEB operating at 11 GeV. These
values represent a conservative estimate because dilution
by the rest of the water in the cooling system is not
included. Table 3 also gives the tritium saturation con-
centration in air caused by the maximum allowable beam
loss and the resulting inhalation dose. Air ventilation in
the tunnels is not accounted for in the calculation of the
tritium concentration and the inhalation dose.

D. Buildup of Activity

The derived maximum allowable beam loss is highly
conservative because it is based on saturation activity, it
takes seven half lives for the activity to reach 99.2% of its
saturation level. The buildup of induced activity as a
function of time is given bv

S(t) = (8)

where A. is the decay constant of tritium (0.056 yr'1) and
So is the saturation activity. Thus, after 10 years of
constant beam loss, the activity will be 8.6 pCi/cm3. This
estimate is still conservative because the water in the
activation zone is assumed not to migrate or be diluted.
Figure 1 shows the activity in groundwater and water
pipes as a function of time when the beam loss is constant
at the maximum allowable level.

E. Accidental Leakage from Pipes

Table 4 presents the tritium concentration in air
resulting from the accidental release of activity from
water pipes. Table 4 also gives the committed effective

dose equivalent caused by inhalation of tritium vapor
24 hours after the accidents! release inside the tunnel.
The calculation of the inhalation dose is based on the
assumption that all water in the pipes is released on the
floor and that it evaporates at a rate of 0.2 cm/day. Th?
reported inhalation dose rate does not account for toe
ventilation rate in the tunnels. According to the Site-
Specific Conceptual Design for the SSCL. a ventilation
rate of 2 ft3 per hour in the Linac and LEB tunnels can be
applied when needed.7 Such a ventilation rate would
reduce the inhalation dose by a factor of 2.3 for the first
hour of exposure.

F. Accidental Beam Loss

Table 5 gives the derived maximum accidental beam
ioss that yields 20 pCi/cm3 of tritium activity in
groundwater {averaged over the actuation zone). Based
on a total design beam of 5 x 1Q52 protons per pulse for
test operation in the LEB at 11 GeV.7 the derived
accidental beam loss allows the complete absorption of
5.8 x 10s pulses before the tritium activity reaches
20pCi/cm*. Similarly, based on 6 x 1012 protons per
pulse in the Linac at 600 MeV,7 the maximum accidental
beam loss allows 4.7 x 10* pulses to be absorbed. Based
on an operational cycle time of 0.43 s for both machines,
the duration of the accidental beam loss must be longer
than 557 hours in the Linac and 69 hours in the LEB
before the tritium activity readies the MCL. Such long
accidents arc not possible because the magnets in the
accelerators cannot tolerate the heat that wouSd be
generated. Full-beam accidents arc defined as the full
loss of beam anywhere in the machine for a significant
amount of lime op to one !«our.l? TJJMS, acd&nts lasting
more than one hour are considered very unlikely. The
maximum allowable number of pulses pi.T accident and
the derived allowable accident duration are shown ju
Table 5.



Table 3: Saturation concentration of tritium in water pipes and tunnel air and the resulting inhalation dose rate
(based on the maximum allowable beam loss at a point).

Machine

Linac
Linac
LEB

Energy
(MeV)
600

1,000
11,000

Tritium concentration
in pipes (pCi/cm3)'

355
319
363

Tritium concentration
in air (pCi/cm3)b

1.05
1.35
0.99

f nhaiauon dose rate from maximum
allowable beam loss (mrcm/hr)b

o.os
0.1
0.08

a Tritium concentration in pipes iloes not take into account dilution by the rest of the water in the
cooling system.

b Air ventilation in the funnel is not accounted for.
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Figure 1: Activity buildup of tritium in groundwater and
water pipes in the Linac and LEB tunnels caused by

maximum allowable beam losses at a point.

•

• groundwater

A pipes (Linac-1 GeV)

• pipes(LEB-ll GeV)

10 20 30 40 50 60

Time (year)

70 80 90 100

Table 4: Tritium concentration in air 24 hours after accidental water release
from pipes and the resulting inhalation dose rate.

Machine

Linac
Linac
LEB

Energy
(MeV)

600
1,000
11,000

Tritium concentration in air
(pO/cm3)1

0.17
0.15
0.11

Inhalation dose rate
(mrem/hr)b

0.013
0.011
0.009

3 Calculated after 24 hours of water release in the tunnel, assuming saturation activity in pipes and an
evaporation rate of 0.2 cm/day.

b Air ventilation in the tunnel is not accounted for.



1 "able 5: Maximum accidental beam loss at a point and the derived maximum number
of pulses that yield a tritium concentration of 20 pCifcm5 in groundwatar

in the activation /one.

Machine

Linac
Linac
LEB

Energy
(MeV)

6(H)
1,000

11.000

Maximum accidental beam
loss (protons per accident)

2.8xlGw

1.1 x|01 9

2.9xlOls

Maximum number of pulses
(pulses per accident)1

4.7 x 10"
1.8 x 106

5.8 x (O5

Accident duration to
reach MCL (houis)b

557
219
69

1 Based on 6 x 1012 protons per palse in the Linac and 5 x 1Q12 protons per pulse in the LEB.
b Based on beam cycle time of 0.43 s (2.3 Hz beam rate) in both machines.

IV. DISCUSSION

The results are in p od agreement with tlaose of
Baker, Bull, and Staplcton.8 who performed similar
calculations for tritium production in groundivater using
the MARS14 and CASIM15 computer codes. They used
similar geometries for the Linac and LEB tunnels. Their
calculations were based on multiplying the star density
(nuclear interaction density), which they estimated using
the computer codes, by a tritium production factor, wiiicb
was based on measurements. The tritium production
factor derived from the results presented here is
0.023 atom/star, about 15% higher than the value used by
Baker et al. for compacted fill.

Baker et at. assumed that the activation zone
extended 4 m from the tunnel wall, while here it was
estimated to extend 2 m, because most of the tritium
activity was found to occur within this distance. The
larger activation zone can reduce the tritium con-
centration through dilution by the larger volume of
groundwater. Baker et al. took the average tritium
concentration in the activation zone to be equal to the
concenti ation 1 m from the tunnel wall. Their results for
the maximum allowable point beam loss for the Linac
at 1 GeV (1 x 1O1S protons/year; obtained by using
MARS) is a factor of 2.8 higher than the one reported
here (3.6 x I0 ! 7 protons/year; see Table 2). MARS is a
Monte Carlo code based on inclusive simulation of
hadronic and electromagnetic cascades. Baker et al.'s
estimate of the maximum allowable point beam loss for
the LEB at 11 GeV (1.5 x 1017 protons/year; obtained by-
using CASIM) is a factor of 1.6 higher than the estimate
reported here (9.2 x I01 6 protons/year). CASIM is a
Monte Carlo code used to study the average development
of the inteniuclear cascades for incident panicles in the
range of 19-1.000 CeV. The code assumes that only one
secondary particle is produced by a hadron collision and
does not model the transport of particles with energies
lower than about 50 McV.

The results obtained by Baker et al. differ from those
reported here because (1) they assumed a low tritium
production factor, (2) they ami an older design estimate
of 5,556 hours of beam operation per year, (3) they used a
large activation zone, (4) consequently, they assumed that
the average concentration would occur at I in from the
tunnel wall, and (5) they used computer codes based on
different interaction models.

V. CONCLUSIONS

Production of tritium in groundwater and water pipes
in the vicinity of the Linac and LEB tunnels at the SSCL
has been investigated. The SUPERHET code system was
used to simulate the radiation transport and interactions at
600 MeV and I GeV for the Linac geometry and at
11 GeV for the LEB geometry. Maximum allowable
beam losses were derived by limiting the groundwater
saturation activity in the activation zone to the level
allowed by the EPA primary drinking water standard for
tritium (20 pCi/cm3). This criterion is highly conserva-
tive because the saturation level of tritium will only be
achieved after more than 86 years of operation. In
addition, migration and dilution of groundwater in the
activation zone, which can significantly reduce the
average tritium concentration, have not been accounted
for in this study. The activation zone, defined as die
region around the tunnel containing most of the tritium
activity in soil, is found to extend about 2 tn from the
tunnel wall. The derived maximum allowable beam
losses are about 4% and 2'.'r of the maximum operating
beam for the Linac at 1 GeV and flic LEB at 1I GeV.
respectively. These percentages are well in excess of
typical operational losses at existing high-energy
accelerators. The present results arc in goed agreement
with previously repotted calculations.

Buildup of activity in ilw water pipes resulting fwm
the derived maximum aHlmvaMe beam loss was ctiimatcd.
Tritium saturation acjii'ity in IWJVS was HtFunul to be



355 pCi/cm3 in the Linac operating at 600 MeV and
363 pCi/cm3 in the I.EB operating at 11 GeV. Inhalation
doses from accidental releases of activity Aam water
pipes were found to be less than 0.013 and 0.009 mrem
per hour in the Linac and LEB tunnels, respectively
(estimated 24 hours after the accident). These doses are
well below the laboratory's design limit of 0.1 mrem/hour
for controlled areas and would pose little danger for
personnel working in the tunnels. In addition, these doses
could be reduced further by using the ventilation system.
Limits on accidental total operating beam losses have also
been calculated. It was found that it would take 557 hours
(4.7 x 106 pulses at 6 x 1012 protons per pulse) in the
Linac at 600 MeV and 69 hours (5.8 x 105 pulses at
5 x 1012 protons per pulse) in the LEB at 11 GeV before
the activity in groundwater reached the EPA limit of
20 pCi/cm3. Full beam accidents lasting more than one
hour are considered unlikely.
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