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ABSTRACT 

A variety of accelerator designs are being considered for the Accelerator Production of Tritium (AFT) 
project at Los Alamos National Laboratory. Because activation of the structural components of the 
accelerator is considered a major radiation protection issue, we have developed a computational 
methodology to estimate quantitatively radionuclide inventories and gamma dose rates resulting from 
accelerator operation. The work presented here illustrates the use of our computational methodology by 
focusing on the 20 and 100 MeV sections of the Bridge-Coupled Drift Tube LINAC (BCDTL), and the 
100 and 1000 MeV sections of the Coupled Cavity LINAC (CCL). 

I. INTRODUCTION 

The Accelerator Production of Tritium (AFT) project at Los Alamos National Laboratory makes use of 
a high-power linear proton accelerator to produce neutrons via spallation reactions in a heavy metal target. 
At the time of the present study, the design called for an accelerator operating at a beam current of 200 mA 
and a maximum proton beam energy of 1 GeV, Le., a total proton beam power of 200 M W .  This large 
beam power raises serious questions regarding the activation of structural components and the 
corresponding environmental, health, and safety problems. Activation results directly from unavoidable 
beam losses during normal operation (e.g., beam halo), as well as from many anomalous conditions that 
can arise during accelerator tuning or from various accident scenarios. High-energy protons will produce 
neutrons, photons, and a variety of spallation and fission products when they interact with the various 
components of the accelerator. The resulting radioactivity creates large gamma radiation fields near the 
accelerator, thereby precluding hands-on maintenance of, or even access to, the accelerator and its various 
components. In view of the enormous costs and complications associated with remote-handling 
equipment and operations, it is obviously highly desirable to limit activation to a minimum. 

Traditionally, little or no attention has been paid to the prediction of activation levels in accelerator 
structures. Radiation levels are measured a posteriori, after the accelerator is built and operated. Radiation 
protection measures are then taken to deal with whatever radiation levels are present. Occasionally, these 
measures prove costly and time-consuming. We believe that making activation level calculations a part of 
the normal design process of the accelerator could save significant amounts of time and money. 
Predictions of activity levels and radionuclide inventories could not only identify and rectify poor designs 
from an activation standpoint, but also provide. general guidelines for radiation protection and safety 
planning. 

A more detailed study of the BCDTL case can be found in Refs. 1 and 2. 

II. COMPUTATIONAL METHODOLOGY 

Figure 1 shows the interconnections between the various codes used in our calculations and the flow 
of information between these codes. Interfaces had to be written in many cases to facilitate the exchange 
of data between codes. Their main role was data reformatting and pre-processing, and we will not 
describe them here. 
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Figure 1 : Schematic diagram showing the computer codes used in our calculations and their 
interconnections. 

LAHET: We rely on the LAHET Code System (LCS)3 developed at Los Alamos National Laboratory to 
calculate the interaction between high-energy protons and materials, to transport neutrons and photons, 
and to calculate dose rates. The LCS consists of two major components, namely a Monte-Carlo code for 
the transport of high-energy nucleons, pions, and muons (LAHET), and a Monte-Carlo code for the 
transport of low-energy neutrons, electrons, and photons (MCNP). LAHET is described in detail in 
Ref.3. 

HMCNP: Neutrons generated by LAHET with energies below 20 MeV are written to a file for transport 
with HMCNP (a version of MCNP for use with LAHET). MCNP is geared toward the transport of 
neutrons, photons, and electrons in matter. Ref.4 contains a detailed description of the code. 



CINDER'90: After calculating the total spallation product yields and neutron flux distributions with 
LAHET and HMCNP, CINDER'90 is used to determine gamma production rates in the structures of 
interest. CINDER90 is described in detail in R e f 5  It is essentially a radionuclide inventory code used to 
determine the time dependence of nuclides depleted and produced in materials subject to irradiation. The 
CINDER90 code uses a library of basic nuclear data to trace all possible transmutation paths, determining 
the partial concentration and associated activity of each nuclide as well as the integrated transmutation of 
each nuclide during a time increment. It produces density, activity, decay power, macroscopic neutron 
absorption, and decay spectra properties listed by nuclide, element 2, and mass A. 

MCNP: The gamma source terms produced by CINDER90 for each cell in the problem are fed back into 
MCNP. For simplicity, the spatial distribution of the source is assumed to be uniform within a given cell. 
MCNP transports the corresponding photons, and calculates photon fluxes and gamma dose rates. A 
special version of MCNP was used to process the simulation results of this study.6 In addition to the 
usual MCNP tallying features, additional subroutines for setup, analysis, and close-out were added to the 
code. The analysis subroutine is called each time a particle crosses a boundary, interacts, escapes, or is 
generated from the source or bank. Variables describing position, direction, energy and various other 
physical quantities associated with the particles being transported are passed through an independent 
common block to the user, not only for the current particle status, but for the immediate particle history. 
These subroutines allow data analysis beyond the standard MCNP tallies. In this study, for instance, we 
used ths  powerful analysis technique to produce the spatial distribution of the gamma dose rate around the 
accelerator structure. The augmented version of MCNP makes use of other software such as the CERN 
HBOOK and PAW libraries (Ref.7) for histogramming and visualization. Upon using the HBOOK 
routines the user is able to construct a spatial mesh which is independent of the MCNP geometry and over 
which various fields can be computed. 

III. COMPUTER MODELING 

Several simplifying assumptions were made to mock up the accelerator structure and to simulate beam 
loss conditions. They are described in this section. 

The BCDTL section operates at 700 MHz and a current of 200 mA. It is comprised of 61 separate 
tanks. In the BCDTL the protons are accelerated from 20 to 100 MeV over a length of almost 94 m. This 
section is an innovative design which accommodates high frequency by using bridge couplers. The CCL 
section also operates at 700 MHz and 200 mA current and is comprised of 342 tanks. In the CCL, the 
protons are accelerated from 100 MeV to 1 GeV over a length of almost 1032 m. The components in the 
CCL are similar to those in the BCDTL, with the exception of the bridge couplers. Figure 2 shows a 
schematic diagram of the APT accelerator. 

Simplified three-dimensional computer models of several sections of the accelerator were created: 20 
and 100 MeV sections of the BCDTL, and 100 and lo00 MeV sections of the CCL. These energies were 
chosen to provide meaningful bounds on the activation levels in the accelerator. It was neither practical 
nor beneficial to completely model the structure to the level of detail contained in the engineering drawings. 
For the BCDTL, sections, the models included the quadrupoles, a tank assembly on either side for 
symmetry, and the entire associated bridge coupler, including the water channels used for its cooling. The 
20 MeV section, however, has multiple bridges, so its model also contains a portion of the two additional 
bridges, located symmetrically about the quadrupoles. The CCL models include the quadrupoles, a valve, 
and the endwall manifolds from the tank assemblies located at each end. All known components 
containing water or other neutron-moderating materials are included in order to properly model increased 
activity due to neutron thermalization and capture. Magnet yokes and coils are approximated by cylindrical 
volumes. Each quadrupole magnet is subdivided into four radial regions: beam pipe, inner part of the 
magnet yoke, coil+coolant cell, and outer part of the magnet yoke. Figure 3 shows a typical view of the 
20 MeV BCDTL computer model. The other computer models are quite similar except for the absence of 
the bridge coupler in the CCL models. 
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Figure 2 : Schematic view of the APT accelerator showing the location of the Bridge-Coupled Drift Tube 
LINAC (BCDTL) and of the Coupled Cavity LINAC (CCL). 
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Figure 3 : LCS computer model of the 20 MeV section of the BCDTL. 

The materials used in the computer models are described below in Table 1. Unless specifically noted, 
the materials apply to the models at all energy levels in both the CCL and BCDTL. Also, the 20 and 100 
MeV designations correspond to the BCDTL models. The concrete is used for the concrete tunnel 
surrounding the accelerator structure, but is not shown in Fig.3. 



Table 1 : Material compo 
Location 
Beam pipe and valve 
Endwall tank manifolds (BCDTL) 
Tank Manifolds (BCDTL.) 

Beam pipe inside magnets and outer 
magnet yokes 
Inner magnet yokes 
Magnet conductors 

Tank tuning bars and bridge walls 
Tank outer walls 
Tank beam tube (20 MeV) 
Tank coupler manifold (20 MeV) 
Tank beam tube (100 MeV) 
Tank coupler manifold (100 MeV) 
Concrete 

Air 

ions used in the various cc 
Material 
SS304 
SS304 + Water 
SS3 16L + Water 

1005 Steel 

1005 Steel + Void 
1005 Steel, Copper, Water, 
Void 
OFE Copper 
OFE Copper + Water 
OFE Copper + Water 
OFE Copper + Water 
OFE Copper + Water 
OFE Copper + Water 
Generic concrete 

(2.42 g/cm3) 
Oxygen, Nitrogen, Argon 

muter models of the APT accelerator. 
Composition 
71.92w% Fe, 19.Ow% Cr, 9.0w% Ni, O.O8w% C 
84.16v% SS304, 15.84v% H,O 
66.34w% Fe, 16.61w% Cr, 11.72w% Ni, 
2.93w% Mo, 2.07w% 0, 0.26w% H, O.O8w% C 
99.86w% Fe, O.O5w% C ,  O.O5w% S, O.O4w% P 

50v% 1005 Steel, 50v% void 
26.83v% 1005 Steel,40.9v%Cu, 2.27v% HzO, 
30v% void 
99.97a% Cu, 0.02a% 0,0.01a% S 
96.38v% OFE Cu, 3.62v% H,O 
70.98v% OFE Cu, 29.02v%H20 
91.19v% OFE Cu, 8.81v% H20 
92.26v% OFE Cu, 7.74v% H,O 
89.23v% OFE Cu, 10.77v%HZO 
34w% Si, 53w% 0,4w% Ca, 3w% Al, 2w% Fe, 
2w% V, Iw% K, lw% H 
23.27w% 0,75.39w% N, 1.34w% Ar 

Measurements of component activation performed at the proton accelerator at the Los Alamos Meson 
Physics Facility (LAMPF) showed that quadrupoles are the most significant places for activation. Based 
on these considerations, the beam loss in our calculations was assumed to occur at the beginning of a 
quadrupole pair. The protons were initiated at a single point just inside the beam tube material 
(approximately one-tenth of a millimeter deep) with velocities parallel to the beam line. This position along 
the accelerator axis was chosen as the origin of coordinates. A beam loss of 1 nA was arbitrarily assumed 
for the CINDER90 calculations. This assumption was based on an estimated loss of 1 nA/m for the APT 
accelerator at an operating current of 200 mA. 

IV. RESULTS 

A. Gamma Dose Rate 

Thanks to the histograming technique described in Section 11, we were able to obtain the spatial 
distribution of the photon flux, and hence, by convolution with the ANSUANS-6.1.1 flux-to-dose 
conversion factor, a dose rate in the immediate vicinity of the irradiated magnets. Figure 4 shows the 
spatial distribution of the gamma dose rate field near two quadrupole magnets of the 100 MeV BCDTL is 
the type of beam loss one could expect after a few days of tuning operations, for instance. It is obvious 
that the magnets and cooling manifolds provide shielding against the gamma radiation field and streaming 
and shadowing effects appear particularly clearly. Notice that the self-shielding action of the magnets is 
quite effective in reducing the radiation level in the space outside the magnets. Maps such as the one 
shown in Fig.4 were produced for all four accelerator sections, for three irradiation times (1 hour, 1 week, 
and 1 year). For each section, and for each irradiation time, dose rate .;laps were produced for four 
cooling times (lOs, 1 hour, 1 week, and 1 year). By and large, the spatial distribution of the dose rate is 
qualitatively the same for other irradiation times. Also, no significant qualitative differences were 
observed between the BCDTL and CCL sections of the accelerator as far as the spatial variations of the 
dose rate are concerned. Fig.4 is thus representative of the general features of the spatial distribution of 
the dose rate field. In all cases (BCDTL and CCL), the gamma dose rates outside a 16 cm radius peaks at 
a radial location of 16 cm (on contact) and almost exactly halfway between the two quadrupoles. We 
verified that this location remains the “hottest” spot as the radionuclide inventory decays away. 



Figure 4 : Gamma dose rate in the vicinity of the 100 MeV, BCDTL section of the APT accelerator for 1 
week of irradiation at 1 nA and a 1 hour cooling time. 

Tables 2 and 3 give the maximum dose rate outside a radius of 16 cm, i.e., outside the space occupied 
by the beam optics for the CCL part of the accelerator, at 100 and 1000 MeV, respectively. Peak dose 
rates are given for four cooling times (10 s, 1 hour, 1 week, 1 year). The tables also give average dose 
rates at various radial distances (on contact, i.e., at a radius of 16 cm, at 50 cm, and at 100 cm) for the 
same set of cooling times. 



Cooling Time 

10 seconds 

1 hour 

1 week 

1 year 

Table 3 : Peak and average gamma dose rates for the 1 GeV CCL section of the APT accelerator. 
(all dose rates are in mrem/h) 

Location Irradiation Time 
1 hour 1 week 1 year 

Peak dose rate 3.08 3.91 4.15 

Average @ 50 cm 0.27 0.23 0.25 
Average @ 100 cm 0.09 0.05 0.05 
Peak dose rate 0.55 0.63 0.65 
Average @ 16 cm 0.25 0.23 0.23 
Average @ 50 cm 0.07 0.038 0.038 
Average @ 100cm 0.02 0.0075 0.0076 
Peak dose rate 0.040 0.042 0.039 
Average @ 16 cm 0.014 0.015 0.018 
Average @ 50 cm 0.003 1 0.0044 0.0060 
Average @ 100 cm 0.00050 0.00048 0.00047 
Peak dose rate 0.00027 0.00038 0.00030 

Average @ 16 cm 1.15 1.36 1.47 

Average @ 16 cm 0.00014 0.00008 0.000 10 
Average @ 50 cm 0.00003 0.0000 1 0.00002 
Average @ 100 cm 0.000009 C.000004 0.00004 

Cooling Time 

10 seconds 

_ _  - 
Location kadiation Time 

I 1 hour 1 week 1 year 
' Peak dose rate 11.8 30.7 47.4 , Average @ 16 cm 7.9 24.1 39.5 
1 Average @ 50 cm 1.3 4.0 6.5 
Average @ 100 cm 0.36 1.1 1.8 
Peak dose rate 2.4 19.1 37.3 
Average @ 16 cm 2.1 16.3 31.3 
Average @ 50 cm 0.34 2.7 5.1 
Average @ 100cm 0.09 0.76 1.4 

' Peak dose rate 0.03 4.1 17.7 
Average @ 16 cm 0.03 3.5 15.4 
Average @ 50 cm 0.005 0.57 2.5 
Average @ 100 cm 0.001 0.15 0.66 
Peak dose rate 0.00075 0.069 2.35 
Average @ 16 cm 0.0005 0.068 2.28 
Average @ 50 cm 0.0002 0.01 1 0.36 
Average @ 100cm 0.0001 0.003 0.10 

1 hour 

1 week 

1 year 

Figure 5 show the peak dose rate plotted as a function of time for three different irradiation times (1 
hour, 1 week, 1 year) at the CCL. The two figures correspond to two different energies, 100 MeV and 
1000 MeV. At 100 MeV, the peak dose rates are very nearly independent of the irradiation time at all 
cooling times. This seems to indicate that at 100 MeV proton beam energy, most of the activity comes 
from radionuclides formed immediately before the beam is switched off, and that even after one year of 
irradiation, there is very little buildup of long-lived radionuclides contributing significantly to the total 
activity at longer cooling times. The situation is very different at 1 GeV where the peak dose rate depends 
greatly on the total irradiation time. At 1 GeV, there is a significant buildup of longer-lived radionuclides 
that continue to contribute to the dose rate long after the beam is switched off. The decay in time of the 
peak dose rate is, correspondingly, dramatically affected by the irradiation time. 
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Figure 5 : Peak dose rates for the 100 MeV and 1 GeV sections of the APT accelerator as a function of 
cooling time for three irradiation times. 

B . Materials Activation 

The composition of the materials used in our models is given in Table 1. Most of the activity produced 
during irradiation comes from the beam pipe and the quadrupole magnet located near the beam spill. 
Because many radionuclides with many different half-lives are produced by the spallation reactions, the 
activity build-up and decay curves do not exhibit a simple dependence on time. Indeed, different 
radionuclides dominate the activity at different cooling times, as shown in Figs.G(a)-(d) for one year of 
irradiation at 1 nA. Correspondingly, there is no single time constant associated with the decay of the 
entire radionuclide inventory. Clearly, the radionuclides that dominate activity vary, depending on the 
proton incident energy, as illustrated by Figs.6(a)-(d). At 20 MeV, 56C0 is clearly the dominant 
contributor to the activity, for nearly one year following the end of irradiation. At 100 MeV, activity in the 
BCDTL and CCL structures is dominated by 52Mn, 54Mn, 55Fe, and 51Cr with 56C0 contributing much less 
to the total activity. At 1 GeV (CCL section of the accelerator two new major contributors appear for 
several hours following the end of the irradiation -64Cu and Cu- in addition to the Mn, Fe, and Cr 
isotopes listed above. The Cu isotopes are short-lived however, and the major contributors to the total 
activity several hours after accelerator shutdown are again the four Mn, Fe, and Cr isotopes listed above. 
Notice that 62Cu is a spallation product whereas 64Cu could originate from spallation in 65Cu or neutron 
activation of 63Cu. Otherwise, most, if not all of the radionuclides produced in significant amounts are 
spallation products. The pattern of radionuclide formation described above probably reflects the fact that 
higher energy protons are more penetrating, and are thus more likely to activate first the beam pipe, then 
the steel magnet yoke, and finally the copper magnet coils. Therefore, proton range tables and material 
compositions and thicknesses should be enough to make rough estimates of the nature of the radionuclides 
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that are most likely to contribute to the activity resulting from beam losses in high-energy accelerator 
structures. 
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Figure 6 :Total radionuclide production for (a) 20 MeV BCDTL, (b) 100 MeV BCDTL, (c) 100 MeV 
CCL, and (d) 1 GeV CCL. 

v. SUMMARY 

The self-shielding effect is highly beneficial in terms of reducing exposure to personel, and it would be 
interesting to explore the possibility of modifying somewhat the magnets geometry to enhance the self- 
sluelding effect. Alternatively, one might consider the possibility of installing small pieces of shielding at 
given locations between magnets. This could reduce dramatically the dose to personel and allow hands-on 
access to the accelerator sooner after accelerator turn-off. 

Our study shows that activation increases rapidly with proton beam energy. In particular, it is worth 
mentioning that at high proton beam energies, more longer-lived radionuclides are formed than at lower 
energies, as illustrated dramatically by Fig.5 which shows that dose rates at the lower energy portion of 
the accelerator are small and depend weakly on irradiation time, whereas dose rates can be significantly 
higher at the high-energy end of the accelerator and depend strongly on irradiation time. 



Because the structural activation is dominated by spallation products, design modifications which are 
aimed at reducing activation levels that result from neutron capture (i.e., using borated cooling water) is 
likely to have negligible impact on the overall activation levels observed witlun the accelerator structure. 
However, substitution of materials, where possible, should be investigated as a possible means of 
reducing the activation. This is particularly true for the beam pipe which is the dominant activated 
structure for the lower proton energies, and is a significant contributor to the activation-generated dose at 
higher proton energies. Materials such as aluminum should be considered for substitution of the steel 
beam pipe currently employed in the APT accelerator design. 
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