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ABSTRACT 
This study considers the radiation safety aspects of several designs 
discussed in a previous report' of an accelerator-based source of 
neutrons, based on the 7Li(p,n) reaction, for a Boron Neutron 
Capture Therapy (BNCT) Facility at LBNL. The first part of 
this paper determines the optimal radiation shield thicknesses for 
the patient treatment room. Since this is an experimental facility 
no moderator or reflector is considered in the bulk wall shield de- 
sign. This will allow the flexibility of using any postulated moder- 
ator/reflector design and assumes sufficient shielding even in the 
absence of a moderator/reflector. In addition the accelerator is 
assumed to be capable of producing 100 mA of 2.5 MeV proton 
beam current. The addition, of 1% and 2% 'OB (by weight) to the 
concrete is also investigated. 
The second part of this paper determines the radiation dose to 
the major organs of a patient during a treatment. Simulations 
use the MIRD 5 anthropomorphic phantom' to calculate organ 
doses from a 20 mA proton beam assuming various envisioned 
moderator/reflector in place. Doses are tabulated by component 
and for a given uniform 'OB loading in all organs. These are 
presented in Table 8 for a Be0 moederator and in Table 7 for 
an AI/AIF3 moderator. Dose estimates for different 'OB loadings 
may be scaled. 

This work was supported by the Director, Office of Energy Research, Nuclear Physics 
Division of the Office of High Energy and Nuclear Physics, of the U. S. Department of 
Energy under Contract DEAC03-76SF00098 
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Shielding of Treatment Room 

Radiation shield walls will be necessary to reduce neutron and photon dose rates 

outside the patient treatment room to personnel working nearby. In this section 

we determine the necessary concrete shield thickness. All analyses are performed 

with the MCNP3 Monte Carlo radiation transport code. 

Table 1: Fluence-to-Dose Equivalent Conversion Factors used in shielding anal- 
ysis. 

Neutron Energy 

1.ooooE-11 
4.1400E-07 
1.1254E-06 
2.3824E-06 
5.0435E-06 
1.0677E-05 
2.2603E-05 
1.0130E-04 
4.54OOE-04 
1.5846E03 
3.3546E-03 
7.10 183.03 
1.5034E02 
3.1828E-02 
8.6517502 
1.49963.01 
2 237 1 E O  1 
3.3373E-01 
4.9787E-01 

(MeV) 

Conversion Factor 
(cSv/cm2) 
9.0949E-10 
8.5766E-10 
8.5OOOE-10 
8.5000% 10 
8.4603E-10 
8.4698E 10 
9.1331E-10 
1.0325E-09 
1.08OOE-09 
1.0653E-09 
1.2009E-09 
1.63513-09 
2.63683-09 
5.0702E09 
9.18433.09 
1.2615E-08 
1.61783.08 
2.0227E-08 
2.416'23-08 

Neutron Energy Conversion Factor 
(cSv/crn2) 

7.4274E-01 2.6936E-08 

Neutron Energy I Conversion Factor 

9.0718E-01 
1.1080E+00 
1.3534E+OO 
1.6530E+00 
2.0190E+00 
2.46603+00 
3.0 119E+00 
3.67883+00 
4.49333+00 
5.4881E+00 
6.70323+00 
8.18733+00 
1.0000E+o1 
1.2214E+O1 
1.3499E+0 1 
1.49 18E+O 1 
1.7500E+O1 

2.8535E-08 
3.0488E-08 
3.2042E-08 
3.3787508 
3.5338E-08 
3.670 1E-08 
3.81 0 1 E 0 8  
3.8977508 
4.0047508 
4.0496E-08 
4.100OE-08 
4.1152E-08 
4.1066E-08 
4.1140E-08 
4.19243-08 
4.30673.08 
4.444OE-08 

Flux-to-dose equivalent conversion factors are taken from Belog01-10~~. These 

conversion factors were calculated by Belogorlov by considering the energy depo- 

sition in an semi-infinite slab of tissue from monoenergetic neutron beams as a 

function of depth. These are shown in Table 1. 

The assumed layout of the patient treatment room is shown in Fig. 1. All walls 

are assumed to be 480 cm from the target to the inside of the shield wall. All walls 
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Figure 1: Layout of a patient treatment room with concrete shield walls. 

initially are 200 cm thick with a density of 2.35 g/cm3. Concrete composition5 

used is shown in Table 2. 

Table 2: Elemental concrete composition used in these analyses. 

Concrete Composition 
Element Partial Density (g/cm3) 

H 0.013 
0 1.165 
Si 0.737 
Ca 0.194 
N a  0.040 
Mg 0.006 
A1 0.107 
S 0.003 
K 0.045 
Fe 0.029 
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The neutron spectrum from the 7Li(p,n) reaction is taken from a previous report1 

for an incident 2.5 MeV proton beam of 100 mA. The current accelerator design 

is based on delivering at least 20 mA but possibly as high as 100 mA. Therefore 

the radiation shielding is based on a beam current of 100 mA. No moderator or 

reflector is assumed to be present, ie., the target is bare. This is to ensure that 

the shield design is independent of a particular moderator/reflector configuration. 

This will allow for the flexibility of experimenting with various moderator/reflector 

designs and for neutron spectra measurements without the moderator/reflector. 

Biological dose equivalents are computed by converting the neutron and gamma 

fluxes to dose equivalent at different depths in a single thick shield wall Le., one 

simulation is done and dose equivalent rates are examined at various depths as op- 

posed to the more correct approach of doing seperate simulations for each thickness 

and tallying the dose equivalent rate immediately outside the shield wall. The ef- 

fect of this is to increase the dose equivalent by including the contributions due to 

backscatter within the shield wall. This greatly reduces the number of simulations 

to be made and is estimated to increase the dose equivalant by no more than a 

factor of two. This is acceptable for radiation protection purposes and errs on the 

side on conservatism. 

All neutron and photon scoring is done using the MCNP point detector tally. This 

is a biased tally whereby an estimate is made to the tally location of all interactions 

in the shield, wether or not the particle ever reaches the actual detector location. 

This is a very efficient technique for such deep penetration problems and results 

in good statistical accuracy. 

The results for the front wall (with respect to the proton beam) are shown in 

Fig. 2. From this it can be seen that the gamma dose exceeds the neutron dose for 

thicknesses greater than about 60 cm due to gamma production via (n,r) thermal 

neutron capture. Several trace elements in concrete have large thermal capture 

cross sections. In particular, 23Na has a thermal capture cross section of about 

500 mb. These capture gammas have a complex energy spectrum with energies 

from less than 1 MeV up to approximately 10 MeV. 
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Figure 2: Dose equivalent rate as a function of concrete shield thickness for the 
front wall. The dotted line represents an acceptable occupational level. 

To minimize the production of capture gammas we investigated the addition of 

'OB to concrete. As is well known in BNCT, 'OB has a thermal absorption cross 

section of about 3800 b via the reaction "B(n,a). The dose rate as a function 

of concrete thickness is shown in Fig. 2 for two cases: no 'OB and 1% 'OB by 

weight. As expected, the presence of 'OB produces a large drop in the depth dose 

curves. At a thickness of 50 cm the total dose equivalent rate has dropped by over 

two orders of magnitude relative to the results of unboronated concrete. Also of 

interest is that fact that the addition of 1% 'OB has the same net effect as the 

addition of 2% 'OB. It is therefore unnecessary to load the concrete with more 

than 1% by weight with 'OB. 

After about 1 m of concrete the rate of attenuation reaches an asymptotic limit 

which is controlled by the gamma dose component. Fitting this data between 

1 and 2 m gives a slope of about -0.08 cm-', or a mean free path of 12.5 cm. 
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Figure 3: Dose rate as a function of concrete shield thickness for the side wall. 
The dotted line represents an acceptable occupational level. 

Photon total cross sections have a minimum value in the region dominated by 

Compton scattering, referred to as the Compton minimum. The cross section 

for concrete at the Compton minimum (E, = 4 MeV) is 0.0319 crn2/g which is 

equivalent to a mean free path of 13.34 cm. This agrees well with the mean free 

path determined above. Therefore, the dose at larger thicknesses may simply be 

extrapolated exponentially with a 1/e thickness (the thickness in which the dose 

has decreased by a factor of l/e) of about 13 cm. This corresponds to a factor of 

10 reduction in the dose for every 30 cm additional concrete. 

Similar dose equivalent rate versus concrete thickness plots for the side and back 

walls are shown in Fig. 3 and Fig. 4. On all depth dose plots a horizontal line 

at 2.5 pSv/hr (2.5 mrem/hr)is shown. This corresponds to the DOE criteria of 

5 cSv/yr (5 rem/yr) and a very conservative annual operation of 2000 hrs. A 

dose rate of 2.5 pSv/hr also ensures that the area immediately outside the shield 
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Figure 4: Dose equivalent rate as a function of concrete shield thickness for the 
back wall. The dotted line represents an acceptable occupational level. 

Table 3: Concrete thicknesses to achieve 2.5 pSv/hr (2.5 mrem/hr) from 100 mA, 
2.5 MeV proton beam on 7Li target. 

Side Wall 145 cm 
Back Wall 

% by weight 

wall is below the threshold for becoming a DOE Radiation Area (5  pSv/hr) w - - h  

entails controlling ingress/egress, training, badging, etc. Table 3 summarizes the 

recommended shield thicknesses to achieve the above criteria for the case of normal 

concrete and 1% 'OB-loaded concrete. 



8 

Dose Estimates to the MIRD 5 Anthropomorphic Phantom 

Different 'OB delivery agents can result in varying uptakes of boron in many of 

the body organs. These uptakes will vary with time after drug injection. In this 

section we calculate major organ doses during a patient irradiation assuming a 

uniform concentration of 10 ppm 'OB in all organs. Results are tabulated by dose 

component, including the 'OB dose from the reaction 1°B(n,cu). MCNP is used 

with the MIRD 5 anthropormorphic phantom model6. One can then scale these 

results for actual measured concentrations of 'OB in each organ. The quantifymg 

of these doses is important and is the first step in deciding whether or not measures 

should be taken to reduce these doses. 

Both Be0 and Al/AlF3 moderator designs are considered. 

moderator/reflector design is shown in Fig. 5'. 

A cutaway of the 

Figure 5: Design of moderator and reflector used for organ dose calculations. 
Both Be0 and Al/AlF3 moderators are investigated. 

The moderator/reflector assembly together with the anthropomorphic phantom 

are shown in Fig. 6. 

First, an estimate is made of the dose equivalent rate below the moderator/reflector 

assembly using the whole body dose conversion factors of Belogorlov* . This is done 
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Figure 6: Layout of moderator/reflector assembly and anthropomorphic phantom 
used in MCNP calculations. Phantom internal organs not shown. 

as a function of radial distance from the centerline of the moderator just below 

the irradiation point (See Fig. 5 ) .  MCNP point detectors are placed on a plane 1 

cm below the bottom plane of the delimiter, from 0 to 60 cm radius. The resulting 

dose equivalent rates are shown in Fig. 7. 

In order to calculate patient organ doses, the MIRD 5 anthropormorphic phantom6 

is placed below the moderator/reflector assembly in the prone position as shown in 

Fig. 6. The anthropomorphic phantom used here is not the better known phantom 

of Christy and Eckerman7 but the differences are slight. The largest difference 

found in comparing the organ volumes was for the brain: 1470 cm3 for MIRD 

5 and 1370 cm3 for Christy and Eckeman. These differences are not expected 

to be important for BNCT. The ICRU soft tissue adult male kerma factors' are 

used for all organs. Boron kerma factors are taken from Caswellg. Three sets of 

kerma factors are used: one for soft tissue for both neutrons and photons and one 
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Figure 7: Variation of the effective dose equivalent from both neutrons and 
photons as a function of radial distance from the bottom center of the modera- 
tor/r&ector assembly shown in Fig. 5 .  This calculation assumes the semi-infinite 
slab tissue equivalent fluence-to-dose conversion factors of Belogorlov4. 

for 'OB. The complete neutron source energy spectrum used has been described 

previously'. All doses and dose rates are normalized to a proton beam current of 

20 mA. Elemental tissue and bone compositions used are shown in Table 4. 

As a first step we benchmark the phanton results with our previous results''. 

In this work, the patient treatment planning software being developed at INEL, 
BNCTrtpe"( radiation treatment planning environment) was used to study the 

clinical efficacy of various moderators and proton beam energies. Patient head 

geometry was based on human MRI slices. Maximum tumor dose is scored at 

the point of maximum thermal neutron flux. In the phantom head considered in 

our work we have placed 10 spherical scoring volumes, representing tumors of 1 

cm diameter, along the axis of the beam. These are placed at intervals of 1.5 cm 

center-teeenter. The center of the &st tumor scoring volume is located at a depth 
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Table 4: Elemental composition of the soft tissue bone and lung regions. Total 
densities of tissue, bone and lungs are 1.00, 1.4862 and 0.296 g/cm3, respectively. 

Element 

H 
C 
N 
0 
F 

Na 

Si 
P 
S 
c1 
K 
Ca 
Fe 
Zr 

Mg 

Weight Percent 
Soft Tissue Bone Lungs 

10.454 
22.663 
2.490 
63.525 
0.000 
0.112 
0.013 
0.030 
0.134 
0.204 
0.133 
0.208 
0.024 
0.005 
0.001 

7.337 
25.475 
3.057 

47.893 
0.025 
0.326 
0.112 
0.002 
5.095 
0.173 
0.143 
0.153 
10.190 
0.008 
0.000 

10.134 
10.238 
2.866 
75.752 
0.000 
0.184 
0.007 
0.000 
0.080 
0.225 
0.266 
0.194 
0.009 
0.037 
0.000 

of 1.75 cm. Maximum tumor dose corresponds to that volume with the highest 

total dose. Results of the comparison are given in Table 5 .  

Table 5: Comparison of MCNP results for the anthropomorphic phantom with 
results from the INEL treatment planning code (see text) using a human CT scan. 

D, (cGy.RBE.min-')' 
Dn (cGy -RBEmin-' ) 
D7 (cGy RBEemir~-')~ 

Time to 12.5 Gy (min) 

' RBE=1.3, 13 ppm 'OB 
RBE=3.2, 13 ppm 'OB, D, is the total neutron dose = fast + dose from '*N(n,p). 
CF=3.8 (includes RBE) applied to DB, 45.5 ppm 'OB 

An uptake of 45.5 ppm loB is assumed in tumor volumes and 13 ppm in normal 

tissues. An RBE of 3.2 is used for the neutron dose and a compound factor 

(including RBE) of 3.8 is used for the boron dose. These values are based on 

the BMRR Phase I clinical trials with BPA. The agreement between the MIRD 5 
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anthropomorphic phantom using MCNP and the INEL treatment software using 

human CT scans is quite good given the differences in calculational methods. 

Table 6: Absorbed doses for different organs of the body, due to neutrons and 
gammas absorbed in soft tissue, and due to neutrons absorbed by 'OB for an 
arbitrary concentration of 10 mg of ' O B  for 1 g of soft tissue (concentration = 10 
ppm), moderator: BeO, Treatment time: 43.6 min. Relative errors in parentheses. 

Total Rate' 9.9730 5.94E-1 1.77EO 6.29E-1 4.53E-1 3.06E-1 2.02E-1 
(0.02) (0.26) (0.03) (0.05) (0.14) (0.17) (0.40) 

Total' 4.35E2 2.5931 7.7431 2.7431 1.97E1 1.33E1 8.81EO 
(0.02) (0.26) (0.03) (0.05) (0.14) (0.17) (0.40) 

' Total dose equivalent rate (cGy-RBE-min-l per 20 mA) over treatment time. 
Total dose equivalent (cGy-RBE per 20 mA) over treatment time. 

Table 7: Same as Table 6 except moderator is Al/AlF3 and treatment time is 
39.7 minutes''. 

Total2 4.53E2 1.86E1 6.51E1 2.22E1 1.68E1 1.00EI 1.43E1 
(0.01) (0.29) (0.03) (0-04) (0.11) (0.14) (0.26) 

Total dose equivalent rate (CGy-RBE-min-' per 20 mA) over treatment time. 
Total dose equivalent (cGy-RBE per 20 mA) over treatment time. 

The estimated absorbed dose rates for select major organs are given in Table 6 for a 

Be0 moderator and Table 7 for an Al/AlF3 moderator. An arbitrary concentration 
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of 10 mg of 'OB for 1 g of soft tissue (concentration = 10 ppm) is assumed for all 

organs for scaling purposes. The 'OB dose component may be scaled accordingly 

for actual measured/estimated uptake in each organ to determine the actual organ 

dose. Of particular concern may be the boron uptake in blood-filtering organs such 

as the kidneys and liver. In general, for uniform boron uptake, those organs closest 

to the head receive the largest absorbed dose equivalents. The dose can be seen 

to drop about an order of magnitude from brain to lungs, and another order of 

magintude from lungs to testes. Dose equivalents are lowest for the kidneys as 

they receive the most shielding effect from the body. 

As stated previously, the kerma factors used for all organs were the ICRU soft 

tissue kermas from ICRU 468. However, kerma factors for each specific organ 

are also available but were not used out of expediency. As a verification of this 

approximation, one case was run using the actual neutron kerma factors for the 

thyroid, lungs, liver and spleen. The ratio of the doses (real/approximation) were 

0.89, 1.20, 1.0 and 1.0, respectively. These errors are roughly the same as the 

statistical errors given for the Monte Carlo simulations. 

The 'OB dose equivalent contribution to the tumor from the moderator, as well 

as the dose equikent. contribution due to leakage from the reflector are shown 

in Fig. 8. The ratio of the reflector contribution to the moderator contribution 

is shown on the right axis. The reflector contribution was determined by making 

the bottom exit plane of the moderator a surface of zero importance in MCNP. 
In this way only particles leaking from the reflector, including those escaping the 

sides of the moderator into the reflector, are scored. 

For shallow depths the 'OB dose equivalent represents about 90% of the total 

dose equivalent for both the moderator and the reflector contributions. For larger 

depths the 'OB dose equivalent represents an even greater percentage of the total 

dose equivalent. These results indicate that at a depth of about 8 to 9 cm, one- 

third of the tumor 'OB dose is a result of neutrons leaking from the surrounding 

reflector. This beneficial enhancement in 'OB dose for deep-seated tumors indicates 
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Figure 8: 'OB tumor dose contributions both directly from the moderator and 
leakage from the reflector, as a function of tumor depth in brain. 'OB concentration 
in tumor is 45.5 ppm. 

Table 8: Percentage of normal tissue dose equivalent due to leakage from the 
reflector. Normal tissue 'OB concentration = 10 ppm. Results are for Be0 mod- 
erator. 

Total dose equivalent rate (cGy-RBE-min-' per 20 mA) over treatment time. 

that additional optimization work should investigate the role of leakage radiation 

in tumor and normal tissue brain dose. 
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