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Abstract

Neutron energy spectra at high energy electron accelerators outside concrete shielding of various
thicknesses (30 to 240 cm at 65-95 degrees) have been calculated at three electron energies (100 MeV, 1
and 10 GeV) and an optimum Cu target of 30.48 cm long and 5.08 cm in radius with the FLUKA Monte
Carlo code. Dose quantities such as the protection quantity of Effective dose E and the operational
quantity of Ambient Dose Equivalent H*(10) have been calculated by folding the spectra with the
respective ICRP-74 conversion coefficients. For Effective Dose, two conversion coefficients were
considered: AP (Anterior-Posterior) and “worst” (at any neutron energy, the highest value among the
different available irradiation geometries. The results provide useful information about the neutron
dosimetric quantities, the neutron fractions > 20 MeV, and about neutron attenuation lengths in concrete.
The results have been compared to those obtained with SHIELD11, an analytical code widely used at
electron accelerators. The response of an Andersson-Braun remmeter outside different shield thicknesses
has also been evaluated.

The results have been examined against typical shielding conditions for current synchrotron facility

storage rings (60-120 cm concrete and 1-8 GeV). It is found that:

1) Equilibrium spectra exist for concrete thickness starting at about 100 cm, in which case the spectral
shapes (peaks at about 1 MeV and 80 MeV) change little and the dose fraction due to neutrons with
energy > 20 MeV increases to a constant of about 65%.

2) E(AP) underestimates E(worst) by about 3% at 60 cm and 5% at 120 cm.

3) H*(10) underestimates E(worst) by about 3% at 60 cm and 14% at 120 cm.

4) The equilibrium attenuation length in concrete is about 115 g/cm?, but the attenuation length is only
60 g/cm? at 60 cm and 105 g/cm? at 120 cm.

5) The source terms and attenuation lengths used in SHIELD11 code for neutrons at three energy groups
provide results that are in fair agreement with the FLUKA results.

6) Because the response falls down to nearly zero above 20 MeV, the response of the Andersson-Braun
remmeter, when calibrated with 22Cf or AmBe neutron sources, underestimates H"(10) by about 30%
at 60 cm and 60% at 120 cm. The practice to double the rem-meter readings in accelerator fields is
thus justified.

7) The above (1)-(6) results are nearly independent of the energy between 1 and 10 GeV, but the results
for 100 MeV (a typical injector linac energy) are very different.
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Introduction

Typical neutron spectra at high energy electron accelerators outside concrete shielding of various
thicknesses (at ~90 degrees) have been calculated at three electron energies (0.1, 1 and 10 GeV) with the
FLUKA code. The results have provided useful information about neutron attenuation lengths and the
fraction of neutrons with energy larger than 20 MeV, not detectable by the usual radiation protection
instruments. Dose quantities such as the protection quantity of Effective dose E and the operational
guantity of Ambient Dose Equivalent H*(10) have been calculated by folding the spectra with the
respective ICRP-74 conversion coefficients. The response of an Andersson-Braun remmeter has been
evaluated. The results have also been compared to those obtained with SHIELD11, an analytical code
widely used at electron accelerators. In this paper, the results have been examined against typical lateral
shielding conditions for current synchrotron facility storage rings (60-120 cm concrete and 1-8 GeV).

The Calculations and Results

FLUKA calculations

The calculations were made with the FLUKA code version 2008.3.5 [1]. An electron beam was assumed
to be incident on an “optimum” copper target (i.e., where an electromagnetic cascade would be fully
developed) 30.48 cm long and 5.08 cm in radius, surrounded at a distance of 2 m by a cylindrical shield
of ANSI ordinary concrete NBS04 [2] 30.5 to 244 cm thick. To save time, photons and electrons were not
transported in the shield: this approximation was checked not to change the results by more than 1%.

Scored quantities were neutron spectral fluence and in three angular intervals: 65°-75°, 75°-85° and 85°-
959, since experience has shown that the maximum dose is found generally at angles slightly smaller than
90°. Fluence spectra were then folded with conversion coefficients of Ambient Dose Equivalent H"(10)
and Effective Dose E from ICRP-74 [3], extended to higher energies by Pelliccioni [4], and folded with
the response curve of the Andersson-Braun remmeter [5].

All scoring was done at 5 m from the target, independent of shielding thickness, to allow comparisons of
attenuation lengths without corrections for 1/r® attenuation. Separate calculations were done for each
thickness to avoid correcting for backscattering inside the shielding.

The capability of FLUKA calculations for neutron fluence spectra at high-energy electron accelerators
have been well benchmarked with measurements [6].

Neutron spectra

Figure 1 shows that the neutron spectra have peaks at 1 and 80 MeV. The spectral shape becomes about
constant only for concrete > 1.2 m at 1 and 10 GeV, confirming the existence of an equilibrium spectrum
beyond such thickness for GeV accelerators.

Dose fraction due to neutron > 20 MeV

Figure 2 shows that the H"(10) and E dose fractions due to neutrons > 20 MeV is gradually increasing
with shielding thickness from about 15% to about 65%. For 100 MeV electrons, that fraction increases
from about 5% to 50%.

Radiation quantities




Figure 3 shows the comparison of different dose quantities: E(AP) versus E(worst) and H*(10) versus
E(worst). For Effective Dose E, two conversion coefficients have been considered: AP (Antero-Posterior)
and “worst” (at any neutron energy, the highest value among the different possible irradiation geometries).

For Effective Dose, E(AP) and E(worst) are similar at 100 MeV. For 1 and 10 GeV, E(AP) is < E(worst)
by a maximum of 6% at concrete > 1 m. Effective Dose is the legally limiting quantity and operational
guantities are allowed in practice, if they provide an overestimation of the protection quantity. However,
H*(10) may not be conservative with respect to the E(worst) at GeV cases. At 100 MeV, H*(10) is >
E(worst) by 15%. For 1 and 10 GeV, H*(10) is < E(worst) by 15% maximum for concrete > 60 cm.

Andersson Braun (AB) remmeter calculated response

Figure 4 shows the comparison of different dose quantities: AB response versus H*(10) and AB response
versus E(worst). Despite its response falls down to nearly zero above 20 MeV, the response of the AB
remmeter overestimates E(worst) and H(10) only in the cases of 100 MeV electrons and small shielding
thicknesses. In all the other cases, the AB remmeter underestimates the total E(worst) and H(10); the
underestimation reaching a constant value of 70% for shielding thicknesses larger than 1.2 m.

The underestimation is worse for ?°2Cf than for AmBe calibration, and worse for E (-74%) than for
H"(10) (-64%). The SLAC practice to double the AB readings in accelerator fields is thus shown to be
justified.

Dose calculated using SHIELD11

Figure 5 compares the neutron doses calculated using SHIELD11 code [7] with the FLUKA-calculated
E(worst). For 10 GeV, SHIELD11 gives similar doses to E(worst) within 40%. For 1 GeV, SHIELD11
gives higher doses than E(worst) by 45% maximum. For 100 MeV, SHIELD11 is higher than E(worst) by
600% maximum.

Neutron attenuation length in concrete

In the literature, different values have been reported for the attenuation length (1) at equilibrium of
neutron dose at about 90° in electron accelerator shielding. Because the attenuation at equilibrium is
governed by neutrons of similar energies, it is generally believed that the equilibrium attenuation length
should be equal to that found at proton accelerators, which has been evaluated to be 117 + 2 g/cm?[8].

Figure 6 shows the FLUKA-calculated attenuation length together with those obtained with SHIELD11.
The maximum values of attenuation length calculated in this work are: 116 g/cm? at 10 GeV, 114 g/cm? at
1 GeV, and 56 g/cm? at 100 MeV. The 10 GeV value is consistent with that evaluated for proton
accelerators, and that at 1 GeV is only slightly lower. Notice that equilibrium is roughly established at 1.5
m, and no equilibrium is found at 100 MeV at any shielding thickness.

Conclusions

The FLUKA calculations have provided some useful and interesting information not available before. For
1 and 10 GeV electrons, the dose fraction due to neutrons with energy > 20 MeV is gradually increasing
with shielding thickness from about 15% to about 65%. For 100 MeV electrons, that fraction increases
from about 5% to 50%. The spectral shape becomes about constant for concrete thicknesses larger than
1.5 m, confirming the existence of an equilibrium spectrum. On the other hand, non-equilibrium spectra
exist for typical light source concrete shielding of 60-100 cm.



The dose attenuation length increases steadily with concrete thickness up to 2 m, consistent with the
setting up of an equilibrium spectrum, which gives an equilibrium attenuation length of 115 g/cm? in
concrete (this coincides within errors with the one evaluated for proton accelerators).

For 1 and 10 GeV, E(AP) is < E(worst) up to 6% for concrete > 1 m. For 100 MeV, E(AP) is close to
E(worst) at all thicknesses. For 1 and 10 GeV, H*(10) is < E(worst) by 15% maximum for concrete > 60
cm. For 100 MeV, H'(10)is > E(worst) by 15%. For neutrons with energies larger than a few tens of
MeV, which constitute an important fraction of the radiation fields at high energy accelerators,
operational quantities such as H"(10) are not conservative with respect to protection quantities.

AB remmeter underestimates E and H"(10) by up to 70%. For 100 MeV and concrete < 150 cm, AB
remmeter overestimates H(10) and E.

SHIELD11 is conservative, except for 10 GeV and > 90 cm concrete, where it underestimates doses by
about 40%.
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Figure 1: Neutron spectra with peaks at 1 and 80 MeV. Equilibrium spectrum exists for concrete > 1.2 m
at1and 10 GeV.
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Figure 2: The H(10) and E dose fractions due to neutrons > 20 MeV.
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Figure 3: Comparison of dose quantities: E(AP) versus E(worst) and H*(10) versus E(worst).

A ndda rsson Braun { H{10)

Figure 4: Comparison of dose quantities: AB response versus H*(10) and AB response versus E(worst).
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Figure 5: Comparison between the SHIELD11-calculated neutron dose with the FLUKA-calculated
E(worst).
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Figure 6: Comparison between the FLUKA-calculated attenuation length versus the SHIELD11-
calculated value.



