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Abstract

(“alculations using the Monte Carlo code FLUKA92 were performed to determine energy spec-
tra and angular distributions of neutrons behind shielding of different thicknesses. A simple
cvlindrical geometry was adopted for the shielding materials concrete and iron. Boundary
crossing and tracklength estimators were compared as well as fluence and current distributions.
both for evaporation and high energy neutrons. Dose equivalents were calculated and param-
eters for an analytical formula were fitted. This formula enables to estimate dose equivalents
in an easy way and represents a simple tool for practical applications in radiation protection.
The predictions of the formula are compared with experimental data and good agreement was
found.



1. Introduction

The Monte Carlo program FLUKA in its present version is able to simulate hadronic cascades
and to create and to transport neutrons down to very low energies. This feature is of particular
interest for radiation protection purposes because it enables to determine neutron energy spectra
behind shielding and as a consequence to calculate dose equivalents if an appropriate set of
conversion coefficients is applied.

Usually the geometry of the shielding of a high energy accelerator is a complicated arrange-
ment of materials and even if it is possible to model it by means of *combinatorial geometry” it
takes a lot of effort and computer time to result in reliable values of dose equivalents. Therefore
it is desirable for routine work in radiation protection to have a sort of ‘catalogue’ of the char-
acteristics of the neutron field behind shielding for a standardized geometry that approximates
really existing geometries.

Following this idea we used a simple cvlindrical arrangement of target. shielding and detec-
tors. We calculated the angular distribution of neutrons escaping shielding of different thick-
nesses. determined energy spectra registered by several fictive detectors behind side shielding
and compared the results of three ‘flux-scoring” methods (“estimators’).

The spectra obtained by FLUKNA were analysed and neutrons resulting from different pro-
duction processes such as evaporation and the high energy cascade were treated separately to
study their attenuation in the shielding materials.

From energy spectra dose equivalent values were deduced. In this way parameters were
obtained to fit in a simple formula for easy estimation of dose equivalents.

The predictions of this formula can be verified in comparing with experimental data mea-
sured with a neutron spectrometer in a test beam area at CERN.

2. Calculational Method

We used FLUKA92 for the main calculations of the present report [Fa92]. Thev are based on
the simple cylindrical geometry which is shown in Fig. 1 and which is defined as -The Standard
(ieometry

A beam of protons of 100 GeV with a gaussian profile (FWHM is 5 mm) hits a cylindrical
target with its axis parallel to the beam direction, in the center of its front face. The target
material is iron. the length amounts to 2 m and the diameter to 10 cm.

The distance between the beam axis and the shielding surface was chosen as 1 m throughout
all calculations. The shielding thickness was varied from 80 cm to 200 cm in the case of concrete
and from 40 cm to 150 c¢m for iron. The composition of the concrete is listed in Tab. 1.

The outer surface of the shielding is surrounded by four regions without material serving as
detectors. They are arranged side by side and with a length of 1 m each in direction of the
beam axis. Neutrons escaping the shielding and crossing a detector boundary are scored and
processed to energy spectra.

The method of calculating flux-like” quantities is determined by estimators provided in
FLUNA. The Boundary Crossing Estimator registrates all neutrons leaving the shielding and
enterng a detector and calculates Current or Fluence, as wanted. The Tracklength Estimator
determines Fluence using the lengths of the particle tracks in a detector volume. In the following
calculations detectors with cross sections of 1 m (in z-direction) times 20 cm (in radial direction)
of the detector rings was chosen (Fig.1). No attempt was made to study the influence of the
detector volume on the fluence.



For remembrance:

Current is defined as the number of particles crossing a scoring area divided by
the size of the area. and

Fluence is defined as the sum of all particles. each divided by the cosine of the
angle between its flight direction and the normal vector of the crossing area. divided
by the size of the area.

To save computer time energy cuts were applied. Within the target volume as well as
i the inner main part of the shielding neutrons were followed down to 1.5 keV. In a layer of
20 c¢m of the outer part of the shielding neutrons were maintained until thermal energies are
reached and transported in this energy group with a survival propability of 0.5.

The dose equivalents behind the shielding were gained from fluence or current spectra by
multiplving the value of each energy group with an appropriate conversion coefficient. In this
report we use the coefficients of ICRP21. giving maximum dose equivalents in a semiinfinite
slab of tissue equivalent material for a unidirectional broad beam with normal incidence.

3. Results

3.1 Energy Spectra

All neutrons crossing a boundary of interest are scored and sorted in terms of the polar angle
. with its axis (# = 0°) in beam direction. in angle bins of 20°.

The energy distributions of neutrons entering the side shield are displayed in Figs.2 to
1 for the angle bins 20°to 40°. 60°to 80° and 120°to 140°. In Figs.5 to 10 distributions of
neutrons of the same angular bins are shown leaving 80 cm of concrete or 40 cm of iron. All
these figures show two clearly separated peaks, one around 100 MeV belonging to high energy
cascade processes like spallation and another one in the 1 MeV-region caused by evaporation
neutrons. The center of the evaporation peak depends in its energy on the shielding material.
For concrete it lies around 2 MeV with a relatively sharp decrease down to 100 keV. Its intensity
i« roughly 1/4 of the high energy contribution. (see more details in section 3.3).

Behind iron the spectrum is completely different. The high energy neutrons behind 40 cm
of iron amount approximately to the same number as that behind 80 cm of concrete. But in
contrary to concrete the evaporation neutrons are 3 times more than the high energy neutrons.
[ts maximum lies around 100 ke and a soft decrease down to 1 keV is found. The small peak
between 20 and 10 keV is significant and results from a minimum in the total absorption cross
section.

All figures show that a separation of the two neutron components originating from the two
different interaction mechanisms can clearly be made by integrating the spectra in two energy
intervalls. one between 10* eV (10% eV for iron) and 107 eV including evaporation neutrons and
a second one between 107 eV and the end of the spectra for high energy neutrons.

The energies of the neutrons cover a range of 12 orders of magnitude and therefore it is
convenient to use a logarithmic energy scale for the display of the spectra. The energy groups
in which the neutrons arve sorted are logarithmically equidistant. Fluences (or currents) of each
bin are divided by the logarithmic bin width (log(E/E;) = "unit lethargy’) and plotted in a
linear scale. In this wayv the area under the curve between two energies is proportional to the
fluence in that intervall independent of the energy.
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A consequence of this method is that the fluence at high energies is compressed in a way
that mayv be misleading. As an example. the high energy cascade neutrons in all spectra appear
as “peaks” with maxima around 100 MeV'. Spectra plotted in a linear energy scale do not show
such a peak between 10 and 500 MeV. but a flat distribution decreasing with energy.

In the Figures 11 and 12 the spectrum behind 80 cm of concrete is plotted in linear and
logarithmic energy scales for comparison. no peak around 100 MeV exists in the linear plot.
Such a distribution is expected if the cross sections of inelastic interactions of the nuclear
cascade are studied.

In contrary to the high energv neutrons. the evaporation neutrons show a real peak between

| and 5 MeV.

3.2 Angular Distributions

To obtain angular distributions. for each angle bin the number of particles are summed over
all energv bins within the integrating intervall and divided by the solid angle of the bin. The
results are shown in Figs. 13 to 16.

The evaporation neutrons for both materials are emitted symmetrically to 90°as expected
for a source of isotropcally radiating nuclei close to the surface and homogenously distributed.
The svmmetry is independent of the shielding thickness (even at “thickness zero™).

High energy neutrons show a different angular characteristic. Particles entering the shielding
are peaked in foreward direction with a maximum between 20° and 40°. as shown in Figs. 14
and 16. This maximum is shifted towards higher angles with increasing shielding thickness and
approaches 90°at 160 cm of concrete or 120 cm of iron. The “remembrance” of the particles of
their origin diminishes with the number of interactions while its isotropy augments.

3.3 Analysis of Neutron Spectra

Neutron spectra detected by means of the 4 detectors surrounding the shielding (see Fig. 1)
were calculated for thicknesses of 80. 140 and 200 cm of concrete and for 40. 80 and 120 cm of
ron.

For each detector spectra of current and fluence were determined. the latter with bound-
ary crossing and tracklength estimator. Evaporation and high energy neutrons were treated
separately and their contribution to the total fluence was studied in terms of the shielding
thickness.

In the following. average values of fluences, currents and dose equivalents are considered
resulting from the detectors 2 and 3. because of compatibility to former studies. These mean
values do not represent the maximum values which are actually found in detector 3 and for
higher thicknesses in detector 4. in agreement with section3.2. In general, for radiation pro-
tection purposes we are interested in these maximum values. The effect of this discrepancy is
discussed in section 3..1.

3.3.1 Variation of the Shielding Thickness

In the Figs. 18 to 23 fluence spectra of the boundary crossing estimator are presented behind
concrete and iron. for 3 different thicknesses per material. For comparison the spectra of the
neutrons leaving the lateral surface of the target are added in Fig. 17. both escaping the first
half of the target (z = 0 to 1 m) and the second half (z = 1 to 2 m). The numerical values of
the spectra are added in the Appendix.



As a result a clear independence of the spectra structures was found in the range of thick-
nesses under studv. for concrete and iron as well. Numerical evaluations for each material show
that the contributions of high energy neutrons to the total fluence (®Prig/Peor) and that of the
cvaporation neutrons (®Peva/®Pror) differ less than 10% for all thicknesses. Both estimators give
the same result. In Tab.? these ratios averaged over the thicknesses are listed.

3.3.2 Comparisons of the Estimators

From Tab. 2 we find that boundary crossing and tracklength estimators give very similar fluence
spectra. Between current- and fluence spectra differences are found. as expected.

Both neutron components have different angular distributions as seen in section 3.2 and as
a consequence current and fluence values have to be different. For an unidirectional beam and
normal incidence both quantities are equal, but the more isotropy prevails, the more fluence
and current diverge. until the fluence is a factor of 2 higher than the current (because the mean
value of the cosine equals 1/2).

In Tab.3 the ratios of current to fluence are listed for evaporation neutrons, high energy
nentrons and the total neutron spectrum. For both shielding materials the ratios are close to
1/2 for the isotropically emitted evaporation neutrons. whereas for the high energy neutrons.
being more unidirectional. a ratio of approximately 3/4 was found.

The column 1 of Tab. 3 shows the ratios of both fluence estimators. tracklength and bound-
arv crossing. The ratios are constant throughout all calculations. Ratios close to unity are
expected. The discrepancies result from the unfavourable choice of the detector volume.

3.4 Estimation of Dose Equivalents

The fluence and current values are the basis on which dose equivalents were calculated with the
aim to get fitting parameters for a simple analvtical expression that enables to estimate dose
cquivalents for routine purposes. As a fitting formula for the dose equivalent per beam particle
H. the following ansatz was used:

E, 1

)0 g — e’

GeV r?

>l

H = Hy- (

where E, is the energy of the proton beam, r is the radial distance between the beam axis
and the location of interest. and d is the radial thickness of the shielding material. both in
accordance with Fig. 1.

The magnitude {1 takes into account the dependance of the dose equivalent on the target
diameter studied in another report [Di94]. For a target diameter of 10 cm fr 1s defined as unity
while for smaller diameters it diminishes according to Fig. 24.

This formula seems to describe the shielding of a pointlike source but it has to be emphasized
that it represents only a fitting formula for the results of the calculations. The complicated
processes of the hadronic cascades developed in the target and in the shielding and the interac-
tions of the secondary particles with the shielding matter cannot be described in such a simple
wav. even not approximately. The magnitude A defined in this way does not represent a pure
dose attenuation coefficient belonging to a certain energy or angle. it is rather a fitting constant
reflecting the effective attenuation of the integral dose equivalent of the global situation.

All calculations were performed at a beam energy of 100 GeV. For other energies the E%*-
dependence of the dose equivalent was taken as proved [Th88]: the reasons are given in [Te9l].



3.4.1 Calculation of the Fitting Parameters

Using the calculated values of H and the fitting formula. the missing parameters Hy and A can
be deduced. The values Hr? are plotted as a function of the shielding thickness in Fig.25. For
all entries of both materials a clear exponential decrease is found. Hence it follows that Hy and
A are constant. at least in the thickness region studied here.

As mentioned in section 3.3 the dose equivalents are calculated as an average for the de-
tectors 2 and 3 (see Fig. 1). The maximum values however are found in detector 3 and even
detector 4 for higher thicknesses. Therefore the fitting procedure was performed for doses
gained by the 3 estimators for detectors 243 and in addition for the maximum dose. The
results are summarized in Tab. 4.

The effective attenuation coefficients A are independent of the type of estimator used and
depend only on the shielding material. From the intercept of the straight line of the semilog-
arithmic plot of Fig.25 the constant Hy mayv be derived. It depends on the estimator (as
concluded from Tab.3) and on the material.

The ratios of the constants Hg should equal the respective ratios of Tab.3 (line H. ). The
unimportant deviations result from rounding errors and fitting uncertainties.

The difference between the maximum values of the dose equivalents and those found for
detectors 243 amounts to 15% . as a possible underestimation (but see section 4.).

The variation of A is very small and due to calculational effects. The mean values of A
(123. g/em? for concrete and 153. g/cm? for iron) may be compared with coefficients published
in other reports or review articles [Te86] . [Th88] . [Fa90]. Thev are listed in Tab. 5.

I'or the parameters Hy the values obtained by the fluence of the boundary crossing estimator
are {favourable. Their overestimation of the experimental data (see Tab.6) compensates for an
underestimation of the same amount because of using the mean values of the doses of the
detectors 243 instead of the maximum dose.

Generally, the choice of Hy depends on the type of dose equivalent to be determined. As
mentioned above [('RP21 conversion coeflicients were used which means dose equivalents that
represent maximum values in a slab phantom. However, applying them to the Standard Ge-
ometry 1s an approximation which does not agree with the assumptions of I[CRP21. Other
concepts exist as e. g. the commonly used ambient dose equivalent H*(10) but it underestimates
the dose equivalent for neutrons of very high energies. Additional calculations were performed
using conversion coefficients of ICRP51 together with coefficients extended in energy [St86].
Maximum deviations of 209 from [CRP21 values were found.

A general answere of the question which tvpe of dose equivalent is relevant to a person
standing behind the side shielding of a high energy accelerator is difficult to find.

Fortunately, the difference of the dose equivalent values determined by different concepts is
not very high. Our aim was to find a method to estimate dose equivalents within a factor of 2.
and within this context a difference of dose equivalents of 20 or 30% is completely unimportant.

3.4.2 Comparison with Experimental Data

In the framework of an international collaboration at CERN neutron spectra were measured
by means of a neutron spectrometer. behind side shielding of 80 c¢m of concrete and 40 cm of
iron. The experimental details and the summarized results are reported in [Di93] .

These experimental values can be compared with the predictions of the formula using
A = 125. g/cm? for concrete and A = 153. g/cm? for iron together with the Hg-values of



Tab. 4 for fluence and curvent (boundary crossing estimator). But since no variation of the
shielding thicknesses was possible onlv one experimental point can be contributed to Fig. 25.
The results are shown in Tab. 6 for comparison.

The experimental data fit well between calculated currents and fluences for all three locations
of measurement. However. a decision which one of both calculational methods (current or
fluence) 1s the more appropriate canuot be met from this comparison. But anvwav. it is of no

practical importance because the differences between currents and fluences are less than 309% .

4. Summary and Recommendations

The results of this study are applicable to neutron fields behind a homogeneous lateral shielding
o concrete or iron for high energv proton accelerators. They may be summarized in the
following way:

I The neutron field consists mainly in evaporation neutrons and high energy neutrons. The
composition of both components depends highly on the shielding material.

2. Evaporation neutrons are isotropically emitted and behind shielding they are distributed
svmmetrically to 90°. High energy neutrons have an angular maximum hetween 60° and
90° depending on the shielding thickness.

3. The neutron spectra are independent of the shielding thickness.
4. Currents are around 0.6 times the fluences. averaged over the total energy range.
5. A simple formula for estimation of the dose equivalents is discussed.

6. Effective attenuation coefficients for dose equivalents were fitted for this formula. The
recommended values are:
A =125 g/cm? for concrete and
A = 160. g/cm? for iron.

“Source terms” were fitted for the formula. The recommended values are:
Ho = 9-1071 Sv - m? for conerete and
Hy = 3-107* Sv - m? for iron.

98]

(‘omparisons with experimental data show good agreement.
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Element | At.weight | Percent
Symbol g/mol . | by weight
O 16.00 53.

Si 28.09 34
("a 10.08 1.
Al 26.938 3.
Na 22.99 2.
Fe 55.85 2.

H 1.01 1.
¢ 12.01 1.
Mg 24.31 1.

K 39.10 L.

p =242 g/cm®

Table 1: Composition of ordinary concrete used at DESY and for the calculations.

Material Ratio BDX-cur | BDX-flu | TRL-flu
Concrete | @pig/Prot 0.60 0.54 0.55
Deva/Prot 0.28 0.32 0.32
Drig/ Peva 2.14 1.69 1.72
Huig/Hiot 0.76 0.71 0.72
Heva/Hioe | 0.23 0.28 0.27
Iron <I>hig/<l>mt 0.061 0.045 0.051
Deva/Prot 0.79 0.80 0.79
Dhig/Peva | 0.077 0.056 0.065
Hhig/Hm[ 0.22 0.17 0.19
Heva/Htot 0.77 0.32 0.80

Table 2: Contributions of evaporation neutrons and high energy neutrons to the total fluence
and current. The figures represent the mean values of the calculated ratios behind 3 shielding
thicknesses. (BDX = boundary crossing estimator; TRL = tracklength estimator).



Material | @. H | Cur/Flu | TRL/BDX

Concrete | @y, 0.67 0.87
Die 0.74 0.39
D 0.58 0.8
Hio 0.70 0.38

Iron LT 0.56 0.30
Phig 0.76 0.86
®.a 0.53 0.77
Hio 0.53 0.80

Table 3: Comparison of estimators (BDX = boundary crossing: TRL = tracklength). Cur/Flu
means the ratios of current to fluence values of the boundary crossing estimator.

(oncrete Iron
A Ho A Hy
(g/cm?) (Sv- m?) (g/cm?) (Sv- m?)
BDX-current 124. 5.9.10°1° 151. 2.3.107 14
BDX-fluence 123. 8.5:10715 156. 3.4.1071
TRL-fluence 126. 7.0-1071° 152. 3.1-107 1
Max. fluence 128, 1.0-1071¢

Table 4: Fitting parameters A\ and Hy for the dose equivalents of detectors 2+3 and for 3
different estimators. The last line stands for the maximum dose values.

Concrete Iron
Reference A (g/em?) | A (g/cm?)
[Te86]. [Te91] 107. 180.
I Thss) 117, 170,
Fa90] 133, 164,
Present work 125. 153.

Table 5: C'omparison of A values of the present study and of formerly published data.
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Shielding | Thick- | Loc. ("alculations Experiment

material ness Current | Fluence

Concrete | 80 em | top | 2.0-1071° [ 2.9-10710 | 2.3:70-1©
80 cm | side | 2.4-1071% | 3.5.10719 | 3.5.10~10

Iron 40 cm | top | 7.4:1071° | 1.1-107* 8.7-1071°

Table 6: Comparison of measured and calculated dose equivalents in Sv per count of the beam
monitoring ionization chamber (PIC'). 1 PIC-count equals to 2.0-10* beam particles.

10



Det.1 Det.2 Det.3 Det .4
Shielding d
1 m
Beam Target
. I— ........... '
2 m
4m
Shielding
Det.1 Det.2 Det.3 Det.4

Figure 1: The Standard Geometry
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Figure 14: Angular distribution of high energyv neutrons (energy intervall 14.9 to 400. MeV).
Top graph: neutrons escaping the target; Middle (scale div.by 4): neutrons leaving 30 cm
concrete: Bottom (scale div. by 10): neutrons leaving 160 cm concrete.
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Figure 15: Angular distribution of evaporation neutrons (energy intervall 0.91 to 13.5 MeV).
Top graph: neutrons escaping the target; Middle (scale div. by 2): neutrons leaving 40 cm iron;
Bottom (scale div. by 6): neutrons leaving 80 cm iron:
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Figure 16: Angular distribution of high energy neutrons (energy intervall 14.9 to 400. MeV).
Top graph: neutrons escaping the target: Middle (scale div. by 5): neutrons leaving 40 cm 1ron;
Bottom {scale div. by 20): neutrons leaving 80 cm iron:
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Figure 17: Fluence of neutrons entering the side shield. Top: Neutrons escaping the target
between z = 0 ... 1 m; Bottom: Neutrons escaping the target between z = 1 ... 2 m;
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Figure 18: Fluence and dose equivalent spectrum behind 80 cm of concrete, registrated by
detectors 243 and calculated by the boundary crossing estimator.
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Figure 19: Fluence and dose equivalent spectrum behind 140 cm of concrete, registrated by
detectors 2+3 and calculated by the boundary crossing estimator.
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Figure 20: Fluence and dose equivalent spectrum behind 200 cm of concrete, registrated by
detectors 243 and calculated by the boundary crossing estimator.
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Figure 21: Fluence and dose equivalent spectrum behind 40 c¢m of iron, registrated by detectors
243 and calculated by the boundary crossing estimator.
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Figure 22: Fluence and dose equivalent spectrum behind 80 cm of iron, registrated by detectors
243 and calculated by the boundary crossing estimator.
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Figure 23: Fluence and dose equivalent spectrum behind 120 cm of iron, registrated by detectors
243 and calculated by the boundary crossing estimator.
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Comments to the following tables

Subject

Number of energy group

Lower bin limits in eV

Upper bin limits in eV

Fluence spectrum in n/{cm?-eV)

Fluence spectrum normalized to 1 beam particle in units
n/(cm?eV) (col. 4 = col. 5)

Integral fluence spectrum (accumulated bins of col. 5)
Spectrum of dose equivalent. normalized to a total dose
of 1 Sv. in units of Sv

Integral dose equivalent spectrum (accumulated bins of
col. 7)

Fluences are calculated with the boundary crossing estimator.

Dose equivalents are calculated with conversion coeflicients of I[CRP21.
Fluences and doses are mean values of detectors 2+3 (Fig. 1).

OCONC means ‘ordinary concrete’.
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