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Abstract Multiple analytical methods and Monte Carlo
simulations were performed to evaluate neutron penetra-
tion in straight and curved labyrinths. Factors studied
included variations in beam losses of off-axis point source,
on-axis point source, and line source. For the straight
labyrinth, it was found that the analytical expressions
neglect the dose rate platform appearing at the bend of the
labyrinth, and the agreement between analytical methods
and Monte Carlo estimation was related to the type of
neutron source term. For the curved labyrinth, the neutron
attenuation length obtained under different conditions was
nearly identical and appeared to be in quite good accord
with the empirical formula calculation. Moreover, the
neutron energy spectra along the centerline distance of the
labyrinth were also analyzed. In the first leg, differences in
beam loss led to variance in the distribution of spectra,
while in the second and subsequent legs, the spectra were
similar, where the main contributors were thermal neu-
trons. This work is valuable for practical design of the
labyrinths in the accelerator facilities.
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1 Introduction

The labyrinth is an important part of the overall
shielding of any accelerator facility. It provides the passage
of power cables, cooling-water pipes, ventilation pipes, and
also for accelerator workers and equipment [1, 2]. Usually,
the maze is designed to be multi-legged, so that the leaked
radiation can be reduced to the dose limit [3]. The point
source is the one located at the degrader, extraction septum,
beam dump, experimental terminal, etc. In addition, in
beam transport lines and accelerator rings, the beam losses
are uniformly distributed; thus, they are called the line
sources. For high-energy accelerators, the neutron com-
ponent is most significant in terms of its ability to penetrate
the shield [1, 3, 4]. Hence, it is essential to evaluate the
neutron penetration in labyrinths, together with different
beam losses and maze structures.

Several analytical methods are summarized in this paper
for easy reading. The universal transmission curves [1] and
its developed parametric form [5], Tesch’s formula [6],
Cossairt’s formula [7], as well as the Monte Carlo program
FLUKA [8, 9] are adopted to calculate the neutron pene-
tration in the labyrinths. The former has the characteristic
of convenient and fast calculation, while the latter is more
accurate and also more suitable for complex geometries. In
this work, the off-axis point source, on-axis point source,
and the line source are considered in the simulations. The
penetration in both straight and curved labyrinths is dis-
cussed. Multiple analytical methods are used to estimate
the penetration of neutrons through the labyrinths, and the
results are compared with the calculations by the Monte
Carlo code. Besides, the neutron energy spectra along the
centerline distance of the labyrinth are also studied.
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2 Analytical methods
2.1 Universal transmission curves

The universal transmission curves [1] (hereinafter
referred to as UTC) depict the relationship between the
neutron transmission factor 7 and the scaled centerline
distance d /Al/ 2 where d is the distance from the source
and A is the cross-sectional area of the tunnel. For the first
leg, the transmission factor was given using four radiation
sources including the on-axis point source, off-axis point
source, line source, and the plane source. For the second
and subsequent legs, the average of various theoretical
results, as well as the upper limit and lower limit from
various individual calculations, is given.

2.2 Stevenson—Fasso method

Stevenson and Fasso [5] developed two empirical for-
mulas to calculate the transmission factor 7} and T, for the
first and the second leg, respectively. The expressions were
used for the case of an off-axis source and are given by

Ty = 1/(142.5D"? +0.17D"7 +0.79D%) (1)
and
T, = 1/[1 +2.8D(1.57)""?], (2)

where D = d /Al/ 2 d is the distance from the source and
A is the cross-sectional area of the labyrinth.

2.3 Tesch’s formula

Tesch [6] developed two formulas to calculate the dose
rate attenuations in multi-legged labyrinths. The expression
for the first leg in the case of the mouth of maze is directly
viewing the source (also called the on-axis source) is
expressed by

H(n) = 2Ho(a)(a/r1)", (3)
and for second and subsequent legs,

e7i/045 1 0.0224)3ri/235
1+0.0224]

H(I",‘): ( )Ho,‘,i>1, (4)
where H(r;) is the dose rate in the ith leg at a distance of
ri, Ho(a) is the dose rate in the mouth of the first leg, H; is
the dose rate in the mouth of the ith leg, a is the distance
from mouth to the entrance of labyrinth, and A; is the cross-
sectional area of each leg. The Tesch’s formula is com-
monly used for the labyrinths with typical dimensions of
2.0 m height and 1-1.5 m width.
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2.4 Nakamura and Uwamino’s formula

Nakamura and Uwamino’s formula [10, 11] gives
another expression to calculate the neutron dose rate
attenuation in the legs; it assumes that the attenuation
obeys a simple 1/r* law as follows:

H(r) = 2H(a)(a/r)*, (5)

where H(r) is the dose rate in the leg, H(a) is the dose rate
in the entrance, a is half of the narrower dimension of
width or height, and r is the distance measured from the
entrance.

2.5 Cossairt’s formula

Cossairt [7] has given a factorized approximation for-
mula to calculate the neutron attenuation in the labyrinth
for an on-axis source. For the first leg, the neutron dose
equivalent rate is given by

o = (e (10 ©)

where Hy(R) is the dose rate at the mouth, and ry is the
given fitting parameter with a value of 1.4. For the second
and successive legs, the following expression can be used
to evaluate the dose rate transmissions along the maze:

—di/a —0i/b —5ife\ 2
e + Ae + Be
) ()

H;(6;) :Hil(éil)( T +ATB

where ¢; is the distance in the ith leg and «a, b, ¢, A, and
B are all given fitting parameters with values of 0.17, 1.17,
5.25, 0.21, and 0.00147, respectively.

Sheu [12] estimated the neutron transmission in the
three-legged maze of Taiwan photon source, wherein the
beam loss occurs near the center of the maze entrance. The
FLUKA code [8, 9]-calculated results were compared with
those by the Tesch’s [6] and Cossairt’s [7] method. The
overall agreement between the FLUKA and Cossairt’s
results was satisfactory, while the Tesch’s prediction
underestimated the dose rate in the second and third legs.
Based on the results, Sheu fitted the FLUKA results, and
the new parameters for Eqgs. (6) and (7) were given as:
ro=1.12,a=0.19,b =0.75,c = 6.48,A = 0.61 and
B =0.028.

2.6 Mauro’s method

Mauro [2] systematically studied the attenuation factor
of neutrons in circular mazes with different cross-sectional
areas. The results indicate that the empirical formulas
cannot correctly describe the transmission curves for the
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point on-axis source. Thus, a new expression is developed
based on the FLUKA simulated results:

T = (kAY?)(d/A"?) 24" 8)
with the parameters k and % given by
k=kA™? h=nA"2, (9)

where ki, ky, hy and h; are fitting parameters with values of
0.7787, 1.2728, 0.8304, and 0.7307, respectively. More-
over, according to the calculated results with different
codes by Gollon and Awschalom [3] as well as the FLUKA
results conducted by Mauro [2], the above formulas also
can be used in non-circular labyrinths with the same cross-
sectional area.

It should be noted that the above formulas are suit-
able only for straight labyrinths. Curved labyrinths,
although not common, are also necessary for some special
equipment that cannot transport via the straight bends. The
neutron attenuation length 4 in the curved mazes has been
studied by Patterson and Thomas [13, 14]. It has been
found that / is a function of only the maze radius R, and
can be expressed by

4 =0.R"?, (10)

where R is the labyrinth radius in meters and suitable for
4m<R<40m. Thus, the dose rate H(x) at any circum-
ferential distance x through the labyrinth is given by

H(x) = Hoexp(—x/1), (11)

where x and 1 are expressed in mutually consistent units.

3 Monte Carlo simulations
3.1 Neutron source term

All the simulations were conducted by the FLUKA code
version 2011. 2x. 3 [8, 9]. The precision defaults were
used, and the heavy-ion interactions were treated by the
BME, DPMIJET, and RQMD-2.4 models. The neutron
ambient dose equivalent rate was obtained by using the
fluence-to-dose conversion factors [15, 16]. The user rou-
tine source.f was used in case of the line source, where the
lost ions were uniformly distributed along the beam line.
The sampled ions can be defined using the position and
direction sampling formula [17, 18] shown below.

x = Rycos(2né;)
Position sampling{ y = Ry sin(27¢;) (12)
z=2+&(2 —u)

u = sin 0 cos(2né,)
v = sin 0y sin(2né;) , (13)
w = cos by

Direction sampling

where the (x, y, z) and (u, v, w) are the position and the
direction cosines of the particle, respectively, Ry is the
radius of a supposed cylindrical surface for sampled par-
ticles, &; and &, are the random numbers which are pro-
duced by the function FLRNDM, z; and z, are the length
range of the beam pipe in z axis, and 6, is the emission
angle of the ion in the unit of radian. A schematic view of
the line source model is given in Fig. 1 [18]. In this work,
Rp was 9.999 99 cm, which was slightly smaller than the
beam pipe (made of stainless steel) with a radius R; of
10 cm. The beam incident direction was the positive of the
Z axis, and with the emission angle 0y in
2°(3.49066 x 10~2rad). A point source was placed at
position C (see Fig. 2), directly in view of the mouth of the
labyrinth, and was called the on-axis point source; it was
called the off-axis point source like if placed at position A
or B. Moreover, if the entrance of the maze was located in
front of a point source, like position A, this was also called
the off-axis point source for forward direction. Likewise,
the source term at position B was called the off-axis point
source for backward direction.

3.2 Labyrinth model

The typical uranium beam at 800 MeV/u in High
Intensity heavy-ion Accelerator Facility (HIAF) [19, 20]
was used for all the simulations. For the point loss, the
thick copper target, 5 cm in radius and 10 cm in length,
was used to produce the neutron source terms. The labyr-
inth models for different beam losses are given in Fig. 2.
The accelerator tunnel was 4 m in width and 4.5 m in
height, and both the straight and curved labyrinths were
1.5 m in width and 2.5 m in height. The length of the three
legs in the straight labyrinth was 3 m, 5 m and 2 m,
respectively. The centerline radius R was 4.25 m for the
curved labyrinth. All materials defined in the simulations
came from the FLUKA material library, e.g., concrete, with
a density of 2.35 g/cm?, and consisting of H (1%), C

Beam pipe

Supposed cylindrical surface

Fig. 1 (Color online) Schematic view of the line source model (not to
scale)
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Fig. 2 The model of labyrinths for FLUKA simulations (not to scale).
Five detectors, 1-5, were distributed along the maze. a The copper
targets in position A, B and C are indicated, which represent the oft-
axis point source for forward, off-axis point source for backward, and
on-axis point source, respectively. b Line source in the straight
labyrinth. ¢ Location of point sources in the curved labyrinth; the line
source was also included (not shown here)

(0.1%), O (52.9107%), Na (1.6%), Mg (0.2%), Al
(3.3872%), Si (33.7021%), K (1.3%), Ca (4.4%), and
Fe(1.4%). Finally, an air-filled sphere detector having a
radius of 40 cm was set at 5 positions (see Fig. 2); mean-
while, the USRBDX cards were employed to score the
neutron energy spectra.

4 Results and discussion
4.1 Off-axis point source

The lethargy plotting of neutron energy spectra in for-
ward and backward direction is illustrated in Fig. 3a, b,
respectively. Both figures indicate that the spectra become
softer with the increase in the distance from the entrance.
The proportion of high-energy neutrons attenuates more
rapidly by air and wall scattering, while thermal neutrons

0.5
L —— Detector 1
0.4 —— Detector 2
L —— Detector 3
0.3 —— Detector 4
L —— Detector 5
0.2
§ o
< 00 e
Y o2
5 — Detector 1
° — Detector 2
w — Detector 3
— Detector 4
0.1 Detector 5
0.0
10" 10™ 10" 10° 10® 107 10° 10° 10* 10° 10% 10" 10°

Neutron energy (GeV)

Fig. 3 (Color online) Lethargy plotting of neutron energy spectra at
five detectors. a Off-axis point source for forward direction. b Off-
axis point source for backward direction
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are dominated in the second and third legs. In other words,
the high-energy neutrons are attenuated more easily than
the low-energy ones. Besides, in Fig. 3a, a high neutron
peak appears around 600 MeV; these neutrons are pro-
duced from the intranuclear cascade process and are
focused mainly in the forward direction. Obviously, this
phenomenon is a result of the fact that the entrance of
labyrinth is located in the forward direction of the target.
Furthermore, the high-energy neutrons can spread beyond
the energy of projectile particles. This phenomenon can be
interpreted as being high-momentum components of Fermi
distribution [21]. In Fig. 3b, an evaporation neutron peak
appears around 1 MeV; these neutrons are produced from
the evaporation of the compound nucleus and can be
described by the Maxwellian distribution.

Figure 4a, b compares the penetration curves calculated
with analytical methods and the FLUKA simulations for
forward and backward directions, respectively. Similar
results are obtained as illustrated in these two figures. In
the first leg, good agreement is observed between the
Nakamura—Uwamino estimated curves and FLUKA simu-
lations, while the UTC method and Stevenson—Fasso
method lead to overestimation of about three to five times

——FLUKA !

- (a) !
L ) ! —&— UTC-Upper
B firstleg —e— UTC-Average
~ 10°F : —— UTC-Lowgr
5 —A— Stevenson-Fasso
3 [ ? —e— Nakamura-Uwamino
% 10° . ! second leg i
® ; !
Q L
8 ' ' ;
S 10k : third leg
§ E
5
5]
Z 1%t
105 " 1 " 1 " ‘I " 1 " 1 " 1 n 1 n ; n 1
107" g .
£ (b) ——FLUKA |

—m— UTC-Uppgr

, ! —e— UTC-Avetage

10° ' —&— UTC-Lower

first leg —A— Stevensoh-Fassd
—— Nakamurz%a—Uwamino

second leg

Neutron dose rate (pSv/ion)

1Oe.l.l.l.l.l.l.l.i
0 100 200 300 400 500 600 700 800 900 1000

Centerline distance from the mouth of the maze (cm)

Fig. 4 (Color online) Neutron dose rate distributions along the
centerline distance from FLUKA calculations and analytical methods.
a Off-axis point source for forward direction. b Off-axis point source
for backward direction
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of the dose rate. Then, in the second leg, it is found that
both the Stevenson—Fasso method and the lower limit of
UTC curves are applicable to evaluate the neutron
streaming in the labyrinth. Besides, in the third leg, the
average value of UTC method is generally consistent with
the FLUKA estimations. Finally, the dose rate platform at
the bend of the labyrinth is almost neglected in empirical
approaches.

4.2 On-axis point source

Figure 5 plots the dose rate penetrations from the on-
axis point source. In the first leg, the UTC method-calcu-
lated curves show quite good agreement with the FLUKA
code. However, the curves obtained by Tesch’s and
Mauro’s methods are larger than the simulations; this is
due to the short distance from the source, causing the
transmission factor 7 to be greater than one [see in Eqgs. (3)
and (8)]. In the second leg, the analytical methods neglect
the dose rate platform, as discussed above. However, as the
distance increases, the results from Tesch’s and the UTC-
average methods become in good agreement with the
Monte Carlo evaluations. At the end of second leg, the dose
rate shows a slight increase, which can be explained by the
contribution of the scattered neutrons. In the third leg, the
UTC upper meets with FLUKA calculations within a factor
of two.

In particular, in order to compare the penetration curves
in the first leg obtained by multiple methods, the distance is
increased to 10 m, and the results are indicated in Fig. 6.
As presented, when d <4m (d/A'/? <2), the UTC meth-
ods show good agreement, while when d > 4m, the
Mauro’s approach is consistent with those of the FLUKA
curves. Thus, the transmission of neutrons through a single

10°
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—e— UTC-Average
—~ 10" —&— UTC-Lower
5 —A— Tésch
% —o— C:ossairt
o —v— Sheu-Cossairt
% 10? second leg - Mlauro
©
§
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e
3
z
10
10°

0 100 200 300 400 500 600 700 800 900 1000
Centerline distance from the mouth of the maze (cm)

Fig. 5 (Color online) Neutron dose rate distributions from the on-axis
point source predicted by the FLUKA code and analytical methods
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Fig. 6 (Color online) Neutron dose rate distributions through a
single-leg labyrinth from on-axis point source calculated by the
FLUKA code and analytical methods

leg from on-axis point source can be evaluated by the UTC
methods when d/A'/?2<2, and Mauro’s method when
d/AV? > 2,

4.3 Line source

The neutron energy spectra from on-axis point source
and line source are indicated in Fig. 7a, b, respectively.
The evaporation neutron peak still exists and is observed in
the second detector from on-axis point source as indicated
in Fig. 7a. This is due to the entrance of labyrinth being in
direct view of the target. The emitted neutrons in 90°
direction mainly come from the evaporation process of the
compound nucleus, while for the line source, the thermal
neutron peak, the evaporation neutron peak, and also the
high-energy neutron peak are simultaneously observed in

14

12F (a) — Detector 1

— Detector 2
Detector 3
Detector 4

Detector 5

Ed®/dE (n/ion)

0.0 - 1 STl L i il
10™ 10" 10" 10° 10° 107 10° 10° 10* 10° 10% 10" 10°
Neutron energy (GeV)

Fig. 7 (Color online) Lethargy plotting of neutron energy spectra for
the five detectors. a On-axis point source. b Line source
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the first detector. This occurs as a result of the line source
being considered to be composed of multiple continuous
point sources.

Figure 8 gives the neutron dose rate transmission curves
from the line source. In the first leg, the Cossairt’s model
gives roughly consistent values with the FLUKA simula-
tions. In the second leg, the UTC-average values and the

10

——FLUKA
—a— UTC-Upper
—e— U C-Average
—&— UTC-Lower
—A— Tesch
—&— Cossairt
—v— Sheu-Cossairt
—e— Mauro
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Neutron dose rate(pSv/ion)

10* |

10-5.|.|.I.|| @,
0 100 200 300 400 500 600 700 800 900 1000

Centerline distance from the mouth of the maze (cm)

Fig. 8 (Color online) Neutron dose rate distributions from the line
source evaluated by the FLUKA code and analytical methods
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Centerline distance from the mouth of the maze (cm)

107

Fig. 9 (Color online) Neutron transmission curves for the curved
labyrinth as a function of centerline distance from the mouth

Tesch’s expression show quite good agreement. However,
in the entrance of the third leg, no good matching curves
appear. As the distance increases, the UTC upper curves
agree with the FLUKA estimations within a factor of two.

4.4 Penetrations in curved labyrinth

In the case of the curved labyrinth, the neutron attenu-
ation curves for different beam losses are shown in Fig. 9.
It was found that the attenuation of the logarithm value of
the dose rate is almost linear with distance. The neutron
attenuation length 1 determined by fitting the results and
the coefficient of determination R?> for different beam
losses are given in Table 1. The comparison between the
calculated and the fitted results appears to be quite good.
The fitted 4 values for different beam losses are almost
consistent with the empirical formula calculation for
) =0.7R'/? = 1.44m. Moreover, in case of the on-axis
point source, the 4 is about a factor of 1.2 larger than the
empirical formula estimation. Thus, in the practical design,
adding a factor of 1.5 is recommended to obtain a con-
servative estimation of the attenuation length.

5 Summary

This work investigated neutron penetration through the
labyrinths. The obtained results from analytical approaches
were compared with the Monte Carlo calculations for dif-
ferent beam losses and maze structures. The results of
neutron spectra indicate that in the first leg, the diversity in
beam losses leads to different distribution in spectra.
However, in the second and subsequent legs, the proportion
of thermal neutrons increased due to slowing down of the
high-energy neutrons. For neutron transmissions, the fol-
lowing conclusions can be given:

For the straight labyrinths: (1) In the first leg, neutron
attenuations were related to the energy spectra, and the
analytical methods were suitable for specific beam loss. For
example, for an off-axis point source, the 1/r* law gives
good agreement with the FLUKA calculations. For an on-
axis point source, the universal transmission curves were
applicable when d/A'/?<2, while for d/A'/? > 2, the
Mauro’s method was recommended. Moreover, for a line
source, the Cossairt’s method gives roughly consistent
values with FLUKA simulations. (2) In the second and

Table 1 Fitted results of the
attenuation length A and

coefficient of determination R? 1 1.47
for different beam losses

subsequent legs, thermal neutrons were the main
Off-axis (forward) Off-axis (backward) On-axis Line source
1.37 1.72 1.50
R? 0.992 0.959 0.996 0.993

@ Springer
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contributors to the radiation fields. Therefore, the neutron
penetration shows the same phenomenon under different
beam losses. The universal transmission curves were
applicable for this situation.

For the curved labyrinths, the neutron attenuation length
A values were expected to be the same for different beam
losses and show good agreement with the empirical for-
mula calculation. Consequently, in the design of the curved
labyrinths, the empirical formula can be used for fast cal-
culations. Besides, adding a factor of 1.5 was recom-
mended for a conservative estimation of 4 for the on-axis
point source.
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