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The MORSE code (Multigroup Oak Ridge Stochastic Experiment) was used to calculate the attenuation of radiation
in an access tunnel of a high-energy proton accelerator NIMROD). A monoenergetic isotropic neutron point source
was used to simulate the radiation source produced by the interaction of high-energy protons with a copper target.
Different source energies (1.5 MeV, 10 MeV, 20 MeV) were chosen for the calculation. The results of these
calculations agree well with measurements and with a “‘universal attenuation curve’’ for the second leg of the
tunnel. It seems that the MORSE code can be used to simulate the transport of neutrons in the second leg and
onwards in a tunnel of a high-energy accelerator installation, independently of the source energy (when the source

energy is above 4 MeV).

From the calculated spectra it can be seen that a quasi-equilibrium neutron spectrum appears from.about 2.5 m
onwards in the second leg, and up to 45% of the total dose equivalent in the second leg comes from the neutrons

with energies ranging from 0.15 MeV to 2 MeV.

1. INTRODUCTION

In a high-energy accelerator installation there
must always be ducts for cables, ventilation, etc.,
and access ways for personnel and components
through the main shield of the accelerator. These
ducts and access tunnels can also act as leakage
paths for radiation, especially low-energy sec-
ondary neutrons; therefore, the design of ducts
and access ways has to match the requirements
of radiation protection as well as those of the
accelerator functions.

There have been many excellent measure-
ments of radiation attenuation in access tunnels
of high-energy accelerators.!™ There are also
many computer codes which can estimate the
attenuation of neutrons in access tunnels and
ducts, e.g., AMC,> SAM-CE,* ZEUS/
MORSE ?* etc. In this paper the MORSE code
was used to calculate the neutron transport in a
concrete-lined tunnel of the experiment of Ste-
venson and Squier.! An isotropic neutron point
source was used to simulate the radiation source
produced by the interaction of high-energy pro-
tons with the copper target. The geometry and
the source will be described in detail in Sections
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2 and 3. A brief introduction to the MORSE code
and its application to the calculation of access
tunnel radiation attenuation is given in Section
4. In Section §, all the results are listed or illus-
trated.

2. THE DESCRIPTION OF THE SOURCE
AND THE GEOMETRY

The experiment of Stevenson and Squier® at the
Rutherford Laboratory was chosen for compar-
ison because this measurement was done in a
tunnel with a single right-angled bend, with clean
source geometry, and using many well-calibrated
activation detectors ['?C(n, 2n)''C, YF(n, 2n)'8F,
Z7Al(n, a)**Na, ®’Au(n, v)'*®Au, indium activa-
tion in a wax moderator, etc.]. The description
of the geometry of the tunnel given in the original
article! is repeated here.

This experiment was done in the X3 ex-
tracted proton beam line of the 7 GeV syn-
chrotron NIMROD, in which a well-defined
source was used to determine the attenua-
tion in a large tunnel of moderate length. The
tunnel was constructed as part of the normal
extracted beam blockhouse at right angles
to the direction of the beam as shown in Figs.
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FIGURE 1 Vertical section of the NIMROD tunnel.

1 and 2.* The tunnel contained a right-angled
bend at 11 m from the mouth, with a second
leg 8 m long. The tunnel cross section was
2.3 X 2.3 m®. The inner surface consisted
of concrete (density ~2.3 g/cm?®). The ex-
tracted beam target was situated on the cen-
ter line of the tunnel 1.9 m from its mouth.
The tunnel roof was approximately 40 cm
lower than the blockhouse ceiling, and the

* Also Figs. 1 and 2 of this paper.
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3. THE SIMPLIFICATION OF GEOMETRY
AND SOURCE

3.1 The Source

The albedo of the high-energy neutrons (with
energy greater than 20 MeV) is small; the other
kinds of charged particles emitted from the target

section .

Smetres

FIGURE 2 Plan view of the NIMROD tunnel.
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also possess this character. Furthermore, the en-
ergy of the particles ‘‘scattered back’’ from the
wall is much lower than that of the incident par-
ticles. From this it can be deduced that from the
second leg onwards, fast neutrons (i.e., neutrons
of less than 20 MeV) would dominate the dose
equivalent. Some experiments also proved this
deduction. For example, the data of Ref. 1 show
that at a depth of 1.7 m from the mouth in the
second leg, the ratio of the flux detected by !''C
(neutrons with E > 20 MeV) to the flux detected
by moderated indium (activation of indium foils
in a wax moderation which thus detects neutrons
with energies below several MeV) was about 1%,
and the ratio of the dose rates about 5%. At the
mouth of the second leg, the ratio of these two
fluxes is 12.5% and the ratio of the doses is about
60%. In the experiment, the target was located
just opposite and 1.9 m away from the mouth of
the access tunnel. This target may be thought of
as a point source. The neutrons of several MeV
energy result from evaporation neutrons which
are emitted isotropically. It therefore seems to
be a good approximation that an isotropic fast-
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FIGURE 3 The geometry used in the calculations. All the
detectors are on the center line of the tunnel and on the same
level as the source, with 1) at the mouth of the first leg; 2)
11 m from the mouth of the first leg; 3) at the mouth of the
second leg; and 4), ), 6), and 7) 0.7 m, 2.7 m, 4.7 m, and 6.7
m from the mouth of the second leg, respectively.

neutron point source was used instead of the real
target.

3.2 The Geometry

The principal simplifications concerned the
structure of the main ejected beam tunnel. As
shown in Fig. 3, this tunnel was assumed to be
of uniform rectangular cross section, 4 m wide
and 3.45 m high, surrounded by concrete walls.

In order to reduce the computing time, another
simplification was made, namely that all the walls
were taken to be 0.6 m thick. According to
Vogt,'° the albedo of fast neutrons on a concrete
slab of 0.6 m thickness is almost the same as on
one of 1 m thickness (effectively a semi-infinite
wall). The difference in the energy spectra of
back-scattered neutrons appears only at the low-
energy end (below 50 eV). As will be seen below,
this difference does not significantly affect the
total dose equivalent.

4. MONTE CARLO CODE MORSE

4.1 Code Description

MORSE (the Multigroup Oak Ridge Stochastic
Experiment code)®® is a multipurpose neutron
and gamma-ray Monte Carlo code. It was written
in FORTRAN 1V and has versions for the IBM
370 and the CDC 6600 (only the IBM 370 version
is operative at CERN).

By the use of multigroup cross sections, all the
interaction processes (including the generation
of secondary gamma) become transfers from one
energy group to another. The gamma rays may
be considered as particles in the energy groups
with group numbers greater than the maximum
group number for neutrons. For anisotropic scat-
tering, each group-to-group transfer has an as-
sociated angular distribution which is a weighted
average over various cross-sections involved in
the energy transfer process. Thus the multigroup
cross sections have the same format for both neu-
trons and gamma rays, and the random walk
process (the process used to transport neutrons
or gamma photons from one collision to another)
possesses the same logic. The possible transport
cases that can be treated are neutrons only,
gamma rays only, coupled neutron-gamma rays,
gamma rays from a coupled set and fission, for
either a forward or adjoint case and for isotropic
or anisotropic scattering up to a P;¢ Legendre
expansion of the angular distribution.
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In the MORSE code there is already an albedo
module which, when used, does a specular re-
flection at the entry of a particle into a specified
medium.

Several types of importance-sampling tech-
niques are included in the code. They are

i) Russian roulette and splitting. These can
be implemented together or separately in
specified regions or energy groups.

ii) Exponential transform. The parameters,
the energy group, and the regions can be
chosen by the user.

iii) Source energy biasing and energy biasing
at each collision are also options.

As aresult, the code calculates the spectrum—
neutrons or gamma photons per eV in various
energy groups. Then, according to the response
functions given by the user, and using the deter-
mined spectrum, the code calculates the corre-
sponding responses for different kinds of detec-
tors (e.g., count, absorbed dose, dose equivalent,
the responses of various activation detectors). If
desired, an angle- and energy-dependent fluence
can also be obtained.

4.2 Application to Duct Calculation

Because the ready-made albedo module in the
code can offer only a specular reflection at the
boundary between two media (which is too far
from the real physical process), the albedo tech-
nique was not used in these calculations even
though it may be the best for duct calculation.
Importance-sampling was kept to a minimum be-
cause the author wanted to keep the physical
model used in the calculation as close to the real
one as possible in order that the result obtained
from the calculation could be comparable with
the measurement. Because of the large computer-
time consumption of this code, it was almost im-
possible to trace the entire neutron history.
Therefore, some unimportant neutrons, e.g.,
thermal neutrons, had to be ignored, and some
moderate importance-sampling techniques were
used so that the calculation could be managed in
an acceptable computer time.

4.2.1 The Reduction of Wall Thickness Neu-
trons which penetrate deeply into the wall,
even if they could be scattered back out of the
wall (the probability is very small), would not
give any significant contribution to the dose at

the points of interest in the access tunnel. From
the point of view of radiation protection they
can be ignored. Thus all the walls surrounding
the tunnel were taken as 0.6 m thick in this cal-
culation.®

The code was slightly modified in order to
make the “‘external void’’ act as an ‘‘absolute
neutron absorber.’”” Once a neutron enters into
this imaginary medium, i.e., outside the regions
of interest, it is assumed to be absorbed. Con-
sequently the history of the neutron is finished.
Also, if there is such an ‘‘external void’’ between
a collision point and a detector position, the con-
tribution in the next event estimator is thought
of as zero (i.e., it is impossible for neutrons to
penetrate through it, no matter how thick it is).

As the walls of the NIMROD tunnel were
rather thick (2-3 m), the probability of neutrons
penetrating into the second leg is several orders
of magnitude lower than the probability of their
being scattered from the inner surfaces of the
walls. Thus this simplification was reasonable.

4.2.2 Direction Biasing of Source Neutrons
The source was assumed as isotropic for this
calculation; however, source neutrons emitted
in different directions are not all of the same
importance. Considering especially the dose
in the second leg, only those neutrons which tra-
vel towards the tunnel mouth can give a significant
contribution. Thus a source direction biasing
could be applied here.

For this purpose a cone with the source point
as the vertex was drawn (see Fig. 4). Let us as-
sume that the contribution of the source neutrons
with direction cosines outside the cone could be

]
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FIGURE 4 The geometry used in testing the source direc-
tion biasing.
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neglected. (In the program, only those source
neutrons inside the cone were accepted and fol-
lowed, whilst the others were rejected.) Ob-
viously, an additional weight (}/4w should be put
on these accepted source neutrons; here () is the
solid angle contained by the cone and

Q = 2mw(1 — cos 6). 1)

Here 0 is the semi-vertex angle of the cone (see
Fig. 4).

Several tests with different semi-vertex angles
6 were carried out. The results are listed in Table
1. A quantity Q is usually used as an efficiency
index for different biasing techniques

Q = To?

where T is the consumed computer time for the
run;

o is the relative standard deviation of a certain
physical quantity obtained from the run.

From Table I it can be seen that as the value of
cos 0 increased from 0.70 to 0.88, there appeared
to be a drastic increase of the efficiency. But in
the case of cos 8 = 0.96, the biasing was so se-
vere that the result (fluence, dose, etc.) was
underestimated. Finally, in the calculation, a
source direction biasing with cos 6 = 0.92 was
adopted to calculate the responses of detectors
deep in the second leg. In the first leg, especially
near the mouth, the source neutrons travelling
in a direction outside the cone cannot be neg-

lected. Therefore, no source direction biasing
was used in the calculations for the first leg.

4.2.3 Russian Roulette and Splitting As the
neutron energy decreases, the neutron fluence
per unit of dose equivalent increases rather
quickly. For example, the conversion factor for
a 10 MeV neutron is 6.8 n'cm~2? s~ '/mrem-h~

(or 4.08 x 1078 rem/n-cm~2), and for a 10 keV
neutron 283 n-cm~2-s~!Y/mrem-h~! (or 9.82 X
107 1° rem/n-cm ~2). The latter is only 2.4% of the
former. From this it can be foreseen that the
lower-energy neutrons are less important for the
dose equivalent. (This quantity is the most in-
teresting one for radiation protection.) There is
therefore no need to calculate these lower-energy
neutrons in detail. In this calculation, when the
neutrons were down-scattered to the energy
group number 28 (0.01 MeV) or below, Russian
roulette was played. The parameters of Russian
roulette were chosen so that the surviving prob-
ability was about 1/5. From the result (see Sec-
tion 5), we can see that the contribution of neu-
trons with energy group numbers 28 to 36 was
about 5% to 10% of the total dose equivalent.

4.2.4 The Cross Section The multigroup cross
section data file used in this calculation is DLC-
31/FEWGI"! obtained from the Data Library Col-
lection of RSIC (the Radiation Shielding Infor-
mation Center). These data were tested against
typical transport problems in air and concrete.'?

The compositions of concrete and air used for
this calculation are listed in Table II.'3

0.92
23°4726"
221
0.04
3,000
25

2.65 x 107° 11%
3.57 x 107° 11%
3.36 x 107" 10%

TABLE I
The Efficiency of Source Direction Biasing
cos 9 0.70 0.88
(] 45°34'23" 28°21'27"
d(cm)® —18.5 134
Witart 0.15 0.06
Source samples 18,000 12,800
Computer time (s/200 n) 14 25.5
Detector  Count 239 x 107° 35% 2.82 x 107° 6%
No. 6 Moderated In 3.59 x 107° 26% 3.89 x 107° 6%
rem 3.67 x 1077 8% 3.62 x 107V 6%
T x ¢%? 85.2 5.88

4.54

0.96
16°15'37"
410

0.02
6,000

16

207 X 107° 11%
291 x 107° 11%
3.08 x 1077 11%
5.81

b

“ d is the distance from the mouth of the first leg to the base of the cone, see Fig. 4.
o is the relative standard deviation for the response of moderated indium.

Note. All the results were normalized to one source neutron. The percentage is the relative standard deviation. The unit for

count is: n-cm”

2 per source neutron; for moderated In: counts per source neutron; for rem: rem per source neutron.
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TABLE I1

Composition of Concrete and Air'?
(unit: atoms/cm?)

YE SIZONG

(x 10724
Content
Concrete Air
Element (p = 2.43 glcm®) (p = 0.00129 g/cm®)
Si 2.015 x 1072
(0] 4,587 x 1072 1.128 x 1073
Al 1.743 x 1073
H 9.30 x 107?
Ca 2.660 x 1073

N 4.195 x 1073

4.2.5 The Point Detector Estimator Because
of the high efficiency of the point detector esti-
mator (or next event estimation) (see, for ex-
ample, Ref. 9), it was used for scoring in this
calculation. Because all the detectors were sit-
uated along the centre line of the tunnel, 1.15 m
from the wall and in air, this scoring method
could give quite good mathematical results.

T I T T T T ] T T T T T T T
MORSE calculation

x 1.5 MeV source neutron
vIiQo n "
|20 n "

8 Measurement

N

5. RESULTS

The results of calculations are illustrated in Figs.
Sto 17.

Because of the element cross-section data
available from the DLC-31/FEWGI Library file,
the random walk logic used in the MORSE code,
and the group-to-group transport, the program
cannot treat the thermal neutrons in detail. It
does not allow upscattering in energy (except in
an adjoint problem), but it has the option to trace
the neutrons in the thermal energy group (group
number 37) without energy degradation (i.e., just
in the same energy group) until they are either
absorbed, or retire, or escape from the system.
To trace the thermal neutrons (even in the way
described above) needs an unacceptable amount
of computer time. Also, from the point of view
of radiation protection the thermal neutrons are
not the critical component in the duct calculation
(subject to the fact that the most ordinary shield-
ing material—concrete—is used as the extra

T T T T I T T T
MORSE calculation

(1.5 MeV source neutron)

A moderated I[n

x dose equivalent

3 Measurement

o™

T TTTTT7

T

Attenuation factor

TTTTTT]

T

1073

TTTT

A

L

® ZEUS albedo calculation
(4.5 MeV monoenergetic)

1

Ll

Ll

Ll

I S SN TR WO I SN N T NN BN |

TTTTTIT

o
gl

T TTTTT]

T

-2

Attenuation factor
T T 1717 I]

1073

TTTT]

o\
Ay

® ZEUS albedo calculation
(4.5 MeV monoenergetic)

\ Moderated indium
x

Q \Albedo model
[ ]

\
b\
Y
o
“Aluminium

P rraaal

Ll

1

Ll

0] 5

10

Distance from mouth of second leg, metres

FIGURE 5 The calculated neutron attenuation in the second
leg compared with the measurements. All data normalized to
unity at zero distance.
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FIGURE 6 The normalized result of the calculations com-
pared with the measurements in the second leg, with a source
neutron energy Eo = 1.5 MeV.
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shield, e.g., the lid on the entrance of an access
tunnel). Thus this calculation did not go down to
the thermal energy (this means the neutrons with
energy below 0.414 eV in the DLC-31/FEWGI
cross-section library file). But an ‘‘exploratory”’
test was done for the 10 MeV source neutrons
in order to get some idea of the contribution of
thermal neutrons to the dose equivalent. The re-
sult showed that the thermal neutrons contrib-
uted about 5% to the total dose equivalent and
about half to the total flux at the point of detector
number 7 (6.7 m deep in the second leg, see Fig.
3). This seems to coincide with Vogt’s work,!°
in which it was shown that the thermal neutrons
contributed 3-4% to the total dose and about half
to the flux at a moderate depth within the second
leg for 15 MeV source neutrons.

Figures 5 to 9 show the results of calculation
for 1.5 MeV, 10 MeV, and 20 MeV source neu-
trons compared with the measurement in the sec-
ond leg of the tunnel. The points displayed as
“‘calculation’’ have been obtained by folding the
response curves of the different ‘‘detectors’’ with
the calculated differential flux density; they are
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FIGURE 7 Same as Fig. 6, with E; = 10 MeV.
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FIGURE 8 Same as Fig. 6, with E, = 20 MeV.

normalized to unity at zero distance (mouth). For
moderated indium the response curve reported
by Hargreaves and Stevenson,'* for aluminium
the evaluated cross-section curve of BNL 325,'°
and for dose equivalent the curve recommended
by ICRP® were used. The points marked ‘‘meas-
urements’’ refer to measurements of Stevenson
and Squier’ of the induced specific activity in the
detectors, corrected for decay and saturation and
normalized to unity for zero distance in legs. The
predictions of dose equivalent attenuation made
by Gollon and Awschalom,!” using the ZEUS
albedo programme with a single energy group
(4.5 MeV), are also presented.

In Fig. 9 additional experimental attenuation
data reported in Ref. 1 are presented. Instead
of the moderated In and dose-equivalent atten-
uation measurements, activation data in carbon,
fluorine, and gold are displayed, showing the at-
tenuation for different reaction thresholds in the
first and second legs. In this figure the MORSE-
calculated points only refer to the aluminium re-
sponse curve and therefore can only be compared
to the aluminium activation measurements (round
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FIGURE 9 The calculafed neutron attenuation in the first
and the second leg compared with the measurements.

symbols). All results are normalized to unity at
the mouth of the legs (distance zero). From Figs.
5 to 9 it can be seen that the calculation and the
measurement agree with each other very well in
the second leg if one takes into account the 20%
standard deviation in the calculation. In the case
of the 1.5 MeV neutron source (see Fig. 6), the
calculated attenuation curves are systematically
higher than the measured ones. This may result
from the fact that the source energy (1.5 MeV)
is too low, so that the responses at the mouth of
the second leg were underestimated. The mouth
of the second leg (detector number 3, see Fig. 3)
has a direct view of the source. At this point the
direct neutrons and the neutrons with energy just
below the source energy dominate the radiation
field. The moderated indium was also sensitive
to some of these neutrons (above 1.5 MeV). Thus
a calculation using a 1.5 MeV source would not
take these neutrons into account and would un-
derestimate the response at this point. On the
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TABLE III
The Relative Dose Equivalent Contribution in the NIMROD Tunnel

Percentage contribution of one neutron group (re-divided) to total
dose equivalent (%)

Source energy Energy group Lower energy edge Detector No.
MeV) (No.) (eV) 1 2 3 4 S 6 7

1.5 MeV 1.81 x 10°
1 1.58 x 10° 97.9 96.8 97.4 89.6 86.6 86.4 79.0
2 1.00 x 10° 0.6 0.9 0.7 2.8 2.6 2.6 3.1
3 1.03 x 10* 0.8 1.3 0.8 3.8 4.4 4.2 4.2
4 thermal 0.9 0.9 1.0 3.8 6.6 6.8 13.3

10 MeV 1.00 x 107
1 3.16 x 10° 84.0 82.7 83.6 40.4 31.1 31.2 27.2
2 2.00 x 10° 5.3 5.1 3.7 17.2 17.6 17.8 14.2
3 1.58 x 10° 9.8 11.0 11.5 37.5 43.7 45.2 52.2
4 1.00 x 10° 0.2 0.3 0.3 0.7 1.5 1.2 2.4
5 1.03 x 10* 0.3 0.5 0.3 2.8 2.3 1.9 2.7
6 thermal 0.1 0.5 0.6 1.5 3.8 2.8 1.3

20 MeV 1.96 x 107
1 1.00 x 107 76.4 57.0 73.0 20.0 15.2 10.4 11.5
2 3.16 x 10° 6.8 13.6 6.3 14.5 18.9 17.7 16.5
3 2.00 x 106 5.0 8.3 54 18.2 15.1 14.0 17.5
4 1.58 x 10° 10.9 20.1 13.6 41.3 44.1 50.0 45.4
5 1.00 x 10° 0.3 0.6 0.5 1.2 1.5 1.8 1.2
6 1.03 x 10* 0.4 0.5 0.4 1.5 2.0 2.8 2.4
7 thermal 0.3 0.1 0.7 3.3 3.1 3.2 5.3
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other hand, the spectrum in the second leg is
much ‘‘softer.”” The calculation would not un-
derestimate the responses so much as in the first
leg. In consequence, the curve shows a slower
attenuation.

The agreement between calculation and meas-
urement is not good in the first leg. The dose
attenuation curve does not obey the inverse
square law either (see Fig. 10), possibly because
in the real situation the radiation field in the first
leg was dominated by the high-energy particles
and the neutrons fed by them via down-scattering
in the first leg; MORSE is not able to simulate
the high-energy process. The results obtained
from this calculation also showed that the flux
ratio of non-scattered neutrons to the total neu-
trons was about 0.3-0.35 in the first leg, and the
dose equivalent ratio was 0.5-0.55. Therefore an
inverse square law would not be applicable here.
(Perhaps it would apply if the high-energy par-
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FIGURE 14 Same as Fig. 12 for 20 MeV source neutrons.
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FIGURE 15 Relative dose equivalent distribution in the
NIMROD tunnel for 1.5 MeV source neutrons. Dashed lines
(*) are for distances from the mouth of the first leg, continuous
lines(**) from the mouth of the second leg.

ticles were taken into account, as in the real sit-
uation.)

Goebel et al. plotted a set of generalized
curves!® for duct calculations. A comparison with
these curves is also illustrated in Fig. 11. The
attenuation curves calculated for 10 MeV and 20
MeV source neutrons agree quite well with the
‘‘universal curve’’ in the second leg.

The contribution of neutrons in different en-
ergy groups is illustrated in Figs. 12 to 17: Figs.
12 to 14 are for flux and Figs. 15 to 17 for dose
equivalent.

In the first leg the neutrons with energy ranging
from the source energy to the energy just below
the source energy are the absolutely prevailing
components. The relative contribution of these
neutrons to the total flux can be up to 65%, and
80% to the total dose equivalent. Here we must
pay attention to the fact that the high-energy par-
ticles were not taken into account in this calcu-
lation. It can be imagined that the high-energy
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particles dominate the radiation field in the first
leg of a high-energy accelerator tunnel.

The situation is different in the second leg. In
the energy range from 0.15 MeV to 3 MeV the
peak contribution appears to be rather indepen-
dent of the source energy (except 1.5 MeV source
neutrons). More detailed data (in this energy re-
gion) are given in Table III. From this table it
can be seen that over 60% of the dose equivalent
comes from the neutrons with energy between
0.15 MeV and 3 MeV, in which approximately
50% of the total comes from the neutrons from
0.15 MeV to 2 MeV. This happens to be the en-
ergy range of the giant-resonance neutrons.
Nevertheless, certain attention should be paid to
the neutrons with energy just below the source
energy, which contribute also about 20% to the
total dose equivalent—a non-negligible portion.
Furthermore, these neutrons are more penetrat-
ing.

From Figs. 15-17, a quasi-equilibrium of the
dose equivalent spectrum can be seen from a
depth of 2.5 m in the second leg. This is the
reason why, for source energies above a few
MeV, the dose equivalent attenuations derived
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FIGURE 16 Same as Fig. 15 for 10 MeV source neutrons.
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FIGURE 17 Same as Fig. 15 for 20 MeV source neutrons.

from MORSE calculations agree quite well with
the attenuations calculated with ZEUS for mon-
oenergetic neutrons (see Figs. 6-8).

The fractional deviations of the results are
about 15% in the first leg and 20% in the second
leg.

6. CONCLUSIONS

The MORSE code using a monoenergetic iso-
tropic source can be used to provide a good sim-
ulation of the transport of neutrons in the second
leg of a high-energy accelerator tunnel and duct,
but the source neutron energy should not be cho-
sen lower than 4 MeV. The calculated attenuation
is somewhat independent of the source energy
in the range from several MeV to 20 MeV (see
Fig. 9). The calculation results match the meas-
urement! well in the second leg. But for a long
leg or multileg tunnel, the albedo technique has
to be used (one that is more precise than that
already in the code); otherwise, the execution
time for the program is unacceptably long. Since
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high-energy particles dominate the radiation field
in the first leg, the MORSE code, which is mainly
for the neutrons and gammas at ‘‘reactor ener-
gies,”’ is not able to simulate the physical phe-
nomena in the first leg (or at the place having a
direct view of the source), but if some special
cross-section data (see, for example, Alsmiller
and Barish!®) are used, the code can deal ap-
proximately with the neutrons up to 400 MeV.

A quasi-equilibrium of the neutron spectrum
appears about from 2.5 m and onwards in the
second leg and up to 45% of the total dose equiv-
alent (taking into account the contribution from
thermal neutrons) in the second leg comes from
the neutrons with energy ranging from 0.15 MeV
to 2 MeV.

For the duct calculation of a high-energy pro-
ton accelerator installation, the ‘‘universal curves”
given by Goebel et al.!® can be used as a good
first approximation.
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