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A neutron monitor with flowing water based on the '®O(n,p)'°N reaction has been designed for
ITER. Irradiation ends will be installed in the filler shielding module between the blanket modules at the
horizontal ports. The y-ray counting stations will be installed on the upstairs of the pit. The distance
between the irradiation end and the counting station is ~20 m. We evaluated the performance of this
fusion monitor by using MCNP-4b code with the JENDL 3.2 library, where the vacuum vessel, blanket
modules, filler shielding modules and first walls were modeled 3-dimensionally. The reaction rate of -
'®O(n,p)'®N was calculated not only at the irradiation end but also along the transfer line, which showed
that the temporal resolution would be less than the ITER requirement of 100 ms including turbulent
diffusion effects for the flow velocity of 10 m/s. With a flow velocity of 10 m/s, this system can measure
the fusion power from 50 kW to 500 MW of the ITER operation. Also the calculation shows that the

reaction rate is relatively insensitive to the change of the plasma position.
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1. INTRODUCTIONS

1.1 Introduction

The neutron activation method using solid metal sample is used for an accurate
measurement of the neutron yield in many fusion devices without temporal resolution. We
have proposed a neutron activation of flowing water based on the 1%0(n,p)'°N reaction for the
accurate fusion power monitor with reasonable temporal resolution for ITER.

When water is irradiated by 14 MeV neutrons, radioactive '°N nuclei are produced by

the '%O(n, p)'®N reactions from oxygen atoms in the water molecules. A 1N nucleus emits
6.13 (68.8%) and 7.12 (4.7%) MeV y-rays accompanied by disintegration with the half-life of

7.13 seconds[1]. Since the threshold energy for the 'O(n, p)'°N reaction is located at 10.4
MeV[2], "N nuclei are practically produced only by 14 MeV neutrons generated by D-T

reactions in the fusion reactor. N nuclei are mainly produced in water coolant. In ITER, it

was suggested that the high-energy y-ray irradiation on supper conducting magnets and

insulators spoiled their capabilities[3]. Consequently, a sufficient protection against the y-ray

irradiation was adopted at a design of ITER-FEAT. On the other hand, positive usage of the
reaction, i.e., a fusion power monitor based on activation of water flow for ITER, was
proposed first by Sano etal {4] at ITER—CDA. Smith and Ikeda et al. reported experimental
studies on the principle feasibility of the fusion power monitor elsewhere[5,6]. In contrast,
Barns et al. made estimations on the capability of the fusion power monitor based upon a
limited experimental data [7], where they concluded that the fusion power monitor did not
have big advantages.

We studied the technical feasibility of the fusion power monitor based on neutron
activation of flowing water by using the D-T neutron source at the Fusion Neutronics Source
(FNS) facility[8] of Japan Atomic Energy Research Institute as the ITER/EDA R&D Task
T499, where the time resolution of 50 ms and the accuracy of < 10% was obtained [9].

Here we carried out the design work on the neutron activation of flowing water for
fusion power monitor of ITER-FEAT based on the recent results on the related R&D,
“Neutron Activation with fluid flow” (ITER R&D task T499).
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1.2 Functions

The most important advantage of the neutron activation system with fluid flow is that fusion
power can be measured in an absolute value similar to a neutron activation method with a solid
foil. Moreover, this monitor allows continuous measurement of the fusion power with moderate
time resolution of typically 100 ms. The monitor is easily maintained, because the measurement
station is located outside of the bio-shield, and there is only the water pipe loop inside the bio-
shield. In addition, no long-term sensitivity change is expected. This system could not be used
for a real time feedback control due to the time delay of ~1 sec.

The function of the neutron activation system with fluid flow is
. to provide a robust absolute measurement of fusion power with moderate time resolution,

stability and wide dynamic range, and
. to allow an absolute calibration of the fusion power for neutron flux monitors and other

neutron systems.

1.3 Design Requirements
Target measurement requirements for the neutron activation system with fluid flow

are listed in Table 1.2-1. The Neutron Activation System supports other systems (WBS
5.5.B.01, 5.5.B.02, 5.5.B.03, and 5.5.B.04) in satisfying these specifications.

Table 1.2-1 Target Measurement Requirements.

Total Neutron Flux

Spatial Time

Parameter Parameter range Resolution Resolution Accuracy
Total neutron flux 1016-1021 p -1 integral 100 ms 10%
Fusion power <1GW integral 100 ms 10%
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2. CONCEPT DESIGN DESCRIPTION

2.1 Concept of the Measurement

The neutron activation system with fluid flow [10] consists of a closed water loop laid

between the first wall/blanket region and a remote low-background location as shown in
Fig.2.1-1. By measuring the y-rays from '’N with a y-ray detector placed beside the water
loop, we can determine the D-T neutron yield continuously. The activated water will stay in a

reservoir tank to diminish the activity and will be transferred to the first wall/blanket region

again.

Cryostat : Biological
Shield
;*.-'.-u' i 1/.-'"/';2»"//;;/!»-/-:3 reservoir
Inlet : Outlet
: Pipe © "Hot" _
: : Pipe
: Gamma-ray —
[ Jdetector v‘
neutron Pum
Source P

Figure 2.1-1 Concept of neutron activation system with fluid flow.
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The cross-section of the '°0(n,p)'®N reaction is shown in Fig. 2.1-2. The cross-section

has a high threshold energy of 10.24 MeV. Therefore, the neutron activation is sensitive for
almost virgin neutrons. A "N nucleus emits 6.13 (68.8%) and 7.12 (4.7%) MeV Yy-rays with a
half-life of 7.13 seconds.

83 Mitra
74 Sanchez
72 M. Schmidt-Hoenow
71 Prasad
70 Schanti
67 Borman
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62 Kantele
62 Juren
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54 Martin
53 Paul
51 Cohen
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Figure 2.1-2 cross-section of the 160(n,p)'°N reaction.
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2.2 Basic Theory of the Measurement

The configuration of calculation is shown in Fig.2.2-1. The reaction rate of the

160(n,p)"*N reaction in unit mass water in the irradiation region is represented by

R = N[ ¢(E)o(E)dE | (2.2-1)

where N is the atomic density of Oxygen in water, o(E) is the cross section of the '*O(n,p)'’N

reaction, and ¢(E) is the neutron spectrum in the irradiation region. If the neutron spectrum is
distributed in the irradiation region, the averaged reaction probability is

R =L [R(L)L (22-2)

Lo

where L, is the length of the irradiation region. The total activity of N nuclei in the

detectable region of the y-ray counting station is

=L (L ) (2.2-3)
A=AR » exp( A . )(punr)

where A is the decay constant of '°N (0.0972 s, vis the flow velocity and p is the density of
water. It is assumed that the residence time in the irradiation region L/ is sufficiently shorter

than 1/A. The count rate of the y-ray detector C is represented by
C=¢A (2.2-4)

Where ¢ is the detection efficiency for unit activity of '®N nuclei, which includes an intrinsic

detection efficiency of the detector, a geometrical efficiency, and y-ray emission probability

for unit activity. When the traveling time ¢ is defined by L /v,

%(t:- oc (1= At)exp(—At) (2.2-5)
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The count rate will be maximum at t=1/A (10.288 sec) as shown in Fig.2.2-2.

Irradiation region

Neutrons LD
. E L/
LA A 1 To—
[$ BEHHS) )
L Gamma-ray 2] | S
detector ] D T

Figure 2.2-1 Configuration of the calculation for the neutron activation measurement with
fluid flow.

8 T :
0 3 ]
*é o -
1< . .
e D f
o [ :
. . : i ]
0
0 5 10 15 20 25 30

Travelling time (s)

Figure 2.2-2 Gamma-ray counting rate as a function of travelling time.



JAERI-Tech 2002-033

2.3 Basic Theory of the Time Resolution

In the R&D task T499, we found that the time resolution of the neutron activation
measurement with fluid flow is determined by dispersion in a turbulent flow. In the case of a

cylindrical tube with diameter d, the Reynolds number is represented by
Re=Yd 2.3-1)

where v is the flow velocity and v is the kinetic viscosity of water. The range of the Reynolds

number considered here is shown in Fig.2.3-1. In the range of Reynolds number larger than
~2000, the flow is turbulent. Therefore we discuss turbulent flow only.

The tracer particle, which is N nuclei here, is generated att =0 and x =0 as shown in
Fig.2.3-1. Even in a turbulent flow, the flow velocity has a distribution in the radial direction.
However, the tracer density C will be homogeneous in the radial cross section after a mixing
length defined by Ly = 1.5 d Re'”. We can consider the dispersion in the x direction only.

The tracer density C is determined by the following equation;

aC . oC _ §'C

J9C€ , ,9C _ (2.3-2)
ot v ax K ox

This has the same form as the one-dimensional diffusion equation. Therefore, the solution is

C(x,t) =

e C(x=vt)’ (2.3-4)
(47tx) 4xt

This solution means that the tracer distribution at time zis a Gauss distribution with 6> = 2«t.

So the FWHM AW is
AW =2.35¢
=2.35 (2kt)'"”? (2.3-5)

In the case of a cylindrical tube with diameter d=2a, the dispersion coefficient k is
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xk=10.1U, a (2.3-6)

where U_is a friction velocity and represented by

f
= Vo=

U 8 (2.3-7)
re2ss

for a smooth inner surface tube. Finally the time resolution of the measurement At is

represented by,

At= AW/
| =4.71(aL;)"*/(vRe ")

which is almost proportional to //v or the travelling time 7.

x=0

Figure 2.3-1 Model of time resolution calculation based on dispersion in a turbulent flow.
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2.4 Gamma-ray Detector and Gamma-ray Counting Station
2.4.1 Selection of the gamma-ray detector

In the energy range higher than 5 MeV, gamma-rays are measured with electron and
positron pair creation processes. The cross-section of the pair creation increases with the
square of the charge number Z of the detector material. Therefore high Z materials are
suitable for the detection of 6.13 and 7.12 MeV gamma-rays. We employed a BGO
(BiyGe;0y,) scintillator, because the density of BGO, 7.13 g/lem?’, is twice of that of Nal
scintillator which is the most conventional and popular gamma-ray detector. The size of the
BGO scintillator is 12.5 ¢m (5 inch) in diameter by 12.5 cm (5 inch) long, which is the largest
in the commercially available BGO scintillator.

The time constant of the scintillation light is 400 ns in the BGO scintillator. If we
define the count rate limit by a 10 % dead time, the maximum count rate is 2.5 x 10° counts/s

for the BGO scintillator, which is almost similar for other inorganic scintillators.
2.4.2 Gamma-ray counting station

The gamma-ray counting station has to be installed in the low-background region.
The candidate of the location is a place in a pit away form the coolant water pipes for the
blanket modules and the vacuum vessel, which are intense gamma-ray source by ''N. We
proposed a pair of the BGO scintillator detectors with different geometrical efficiencies in a

gamma-ray counting station as shown in Fig.2.4-1. Detector #1 faces the water tube directly,

and detector #2 has a collimator with an aperture size of 50 mm X 50 mm x 200 mm.

2.4.3 Pulse height distribution and detection efficiency

The expected pulse height distribution for unit activity of '’N was calculated by
MCNP-4b code based on the model of the gamma-ray counting station shown in Fig. 2.4-1.
Figure 2.4-2 shows the calculated pulse height distributions for detectors #1 and #2, where
the branching ratio of the 6.13 and 7.12 MeV gamma-rays is taken into account. Full energy
peaks of 6.13 and 7.12 MeV, asingle photon escape peak, and the annihilation peak of 0.511

MeV are identified.
— 9 —



JAERI-Tech 2002-033
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Figure 2.4-1 Concept of the gamma-ray counting station.
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Figure 2.4-2 Calculated pulse height distributions for a unit activity of '°N.
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In this measurement, gamma-rays are counted by a scalar. The detection efficiency
depends on the discrimination level (lower discrimination level) of the pulse height as shown

in Fig. 2.4-3, where the intrinsic detection efficiency of the detector, the geometrical
efficiency, and y-ray emission probability were taken into account. Typical settings of the

discrimination level are listed in Table 2.4-1. From the background rejection point of view,
the window of the discrimination levels should be as narrow as the full energy peak width,
but a much wider window width may be desired to get a sufficient count rate during the low

fusion power operation.

Table 2.4-1 Typical settings of the discrimination levels and the detection efficiencies.

Case # | Lewer limit | Upper limit | Detection Detection
MeV) MeV) efficiency #1 | efficiency #2
1 52 6.8 8.27 E-2 299 E-4 6.13 MeV peak
2 5.2 8.0 8.69 E-2 3.23E-4 6.13+7.12 MeV peaks
3 0.8 8.0 1.28 E-1 5.20E-4 >(0.511 MeV peak
4 0.0 8.0 2.02 E-1 7.04 E-4 Total

| —s— Detector #2

Detection efficiency / unit decay of N

0 2 4 6 8 10
Discrimination level (MeV)

Figure 2.4-3 Detection efficiency as a function of the lower discrimination level. Here upper

discrimination level is 8 MeV.
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2.5 Installation Position of the Irradiation End

The '®O(n,p)'°N reaction has a high threshold energy, so that the irradiation end
should be as close to the plasma as possible. However, a bare water tube directly facing to the
plasma is very dangerous, becaﬁse the plasma could damage on the water pipe and cause a
water leak inside the vacuum vessel. Here we proposed the irradiation end to be installed in
the filler blanket module as shown in Fig.2.5-1. The water pipe is inserted into the filler
module passing through the vacuum vessel and simply returns out from the filler module.

For the convenience of piping, filler modules near the horizontal port are a suitable for

the installation position of the irradiation end.

Vacuum vessel

Water pipe

Figure 2.5-1 Concept of the irradiation end to be installed in the filler module.
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2.6 Neutronics Calculation
2.6.1 Neutronics calculation model

We evaluated the reaction rate of the '®O(n,p)'®N reaction in the irradiation end to a
neutron Monte Carlo calculation using MCNP version 4b code[11]. Full sectors of the first
wall, shielding blanket, some filler modules and the vacuum vessel are modeled. The divertor
cassettes, ports and coils are not included. Toroidal gaps of the filler modules are modeled.
However, poloidal gaps between adjacent blankets are not modeled. The calculation model
around the irradiation end is shown in Fig 2.6-1. We use the neutron cross-section set based
on JENDL 3.2[12].

The neutron source is a toroidally symmetric source with 14 MeV monoenergetic

energy. The source has a poloidal distribution as follows;

1 (R—R0+8a—f(z))2 (-2.)

+
2 2.2
ak

(2.6-1)

Where Rp is the major radius, ap is the minor radius, Zp is the vertical shift of the plasma

center, K is the ellipticity, & is the triangularity and m is the power of the parabolic profile.
Parameter n determines the triangular shape of the plasma. The angular emission is isotropic.

The reference parameters are Rp=6.2 m,ap=2.0m, Zp=0.53 m,x= 1.7, m = 0.8and n=

0.5. This formula can represent the neutron source profile of ITER-FEAT. In this case, the

neutron source peaking factor is represented by

Sx(0)
——==m+1
S (2.6-2)

Where Sp(0) and <S> are the central and volume averaged neutron emissivity, respectively.
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Energy groups in the MCNP calculation are shown in Table 2.6-1. The lowest energy
is 8 MeV in the calculation, because the '°O(n,p)'®N reaction has a threshold energy at 10.24

MeV.

Table 2.6-1 Energy group in the MCNP calculation.

Number Upper Energy (MeV) |Lower Energy (MeV) |Lethergy width
1 9.3140E+00 8.2610E+00 1.1997E-01
2 1.0S00E+01 9.3140E+00 '1.1986E-01
3 1.1478E+01 1.0500E+01 8.9057E-02
4 1.2549E+01 1.1478E+01 8.9209E-02
5 1.3720E+01 1.2549E+01 8.9214E-02
6 1.5000E+01 1.3720E+01 8.9196E-02

s ‘Vacuum vessel
First wall g

.
.

Filler module

Iradiation end

I RS

>

s SRR RN RSESS

Figure 2.6-1 Calculation model around the irradiation end.

_Coolant water
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2.6.2 Neutron spectra and reaction rate in the irradiation region.

Calculated neutron spectra in the irradiation region are shown in Figure 2.6-2. In this
calculation, the location of the irradiation end is assumed to be R=8.716 m and Z= +0.742
(from the center of the vacuum vessel).

The reaction rate distribution of '°0O(n,p)'®N along the water transfer tube is shown in
Figures 2.6-3 and 2.6-4 (tog plot). The FWHM of the reaction rate distribution is only 15 cm.
If the flow velocity is 10 m/s, the time spread due to the width of the reaction rate distribution
is 15 ms, which is much smaller than turbulent dispersion effects during the travelling from
the irradiation end to the counting station.

The reaction rate along the transfer tube integrated from the irradiation end is shown
in Fig.2.6-5. The activation in the filler module is 90 % of the total activation. The activation

in the transfer tube farther than 40 cm from the irradiation end is negligible. The absolute

value of the integrated reaction rate is 2.64 X 10'° cm/s for 1 g of water. The averaged

reaction rate is 2.64 x 10° /s, because effective length of the irradiation region is 10 cm.

Lo —e— Irradiation end]
—&— End-10 cm
—o—— End-20 cm

Neutron flux (cmi? s' MeV'')

109 ||11;1
8 9 10 11 12 13 14 15

Energy (MeV)

Figure 2.6-2 Calculated neutron spectra in the irradiation region.
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410°
310°

210° |

Reaction rate (g' s'")

110° |

0 S R
0.5 0.25 0 0.25 0.5

Distance from irradiation end (m)

Figure 2.6-3 Reaction rate distribution of '%O(n,p)'®N along the water tube (linear plot).

Reaction rate (g' s'')

P

-0.5 -0.25 0 0.25 0.5

107

Distance from irradiation end (m)

' Figure 2.6-4. Reaction rate distribution of '0(n,p)'°N along the water tube (log plot).
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1.2

" Filler Vacuum vessel

€

Integral Reactivity (A.U.)
o
()]
i

o2lf . IO ,,,,,,,,,,,,,,,,, i
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0 20 40 60 80 100

Distance from irradiation end (m)

Figure 2.6-5 Integrated reaction rate along the water transfer tube.
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2.6.3 Effect of the plasma position on the reaction rate

The reaction rate may be affected by the change of the plasma position, because the
irradiation end is very close to the plasma. We evaluated the reaction rate of the '°O(n,p)'°N
reaction for the change of the plasma position using a source routine based on Eq.(2.6-1).

The dependence of the detection efficiencies for the horizontal plasma shift is shown
in Fig.2.6-6. The reference plasma position is Rp =6.2 m and Zp = 0.53 m. The detection
efficiencies are very weak functions of the horizontal plasma position. Difference of the
reaction rate is not larger than 1%. Also the dependence of the relative reaction rate for the
vertical plasma shift is shown in Fig. 2.6-7. The deviation is from -5% to +1%. Especially,
the deviation is only +1% in the range of Zp = 0.53 £0.25 m.

Therefore, we can conclude that the reaction rate in the irradiation end is insensitive to

the change of the plasma position.
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Figure 2.6-6 Dependence of the relative reaction rate in the irradiation end versus the

horizontal plasma shift.
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Figure 2.6-7 Dependence of the relative reaction rate in the irradiation end versus the

vertical plasma shift.
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2.7 Evaluation of the Time Resolution

Based on Eq (2.3-8), the time resolution is calculated as a function of the flow
velocity with a water pipe diameter of 10, 20, and 30 mm as shown in Fig. 2.7-1. The length-
of the’ water pipe from the irradiation end to the gamma-ray counting station is assumed to be
20 m. The difference in the time resolution for the water pipe diameter is due to the diameter
dependence of the Reynolds number shown in Eq. (2.3-1). In order to meet the time
resolution requirement of 100 ms, we need a flow velocity of 7.3, 9.5, and 11.5 m/s for water

pipe diameters of 10, 20, and 30 mm, respectively.

Time resolution (s)

0 2 4 6 8 10 12 14 16

Flow velocity (m/s)

Figure 2.7-1 Calculated time resolution as a function of the flow velocity with a water pipe

diameter of 10, 20, and 30 mm.
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2.8 Evaluation of the Counting Rate and Dynamic Range

Figure 2.8-1 shows the count rates of the gamma-ray detectors. They are evaluated
from Equations (2.2-3) and (2.2-4), where the detection efficiencies are case #1 in Table 2.4-
1. For pulse counting, the maximum counting rate is limited up to 10° counts/s. Therefore,
detector #1 will be saturated dufing 500 MW operation. In order to get a sufficient counting
rate at lower fusion power, the diameter of the water pipe should be as large as possible.
However, a larger diameter pipe needs a faster flow velocity to get a sufficient time
resolution. The flow velocity of ~10 my/s is the maximum in the ordinal water loop. Here we

employed the flow velocity of 10 m/s with a pipe diameter of 20 mm.

&g

. = m .

g 500 MW operation —e— 8230 mm Det. #1

10° s +—d=10 mm Det. #2 ==
; —a— d=20 mm Det. #2
- ~ —&— d=30 mm Det. #2

10 &

108 Lo/ S g

T

Count rate (counts/s)

Flow velocity (m/s)

Figure 2.8-1 Calculated counting rate of the gamma-ray detectors as a function of the flow

velocity with a water pipe diameter of 10, 20, and 30 mm.
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If we define the lowest detection level as the statistical error of <10% for 100 ms
counting duration, the counting rate must be between 10°> and 10° counts/s. Figure 2.8-2
shows the range of the counting rate as a function of the fusion power. So we can measure the
fusion power from 50 kW to 1000 MW of the ITER-FEAT operation, which corresponds to a
neutron source strength of 10'®-10%' n/s, with the time resolution of 100 ms or less. If the time

rsolution of 500 ms is allowed, we can extend the lower fusion power to 10 kW.

Flow velocity : 10 m/s

1 07 E: B2 R I T S R R S R R Al T
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6 Detector #2
10
@ .
a 10
c
3
8 -
— 4 N
e 10°¢
© - Minimum - ]
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Figure 2.8-2 Calculated counting rate of the gamma-ray detectors as a function of the flow

velocity with a water pipe diameter of 10, 20, and 30 mm.
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2.9 Calibration

Absolute calibration of the source strength monitors is the most critical issue in the
design of all neutron monitors. For the activation measurement, the relation ship of the
reaction rate and the total neutron source strength can be calculated by MCNP code with a
precise 3-D model of the tokamak, because the activation reaction with a high threshold
energy such as 10 MeV is contributed by almost only the virgin D-T neutrons. Here we
investigated the possibility of the direct calibration of the activation system with fluid flow.

We simulated in-situ calibration by MCNP calculation, where a point source of 14
MeV neutrons is moving on the plasma axis with R = 6.2 m and Z=0.53 m as shown in

Figure 2.9-1. The irradiation end is in the filler module between blanket #13 and #14.

calibration source

Irradiation end

Figure 2.9-1 Calculation model of the in-situ calibration. A point source of 14 MeV

neutrons is moving on the plasma axis with R = 6.2 m and Z=0.53 m.



JAERI-Tech 2002-033

Figure 2.9-2 shows the count rate of detector #1 for a point source of 10'' neutrons/s
intensity on the plasma axis at R = 6.2 m plotted against the toroidal angle of the source. The
activation reaction is contributed by neutrons in the range of the toroidal angle of +30¢,

because the '*0O(n,p)'N reaction has a high threshold energy.

102
C-Source stren
Flow velocity: 10m/s =~ ~ /Ao
| Detector #1. :
..(\(g 10-3 oo
S -
(@] .
k3 I
o) L
© o
= :
3 104 S S R W =
&) : -
10° L i
-100 -50 0 50 100

Toroidal angle (degree)

Figure 2.9-2 Calculation model of the in-situ calibration. A point source of 14 MeV neutrons

is moving on the plasma axis with R = 6.2 m and Z=0.53 m.

A compact DT neutron generator with an emission rate of ~10'' neutrons/s has been
developed by the Russian home team, which can be installed on the remote handling

apparatus and can move inside the vacuum vessel. Even though we will use a DT neutron

generator with an emission rate of 1 x 10'! neutrons/s, the count rate is expected to be only 6

x 10 counts/s at the toroidal angle of 0 degree. If we accumulate the counts for 1 day,

expected counts is listed in Table 2.9-1. From the experience from Task T499, the

background count rate due to cosmicrays is 10° - 10 counts/s. Therefore, the direct
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calibration using the neutron generator is very difficult except the range of the toroidal angle
of +30 degree.

The neutron activation system with fluid flow should be calibrated with a combination
of the MCNP calculation and the direct calibration using the neutron within 30 degree.
Otherwise, this system should be calibrated by a comparison with a neutron activation system
using metal foils during real plasma operation. By those calibrations, the neutron activation
system with fluid flow hopefully can meet the required 10% accuracy goals of the fusion

power measurement for the ITER fusion power monitor.

Table 2.9-1 Expected counts for 1 day accumulation in the direct calibration using the

neutron generator with a neutron intensity of 10" n/s.

Toroidal angle Count rate Counts for 1 day | Statistical error| Relative error

(degree) (counts/s) (counts) (%)
-70 2.16E-05 1.9 1.37 73.1
-60 5.77E-05 5.0 2.23 - 4438
-50 1.25E-04 10.8 3.29 30.4
-40 3.00E-04 25.9 5.09 19.6
-30 3.10E-04 26.7 5.17 19.4
-20 4.07E-04 35.2 5.93 16.9
-10 1.29E-03 111.0 10.54 9.5

0 6.13E-03 530.0 23.02 4.3

10 1.29E-03 111.0 10.54 9.5

20 4.07E-04 35.2 5.93 16.9
30 3.10E-04 26.7 5.17 19.4
40 3.00E-04 25.9 5.09 19.6
50 1.25E-04 ' 10.8 3.29 30.4
60 5.77E-05 5.0 2.23 44.8
70 2.16E-05 ’ 1.9 1.37 73.1
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3. DETAILED SYSTEM DESCRIPTION

3.1 General Equipment Arrangement

The proposed arrangement of the fusion power monitor using water activation on
ITER-FEAT is shown in Figures 3.1-1 - 3.1-2. One irradiation end will be installed in the
filler module between the blanket #13 and #14 at port 17 passing through the horizontal port.
Other irradiation ends in the filler module between the blanket #9 and #10 at the ports 1 and 5
passing through the upper ports.

The gamma-ray counting stations should be installed at well shielded location. So we
propose the gamma-ray counting stations on the upstairs of the pit. In this case, the distance
between the irradiation end and the counting station will be ~20 m. We should check the root
of the cooling water pipes for the vacuum vessel and blanket, which will be background
gamma-ray source in the energy range of 6-7 MeV. The electronics for the gamma-ray
detectors will be installed in the pit near the gamma-ray counting stations.

The reservoir will be in the pit, which should be away from the gamma-ray counting

stations.

3.2 Installation of the Irradiation End in the Filler Module

Figure 3.2-1 shows an isometric view of the irradiation end in the filler module. The
guide tube will be welded into the vacuum vessel and the fuller module. The irradiation end

will be inserted into the guide tube from the vacuum vessel.
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Figure 3.1-1 Arrangement of neutron activation system with fluid flow at the port 17.
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Figure 3.1-2 Arrangement of neutron activation system with fluid flow at the ports 1and 5.
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Figure 3.2-1. Installation of the irradiation end into the filler module and the vacuum
vessel .
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3.3 Water Loop

The water flow diagram of the neutron activation system with fluid flow is shown in
Fig.3.3-1. Water will be pumped into the irradiation ends via a manifold from a reservoir.
All valves will be operated by a workstation to control the water flow rate. The reservoir has

baffles in order to decrease the radioactivity of the water.

Gamma-ray
Port 1 counting station Flow rate meter

C =0 -

Reservoir

Port 5

Bypass

Port 17

Baffles

m
® X9 x
|
|

m
b
,

L

Manifold Pump

Figure 3.3-1 Water flow diagram of the neutron activation system with fluid flow.
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3.4 Data Acquisition and Control

A block diagram of the electronics, the data acquisition equipment and the control is
shown in Fig.3.4-1. Gamma-ray detectors will require high voltage power supplies,
preamplifiers, linear amplifiers, pulse counting discriminators, and digital equipment, etc.
The diagnostic data will be quired viaa CAMAC or VME bus. The water flow velocity will

be monitored and controlled with the workstation.

Gamma-ray detector

Preamplifier

A f_—1

Linear Amplifier HV power|| Preamplifier
L supply power
supply

Discriminator

' Water flow meter
Pulse Spectroscopic
scaler ADC Flow velocity
controller
CAMAC or VME create t
=]
CODAC
- = ¢ - system
EI
Workstation

Figure 3.4-1 Block diagram of the electronics, the data acquisition and the control.
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The policy of the data acquisition for all diagnostics has not been established. We
estimated the data amount of the micro fission chamber system assuming that we will

measure with constant sampling time for a whole discharge as shown in Table 3.4-1.

Table 3.4-1 Data amount of the micro fission chamber system.

# Channel Sampling Inductive Hybrid Non-inductive
time operation | operation operation
400 s 1000 s 3000 s

Pulse 4 ch 100 ms 192 kB 480 kB 1.44 MB
counting X 2 detectors

X 3 position
Gamma-ray | 1024 ch 100 ms 49.152 MB | 122.88MB | 368.64 MB
spectra X 2 detectors

X 3 position
Flow x 3 position | 100 ms 48 kB 120 kB 360 kB
velocity
Total | 49.392MB | 123.48 MB | 370.44 MB
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3.5 Calibration Hardware

As discussed in Section 2.9, in-situ calibration will be required to get sufficienct
accuracy. An essential element of such calibrations is an intense, robust, yet compact DT
neutron generator. The generator should produce 14 MeV neutrons at an average rate of
~10" n/s, and be sufficiently compact and portable to allow operation inside the ITER
vacuum vessel during initial system calibration and extended maintenance. periods, using
standard remote handling equipment, for in situ mapping of the reactivity for the point
source. Of course this calibration hardware can be shared with the neutron flux monitor and
other neutron diagnostics. So far, a neutron generator which has been developed by the

Russian home team is one of the candidates [13].
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List of Components is summarized in Table 3.6-1.

Table 3.6-1 List of equipment

Component Quantity Size (mm) | weight (kg)
Gamma-ray detector 6 9125 x 400 10.0
-} Gamma-ray shield 3 900x 900x 1100 | 9800
Reservoir | $800 x 1000 TBD
Water pipe 6 $20 x 180000 TBD
Guide tube for filler and VV 3 $24 x 10000 TBD
Water flow meter 3 TBD TBD
Valve and controller 5 TBD TBD
Pump 1 TBD TBD
Preamplifier 6 100x 200 x 60 0.5
Preamplifier power supply 3 100x 200 x 100 1
Linear amplifier 6 TBD 0.5
HV power supply 6 TBD 2
Discriminator 3 TBD , 0.5
CAMAC or VME create 2 800x 400x 700 20
NIM BIN create 3 800x 400x 500 | 10
ADC Module 6 TBD TBD
Scalar Module 1 TBD TBD
Workstation 1 TBD TBD
Other Digital Modules TBD TBD TBD
Local control cubicle 3 1000x 1000x 100 | 100
00
Neutron generator 1 TBD TBD
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4. OPERATION STATE DESCRIPTION

4.1 Commissioning State

All equipment should be installed in the commissioning stage of ITER. ITER has not
commenced operation. All electronic equipment is accessible for testing.
4.2 Calibration State

The activation system with fluid flow is installed and operational. ITER has not
commenced operation, and the vacuum vessel is open for in-vessel activities. The neutron
generator and transport apparatus are temporarily installed inside the ITER vacuum vessel

before initial pump-down. Personnel access is excluded in all areas affected by the operation

of the neutron generator.

4.3 Experimental Operations State

All equipment is operational. ITER will be in operation. Personnel access is

excluded, according to project safety requirements.

4.4 Maintenance State

ITER is not in operation. Access to equipment for maintenance activities 1s

determined according to project safety requirements. Basically equipment inside the

biological shield is maintenance free.
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5. CRITICAL DESIGN AREAS AND R&D ITEMS
5.1 Critical Design Areas

. Arréngement of the reservoir and the pump in the diagnostics hall.
* Arrangement of the gamma-ray counting station in the pit.

« Evaluation of the background gamma-rays from other water piles for the blanket modules

and the vacuum vessel..
* Evaluation of the tritium production in the closed water loop and its removal.
* Evaluation of the nuclear heating of the water and its cooling.

* Evaluation of the electro-magnetic force on the irradiation ends during disruptions.

5.2 Necessary R&D Items

Major R&D items have been done in the R&D Task T499. Residual R&D items are as

follows;

* Effect of the temperature gradient along the water pipe from the irradiation end to the

gamma-ray counting station.

* Test of the electro-magnetic force on the irradiation ends simulating disruptions.
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6. CONCLUSION

We designed a neutron activation system with fluid flow based on the '°O(n,p)'N
reaction for the accurate fusion powér monitor with reasonable temporal resolution for ITER.
Irradiation ends will be installed in the filler module between the blanket modules at the
horizontal port and the ﬁpper ports. The gamma-ray counting stations will be installed on the

upstairs of the pit. The distance between the irradiation end and the counting station is ~20 m.

We evaluated the performance of the neutron activation system with fluid flow based
on the results of the R&D task T499. This system can measure the fusion power from 50 kW
to 1000 MW of the ITER-FEAT operation, which corresponds to the neutron source strength
of 10'6-10?" /s, with a time resolution of 100 ms or less. We found by a neutron Monte Carlo
calculation using MCNP version 4b code that the reaction rate in the irradiation end is

relatively insensitive to the change of the plasma position.

This system will be calibrated with a combination of MCNP calculation and direct
calibration using the neutron within +30 degree, which will result in an accuracy of 10%.
The neutron activation system with fluid flow can meet the required 10% accuracy for a
fusion power monitor. However, this system could not be used for a real time feedback
control due to the time delay of ~1 sec. The neutron activation system with fluid flow is

useful for fusion power monitor with a moderate time resolution.
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