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The Fusion Neutronics Source (FNS) is an accelerator based 14 MeV neutron
generator established in 1981. FNS is a powerful tool for neutronics research aiming the
fusion reactor development such as neutron cross section measurements, integral experiments
and blanket neutronics experiments. This report reviews the FNS activities in the period from
April 1, 2001 to March 31, 2004, including collaboration with universities and other research
institutes.
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1. Overview of the FNS Activity

Takeo NISHITANI
Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

FNS was established in 1980 as an accelerator based intense neutron source through
D-T reactions. Figure 1.1 shows a bird’s eye view of the FNS facility. FNS is a cascaded
transformer type accelerator. Maximum voltage is 400 kV for deuterons. FNS has two target
rooms; the target room I has a fixed tritium target including 3.7 x 10" Bq tritium and the
target room II has a rotating tritium target including 3.7 x 10"* Bq tritium. In the target room I,
a maximum neutron yield of 3 x 10" n/s is available with a beam current of 2 mA. Also a
maximum neutron yield of 4 x 10'2 n/s is available with a beam current of 20 mA in the
tagerget room II. Those neutron yields are monitored by the associated alpha particle
measurement with a silicon surface barrier diode installed in the beam line.

FNS has been operating since 1981 for 14 MeV neutron cross section measurements,
cross section integral benchmark experiments, blanket characteristics experiments and other
fusion neutronics. In 1999, FNS joined to the Department of Fusion Engineering Research.
After then, the major research subject has been shifted to neutronics for the International

Thermonuclear Experimental Reactor (ITER) and power demonstration fusion reactors.
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Fig. 1.1 Bird’s eye view of the FNS facility.
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This report reviews the FNS activities in the period of April 2001 — March 2004
including the results of collaborations with many universities. Highlights in the period are as
follows:

Blanket neutronics experiments has been carried out using a mockup of the solid
breeder blanket consisting of F82H blocks, Li;TiO3 blocks with a SLi enrichment of 40 and
95 %, and beryllium blocks, where calculated values of the tritium production rate agreed
with the measured ones using Li,CO; and Li,TiO; pellet detectors within about 10%
uncertainty. Also the effects of impurities in the beryllium on the tritium production rate were
investigated with a pulsed neutron technique and a ICP mass spectroscopy. Finally, it was
found that the impurities might reduce the tritium production rate only a few percent.

The effective activation cross sections via Sequential Charged Particle Reactions
(SCPRs) induced by secondary charged particles have been measured to estimate the induced
activities and dose rates of structure materials. We confirmed that enhancement of the
radioactivity production due to recoiled proton from cooling water would make corrosion
products more activated around the surface of cooling pipe in D-T fusion reactors.

The D-T neutron skyshine experiments were carried out with a port at the roof in
March 2002 and March 2003. The highest total dose rate measured was about 0.5 uSv/h at a
distance of 30 m from the D-T target point and the dose rate was attenuated to about
0.02uSv/h at a distance of 550 m for the neutron intensity of 1.7 x 10" n/s. The MCNP
calculation agreed well both neutron and secondary gamma-ray dose rate distributions.

A micro-fission chamber of ***U has been developed for the ITER in-vessel neutron
monitor. Excellent linearities of count rates and square of Campbelling voltage to neutron
fluxes were confirmed in the temperature range from 20°C(room) to 250°C. As a result, it
was concluded that the present micro-fission chamber is applicable to ITER.

Distributions of deuterium and tritium in the JT-60 diverter tiles have been measured
employing the Nuclear Reaction Analysis (NRA) method using D-beam of FNS for
understanding plasma-wall interactions. The result suggests that the retained tritium in the
diverter tiles is implanted by energetic tritons produced by D-D reactions in the plasma.

New large rotating tritium target with a diameter of 310 mm was developed, which
enables us an increase in neutron yield of FNS.



JAERI-Review 2004-017

2. Status of the FNS Machine

2.1 Overview of the Machine Operation

Shigeru TANAKA

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

FNS introduced a newly developed large rotating tritium target facility for the target
room I in 2001, which provided the improvement in the neutron intensity and the lifetime of
the target. In the period of April 2001 — March 2004, FNS has been operated without any big
trouble. The operation time in the period is summarized in Table 2.1. The target room II is
used mainly for the material irradiation experiments. The target room I is used for the blanket

neutronics experiments, cross-section measurements and other experiments.

Table 2.1 (a) Operation time in 2001 fiscal year.

Period The first The second | The third | The fourth Total
quarter quarter quarter quarter
Target room
Target room I 33:21 113:32 79:29 100:12 326:34
Target room 11 172:13 75:47 128:39 25:14 401:53
Total operation time 205:34 189:19 208:08 125:26 728:27

Table 2.1 (b) Operation time in 2002 fiscal year.

Period The first The second | The third | The fourth Total
quarter quarter quarter quarter
Target room
Target room I 20:25 134:45 106:31 101:38 363:19
Target room II 184:54 64:21 145:16 46:49 441:20
Total operation time 205:19 199:06 251:47 148:27 804:39

Table 2.1 (¢) Operation time in 2003 fiscal year.

Period The first The second | The third | The fourth Total
quarter quarter quarter quarter
Target room
Target room I 118:10 139:23 75:56 132:09 465:38
Target room 11 47:03 86:39 99:02 87:58 320:42
Total operation time 165:13 226:02 174:58 220:07 786:20
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2.2 Development of the Large Rotating Tritium Target

Yuichi ABE, Masakazu SEKI, Shigeru TANAKA, Yoshikazu OGINUMA,
Chuzo KUTSUKAKE,

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

By FNS users, much higher neutron intensity has been desired in FNS for a long time,
because it will bring us more varieties of experiments. A key subject to attain the intense
neutron source is how much the deuteron beam current can be increased through the
improvement of the cooling performance of the targeti The several modifications were
conducted on the target system to meet the demand.

First, the area of the new target disk was made twice larger than that of the old target. The
size of the new target disk is 310 mm in diameter as shown in Fig.2.2-1, while that of the old
target disk was 230 mm. The enlargement of the disk helps the heat generated by the beam hit
diffuse more efficiently, and enables to produce more intensive neutron source accompanied
by more heat generation.

Second, the rotating speed of the target was made faster through the mechanical
improvement of the rotating system. The higher speed provides the more efficient heat
removal ability to the target. The cross sectional view of the new target system is shown in
Fig. 2.2-2. In order to keep the vacuum insulation, the rotor was sliding on the facing surface
of the fixed target assembly in the previous target system. On the other hand, non-contact seal
system was developed for the new target system. The rotor is separated by about 15 pum from
the facing surface by the compressed air of about 500 kPa. The air is exhausted through
differential pumping system. The rotating target assembly is supported with mechanical ball
bearings to be properly arranged and adjusted. Thus, the mechanism made possible to attain
the extreme high speed up to 2000 rpm for the rotating target assembly, which is not disturbed
by resisting friction. Compared with the old type with a fixed revolution speed at 1000 rpm,
the new type can provide variable speed in the range of 0 - 2000 rpm. In addition, the life of
the seal became longer from 250 hours to over 1000 hours due to the above- mentioned
improvement along with the exchange of the vacuum seal to that of higher grade.

Third, a cooling water flow regulator was installed at the center of the rotating target disk
cover. The structure makes the water flow uniformly to the very rim of the rotating target disk
to carry away the heat more efficiently from the disk. '

As a result of the work mentioned above, the neutron source was improved to produce
twice larger intensity than before. In addition, the exposure dose for workers to suffer during
the maintenance activity around the target was considerably decreased due to the modified

sealing design adopting the new type of seal with the extended lifetime.
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Fig.2.2-1 Picture of new large target disc.
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Fig.2.2-2  Schematic view of the new target system.
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2.3 Tritium Profile Measurement of Large Rotating Target

Chuzo KUTSUKAKE, Shigeru TANAKA, Yuichi ABE, Masakazu SEKI,
Yoshikazu OGINUMA, Takeo NISHITANI

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

2.3.1 Introduction

It is important to obtain the knowledge as to the amount of remaining tritium and the
tritium distribution in the accelerator target in order to optimize the neutron production
condition. Therefore, the measurement by imaging plates was adopted as a convenient method
for the case. Here in the present study, the applications to the measurement of residual tritium
inventory and tritium distribution were studied.

2.3.2 Surrounding conditions of Imaging Plate
FNS uses rotating type (RNT) target

and stationary type of tritium target. The

shape of rotating target is a part of

. Vacuum seal
spherical surface and made from copper

Target disk

about 1 mm in thickness with a 3 — 5 pum
thick evaporated titanium layer on the
surface facing deuteron beam. Tritium is
impregnated in the titanium layer, and the
initial amount is about 30 TBq. Figure
2.3-1 indicates an overall rotating target
system. The RNT target disk rotates
keeping vacuum of the inside chamber

and cooling outside the target by the water
flow. The beam scans a concentric circle
of the RNT target. The RNT target
operation conditions are as follows;

Fig.2.3-1 RNT target system

Baem size: smaller than 15 mm in diameter
Rotation speed: 1600 r.p.m.

Swing speed: 12 min./swing

Beam power: 7kW

Water flow: 23 litter/min.

Vacuum: -5% 107 Pa
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Electrons emitted by tritium generate
characteristic and bremsstrahrung X rays
through reactions with titanium. The spectrum
was measured by a lithium drift type silicon
detector and shown in Fig. 2.3-2. The prominent
peak represents characteristic X ray at 4.5 keV
and 4.9 keV. In order to detect these X rays, an
imaging plate which is composed of BaFBr:Eu**
and base material were employed. They were
enclosed in dual laminated sheets consisting of
3 materials (k-nylon 15pm, aluminum 12pum
and polyethylene 70 um in thickness
respectively) to shield from light and prevent
tritium contamination. On the other hand,
titanium targets were also wrapped with
polyethylene sheet (100 pum thick) to confine
tritiated titanium flakes.

The enclosed imaging plates were closely
attached on the surface of the tritiated titanium
target. This arrangement means two laminated
sheets and one polyethylene sheet were
interposed between the plate and the target.

2.3.3 Procedure of the Measurement

The imaging plates were exposed to
tritium target for a few minutes. The plate after
exposure causes photo-stimulated luminescence
(PSL) when it is irradiated by laser light of

Counts

PSL output (counts)

§ Ti-K_: 4.5keV
16 Lo K BV e
] ° Ky 4.9keV

0 5 15 20

10
Energy (keV)

Fig. 2.3-2 X ray energy spectrum emitted from
target and measured by silicon detector

10

e Ti-T sample |-+
B small target

(73 O ..,.:

10 ; ; i i .
103 102 101 1@ 10 1@ 10
Amount of tritium (GBq)

Fig.2.3-3 Tritium calibration curve between
PSL output and amount of tritium

image reader. The intensity of the luminescence is expected to be proportional to the exposure

dose to tritium, and the correlation was measured by photo-multiplier. The signals were

processed digitally to present tritium distribution. The system gave the resolution of a

measurement point at 50 micrometers.

Prior to the measurement of the tritium target, the PSL response was calibrated with a
small trittum sample containing known amount of tritium that had been measured by
calorimetry and an ion chamber. The calibration curve is shown in Figure 2.3-3. An excellent
linearity is observed between the PSL output of the imaging plate and tritium inventory in the

range from 10 MBq to 300 GBgq.
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2.3.4 Tritium Distributions in RNT target
Major conditions of RNT target measured in the present study are as follows.
Titanium area : 333.4cm® (63.5mm¢ t0209.6mm¢ in diameter)
Titanium thickness: 1.6 mg/cm’
Tritium inventory (initially): 19.6 TBq
Incident deuterons: 2300 Coulombs

Since the surface of RNT target is
spherical, flat plate cannot be closely attached

on it. In the present work, imaging plates were

cut into rectangles 13 by 200 mm in size and Before irradiation
fixed across the target surface to measure the
tritium distribution on RNT. The obtained

images are shown in Fig. 2.3-4. The upper is

for the target before irradiation and the lower After irradiation

after irradiation. The darker the more tritium

. . .. Fig.2.3-4 Image of tritium distribution
exists, therefore the white zone inside the & &

circle does not contain tritium and concentric

400

New Target
b —=— After irradiation

circles of lower image represent the traces

where the target was irradiated and the tritium | M, New Target @ e
300 (il '~ PUSEIURUURRRI S0 cor PPN AP,
was consumed.

The tritium distributions before and after

the irradiation were compared along one of

200

the traverses in Fig. 2.3-5.

PSL output (arbitrary unit)

LT Lo T S . R RRCTLITr T TPRT | EERRRRRERE PPN

In case of the target that has not been i
. . ”, T | After
irradiated yet, the tritium distribution around - irradiation L__._,.j

o
central non-tritiated part forms moderate hills ° so 100 150 zo00

Position (mm)

4

in both sides. On the other hand, several sharp Fig. 2.3-5 Tritium distribution before and after
gutters are observed in same regions for the irradiation across the RNT target
irradiated target. The gutters represent the
traces where deuteron ion beam swept. The discrepancies show the tritium consumption by
the beam irradiation.

By subtracting the tritium distribution of irradiated RNT target from that before
irradiation, the consumed tritium distribution was estimated and is shown in Figure 2.3-6
Since the amount of tritium decreases through reactions with deuteron, the distribution

represents focusing performance of deuteron ion beam. The width of the focusing was
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estimated to be 2.5 mm at FWHM on the basis of the distribution shown in the figure. This
shows the beam power losses about 44 kW/cm? at the D-T beam reaction area.
Figure 2.3-7 shows the tritium distribution of the other RNT target after 1.1x10"

coulomb incidence deuterons irradiation. This shows the beam scans full of the tritium
titanium area.

400p T T T
«  (18new| !
+ j18useq :

T T

_Before irradiation | ]

350"

300~

Tritium distribution (arbitrary unit)

Beam Intensity (arbitrary unit)

R4
] ; i i ; F1Y: SRR 5 SRR TP . .
S R vy I L , : »
L : :' / 3 50_:’ ]
'5’_‘; i é i ai é 1;0 132 T4 o‘; 20 4‘0 elo a‘o 1!)0 120
Radius (mm)
Length (mm)
Fig.2.3-6 Consumed tritium distribution across a Fig 3.2-7 Tritium distribution of RNT
scanned path by deuteron beam on a target number 18 before and after
rotating target irradiation. '
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3. Blanket Neutronics Experiments

3.1 Tritium Breeding Experiments with Lithium Titanate in Thermal-type
Mockups

Axel KLIX, Kentaro OCHIATI', Takeo NISHITANT', Akito TAKAHASHI
Department of Nuclear Engineering, Osaka University, Suita, Osaka

!Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

3.1.1 Introduction

Tritium is a fuel for fusion reactors based on the Deuterium-Tritium (DT) fusion reaction.
It must be produced artificially in a lithium compound in the breeding blanket which surrounds
the fusion zone. A sufficiently high tritium production performance is an important design
parameter for the breeding blanket. To maximize the tritium production rate (TPR), the lithium in
the blanket is usually enriched in °Li in current conceptual designs since the reaction cross
section for the tritium production is so high for low energy neutrons compared to that of "Li
which is a threshold reaction, see Fig. 3.1-1. Therefore, the blanket designs contain also neutron
moderating and -multiplying materials for enhancing the tritium production. A primary candidate
for moderation and multiplication is

T T T T T T

100 eoregrmmr—rrrrm—— i TR A B R IR ek
bttt Nt RSN DI QT v oToe Source: FENDL_ZE

beryllium. But other materials in the blanket,

such as structural materials (steel) and

impurities may reduce the TPR by neutron A e S S v A S U e

capture reactions such as (n,y) and (n, c.p.*").

Mock-up experiments with blanket

Reaction cross section, barn

materials are therefore conducted which [
allow to study the effects on the TPR 01 = o )'T TN S

c | Li{na Lo
experimentally and also to validate computer = =Tl T \ 7
\nnul ol ‘ dattad s aaand FWRTTr RN YT N n‘um INEWSETIT

1E-4 0.01 1 100

code and nuclear cross section data which are

essential tools for the R&D work. Figure 3.1-1 Cross section of tritium production
Recently, integral mock-up experiments reactions in lithium.

with candidate materials for the future DEMO

fusion reactor have been done at Fusion Neutronics Source (FNS) of JAERI. The breeding

assemblies consisted of layers of low activation ferritic steel F82H, lithium titanate enriched in

1E-6

*1¢.p.: charged particle
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SLi, and beryllium. They were irradiated with the DT neutron source of the 80 degree beam line.

3.1.2 Local TPR measurement

A method has been developed which allows to measure tritium directly in lithium
titanate by means of small pellet detectors which can be inserted into holes in blocks of lithium
titanate used to build the breeding layers, see
Figure 3.1-2. It is expected that the application
of TPR detectors made of the same material as
the breeding layers will reduce uncertainties in
the measured TPR caused by inhomogeneities
especially in the SLi concentration. This is
important because in such a thermal-type
blanket (most of the TPR from thermal and
epithermal neutrons), the thermal neutron
spectrum and hence the TPR change
substantially within short distances due to the
presence of strong neutron absorbers (°Li).

The method is described in more detail in Refs.
Fig3.1-2 A block of lithium titanate and a pellet [1,2].

detector.

3.1.3 Application in mock-up experiments

A typical setup for the initial series of experiments with one breeding layer (40% and
95% °Li enriched lithium titanate) is shown in Fig. 3.1-3. A more detailed description of the
experiments can be found in Refs. [3-4]. The assembly consisted of sheets of F82H steel,
beryllium blocks and lithium titanate blocks. It was surrounded by lithium carbonate blocks for
shielding off room-returned neutrons. Measured TPR profiles are shown in Fig. 3.1-4.

The obtained TPR profile is typical for a thermal-type blanket. It can be seen that the
TPR on the surface of the breeding layer next to the beryllium is substantially higher than in the
middle of the breeding layer. This difference is caused by a self-shielding effect, the very high
macroscopic cross section for tritium production causes the absorption of neutrons entering the
layer with energies below 1 eV so that they cannot contribute to the TPR deeper in the breeding
layer. These neutrons produce tritium near the surface instead.
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FNS 80 deg. line
TiT target

i
. ! .
Aluminum frame II

J
Steel deck ]

Illllllllll\l\ 83

; - 3
v 16 12 .3 F82H sheet(t=1.0)

F82H sheet [

B
/ WH Beryllium
Li,TiO,

surrounded by B,C Unit: mm

Fig. 3.1-3 Photograph and cross sectional view at the experimental assemblies with one breeding layer.

Table 3.1-1  The layer configurations used in the experiments. All thicknesses in mm.

Configuration SLienrichment F82H Be F82H Lithium titanate F82H Be

a) 95.00% 0 0 16 12 3 200

b) 0 0 16 - 12 9 200

c) 16 50 3 12 9 150

d) 40.00% 16 50 3 12 9 150
3.1.4 Analysis

The TPR in the pellet next to the beryllium layer is about five times higher than in the
deeper positions in the breeding layer. This illustrates the self-shielding effect which is especially
pronounced in case of the 95% enriched lithium titanate. After changing the F82H sheet between
the breeding layer and beryllium from 3 mm to 9 mm the surface TPR drops to four times the
value inside the layer. This effect is caused by absorption of thermal neutrons in the F82H ferritic
steel which containes absorbers such as tungsten (2%) and chromium (8%). In case of the
breeding layer sandwiched between beryllium, the TPR on both surfaces is higher than inside the
breeding layer due to thermal neutrons entering from both sides now.
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Fig. 3.1-4 Tritium production rates measured in assemblies with 95 % (a—c) and 40% (d) enriched lithium titanate,

F82H, and beryllium. For configuration see Table 3.1-1

The spatial TPR profile looks similar for 40% enriched lithium titanate. However, it can
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be seen, that the profile is more flat since thermal and epithermal neutrons can penetrate deeper
into the breeding layer.
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Numerical simulations were done with MCNP-4C [5], the library FENDL/MC-2.0 [6]
and the dosimetry file JENDL-DOS91 [7]. For the lithium density, a value of 9.4 wt% and 11.8
wt% for 40% and 95% enriched lithium titanate, repectively, was used as obtained from an ICP
mass spectroscopy analysis performed at JAERIL The °Li concentration in the material was
calculated from the enrichment given on the data sheet of the manufacturer. The measured and
calculated tritium production rates are also shown in Fig. 3.1-4. The calculation/experiment ratio
(C/E) was within the error estimate of 15% (combined experimental and calculation error) for the
mock-ups with 95% 6Li enrichment in the breeding layer. Larger discrepancies were seen for the
mock-ups with 40% enriched lithium titanate.

3.1.5 Summary

Lithium titanate, an advanced tritium breeding material, is currently investigated in
integral mock-up experiments at FNS. A method was developed which allows to measure low
tritium concentrations directly in this material. The local tritium production rate was obtained by
small lithium titanate pellet detectors inserted into the breeding layers which are dissolved after
irradiation of the assemblies, and the accumulated tritium was counted by liquid scintillation
techniques.

The measurement method was applied in mock-up experiments with candidate materials
for the future DEMO reactor breeding blanket. Experimental assemblies consisted of sheets of
low activation ferritic steel F82H, lithium titanate, and beryllium. Tritium production rate profiles
were obtained and compared with results from calculations with the Monte Carlo neutron
transport code MCNP-4C. In case of the mock-ups with 95% enriched lithium titanate, the C/E

ratios were within the error estimate while larger discrepancies were observed in case of 40%
enriched lithium titanate.
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3.2 Tritium Breeding Experiments of Three Layers Mockup experiments

Kentaro OCHIAI, Axel KLIX, Yury VERZILOV, Satoshi SATO, Masayuki WADA,
Takeo NISHITANI,

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

3.2.1 Introduction

In order to examine the accuracy of the TBR calculations, neutronics experiments have been
performed with D-T neutrons at FNS by using a three-layer mockup of the solid breeder blanket
consisting of the tritium breeder, the neutron multiplier and the structural material. The tritium
production rates (TPR) were measured by Li,COs pellet detectors embedded in the breeding
layers. Measured TPR was analyzed by the Monte Carlo code MCNP-4B[1] with the nuclear data
libraries JENDL-3.2, JENDL-Fusion File (JENDL-FF) [2], ENDF/B-VI and FENDL-2.0 [3].
Also impurity effect in the beryllium neutron multiplier has been investigated.

3.2.2 Mockup Assembly with Three Layers
The blanket mockup consisting of

three breeder layers was employed. < 1372mm

Fig.3.2-1 shows a schematic view of the 88316 source reflector )
experimental assembly. The size of the S Be

assembly is about ¢ 600 mm?* wide with Y

a total thickness of 350 mm. The first E g
layer facing to the neutron source is S §
simulating a first wall of F82H. Three “5 5
12-mm thick ceramics layers consisting

of 40% enriched °Li,TiO; with a thin

F82H layer are set up between 100- and v

50-mm thick layers of beryllium in the

v/ ®F82H [ Li,Tio, i

16123 50 123 100 123  100mm

assembly. The assembly was enclosed in
a cylindrical stainless steel (SS-316)
reflector to shield the neutrons reflected  Fig. 3.2-1 Schematic view of the experimental assembly
by the experimental Toom walls. The consisting of three layers of the breeding blanket mockup.

tritium target was also surrounded by a cylindrical stainless steel with a 100-mm thick beryllium

reflector in order to simulate the energy spectrum of the incoming neutron flux in the blanket.
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50-% enriched 6Li2C03 pellets, with sizes of ¢$13 mm in diameter and thickness between 0.5-2
mm, were used as the tritium detectors in each °Li, TiO; ceramics layers to measure the produced
trittum. As a neutron counting monitor, 3.5 MeV associated « particles was counted by SSBD
was used. And Nb, In and Au foils were also set up at important positions in the assembly to
verify the neutron field.

3.2.3 Measurement and procedures

The liquid scintillation counting technique was employed to measure the tritium [4]. After
irradiation, Li,CO5 pellets were taken out of the assembly and were dissolved with the weak acid
liquid and neutralized. Finally, it was mixed to produce the scintillation liquid and neutralized
liquid. The tritium concentration in each of pellet was measured by determining the activity of
the accumulated tritium. Fig. 3.2.2 shows a scheme of the procedure for the tritium measurement
of the irradiated pellet [5]. The activities of solutions were evaluated from the measured counts
with the liquid scintillation spectrometer Aloka 5500, where the internal standard method was
used. The samples were counted, then a small amount of tritium standard solution was added and
the sample was counted again. Also the calibration of the TPR of the pellet was carried out with
99.5-% enriched 'Li,COs pellet irradiated with virgin 14 MeV neutrons near the FNS target.
From the calibration, it was found that the accuracy of the tritium measurement is about 10 %
including the ac‘curacy of the source neutron intensity.

Pellet .
B NaOH solution

Take 1 ml

from clear
part

Wait two
weeks

Fig. 3.2.2 Scheme of the procedure for the tritium measurement of the irradiated pellet
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3.2.4 Results

Fig. 3.2-3 shows the TPR for Li;COs pellet obtained by the experiment and calculations and the
ratio of the calculated results to the experimental results in the three layers experiment. The
calculation of TPR is overestimated by 5% to 25% in this experiment. C/E of the 1stbreeding
layer is much larger than that of the single layer experiment. The layer-average TPR was about
1.21, 1.12 and 1.09 in 1st, 2nd and 3rd breeding layer, respectively. C/E of the integrated TPR for
three layers was about 1.15, which is a little bit larger than the present design margin for the
tritium breeding performance. The reason for this overestimation in TPR is not clear. The value
of C/E decrease toward unity with the distance from the assembly surface. The fast neutron
fluxes measured with Nb and In foils agreed well with the calculation in any layer. So it is
considered that the calculated neutron influx to the surface of the assembly is not accurate in the
low energy range. The candidates of the reason of the discrepancy are the inaccuracies of the
double differential cross section of beryllium and SS316 stainless steel constituting the source
reflector can.

-3
4.5x10 T T T T T T - T T T T T ) T ¥ T T T T T T
— s Experiment —&— TPR6 ' 3rd breeding layer |
= 4.0x10 Calculation - O-- TPRS v Q g'lay
4 FENDL/MC-2.0 : :
& 3.5x10 1|
~

& 30x10°} 1st breeding layer

9
+

TPR

— FENDUMC-2.0
il --0-- FENDUE-2.0
----EFF-3.03

3 —_— g »A,. ;

16 18 20 22 24 26 28 82 B84 86 83 90 92 94 198 200 202 204 206 208 210

Distance from the assembly surface (mm)

Fig.3.2-3 TPR for Li, TiO; pellets obtained by the experiment and calculations and the ratio of the calculated results to
the experimental results in the three layers experiment.



JAERI-Review 2004-017

3.2.5 Summary and Conclusion

In order to examine the accuracy of TPR calculations, neutronics experiments have been
performed with D-T neutrons by using a mockup of the solid breeder blanket concept. TPR in the
pellets were measured by liquid scintillation counting methods. The TPR was calculated by the
Monte Carlo codes MCNP-4B and —4C with the nuclear data libraries JENDL-3.2, ENDF-VI and
FENDL-2. The C/E values of the TPR were on average 1.15. We confirm the existence of
impurities in beryllium blocks, which increases the macroscopic absorption cross section by 30%.
However, it is found that such amount of impurities does not affect TPR significantly. Other

possible reason of the discrepancy is uncertainties in the double differential cross sections of
beryllium and/or SS316.
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3.3 Experiment for the Assembly with Tungsten Armor

Satoshi SATO, Makoto NAKAO, Yury VERZILOV, Kentaro OCHIAI, Takeo NISHITANI
Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

3.3.1 Introduction

In fusion DEMO reactors, the blanket is required to provide a tritium breeding ratio
(TBR) of more than unity by neutron induced reactions in lithium in the blanket. The solid
breeder blanket being developed by JAERI for tokamak-type DEMO reactors consists of
Li,TiOs or other lithium ceramics as the tritium breeder material, beryllium as the neutron
multiplier material, reduced activation ferritic steel F82H as the structural material and water
as the coolant [1]. Neutronics experiments had been conducted in the previous studies using
blanket mockups composed of these materials to verify the accuracy of the tritium production
rate (TPR), where the calculation results agreed with experimental values within about 10 %
[2]. In the blanket design proposed by JAERI, the local TBR is around 1.4 - 1.5 for the case
without an armor on the first wall. From the view point of sputtering damage of the first wall,
tungsten (W) armors are the effective protection. However, from the view point of nuclear
responses, W armors may reduce the TBR, and TBR might not satisfy the requirement in case
[3]- There are a number of scattering and resonance capture reactions in W. No experimental
studies have been reported so far about the impact of the W armor on the TBR. Therefore
experimental studies are very important for the evaluation of nuclear responses of the blanket
in the presence of the W armor. In order to evaluate this issue experimentally, neutronics
experiments have been performed by using DT neutrons at FNS.

3.3.2 Experiments

A breeding blanket mockup, composed of a set of slabs of 16 mm thick F82H, 12 mm
thick Li;TiO3 (°Li enrichment of 40 %) and 200 mm thick Be with about 660 mm height and
about 660 mm width each, was installed at about 450 mm distant from the DT neutron source,
and DT neutron irradiation experiments were conducted by using FNS 80° beam line. In the
experiments three types of mockups were tested: without the armor; with 12.6 mm thick W
armor; and with 25.2 mm thick W armor. Figure 3.3-1 shows a configuration of the mockup
for the case with the 25.2 mm thick W armor and the installation position of the detector. DT
neutron yield at the target was about 1 x 10'! neutrons/s on average, which was monitored by
the associated alpha particle measurement with a silicon surface barrier diode installed in the
beam line. Three continuous irradiation experiments, each for ten hours, were performed, with
the integrated irradiation period of 30 hours in total. Metal foils of Nb, Al, Au, with 10 mm in
diameter and 1 — 100 um in thickness, were installed at the boundary surfaces inside the
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mockup. In addition to the Au foils without a cover,
the Au foils with a Cd cover were also installed.
After the irradiation, induced radioactivities were
measured by decay gamma ray intensity with a high
purity Ge detector, and neutron fluxes
corresponding to each reaction rate were evaluated.
Fifteen slices of Li,COs; pellets, with a 6L

enrichment of 40 %, 13 mm in diameter and 0.5 - 2

mm in thickness, were embedded inside the Li; TiOs.

After the irradiation, induced radioactivities were

measured by beta ray intensity of these pellets with

production rate (TPR) was evaluated.

3.3.3 Results and Discussions

6 i2C03
7i2C03 7Li2G03

AN

E

@
fas )

F82H
Li2TiO3

o
o

Nb, Al, Au, Au+Cd

252 + 16 rz{ 107 100 (o)

Fig. 3.3-1 The configuration of the mockup
and the installation position of the detector.

Figure 3.3-2 shows the experimental results of the Nb reaction rate which
corresponds to the neutron flux with the energy above about 9 MeV. The circles denote the
experimental data with 25.2 mm armor, the squares without armor, the solid line the ratio of

those with 25.2 mm armor to without armor, and the broken line the ratio of those with 12.6

mm armor to without armor. By

1 1 mm i arm B Reaction rate of Nb without the W armor
lnStanlng the 25.2 thick W or, € Reaction rate of Nb with the 25.2 nim thick W armor
the reaction rates of Nb, Al and Au 2
.. - 107" prrprrprret 25 9 mym thick W 7 1
inside the Li,TiO3; were reduced by 20 — D AOr § § z
B S S S C 12.6 mm thick W &
30, 30 and 10 — 30 %, respectively. Both e 109 g z 2
of the fast and thermal neutron fluxes g ] %5 2
. . 5 g2 8
were reduced by installing the W armor. 2 g Tos 2 § g
. . L= ] =3
Figure 3.3-3 shows the experimental E 2 i\ i 25
. S8 Y
results of the TPR which corresponds to % £ ; 107
[ bl
. . . . 4 Q
the °Li reaction rate. By installing the = § e e
3
i 1070 Lt o6
25.2 and 12.6 mm thick W armors, the 0 = 100 150
TPRs were reduced by 19 and 18 %, Distance from the F82H (mm)
respectively, in maximum, and the Fig. 3.3-2 The experimental results of the Nb reaction
? ? rate.

integrated TPRs in the Li,TiO; were
reduced by 8 and 3 % relative to the

case without the armor, respectively.

Numerical analyses were conducted by using the Monte Carlo neutral particle
transport code MCNP-4C and the fusion evaluated nuclear data library FENDL-2. The

calculation results almost showed the same tendency as the experiment ones with the C/E
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ratios below 1.15 for the integrated TPRs, which is probably due to complex cross sections of
tungsten, such as giant resonance capture reactions. Figure 3.3-4 shows the neutron spectra at
the front surface of the F82H without the armor and with 25.2 mm armor. Similarly to the
experiment results, both of the fast and thermal neutron fluxes were reduced by installing the
W armor at all boundary surfaces. It is expected that the fast neutron fluxes are reduced by the
scattering of the W, therefore the thermal neutron fluxes are reduced by the reduction of
neutron multiplying reactions between Be and the fast neutron. In addition, capture reactions
of the W itself are also expected to contribute to reduction of thermal neutron fluxes.

B TPR without the W armor

@ TPR with the 25.2 mm thick W armor - 107 .
8 E
102 j=-=25.2 mm thick W armor 105 © 10° L
----- 12.6 mm thick W armor A o = 2, E
- EATNE =S - 10 L without armor
S Pl 3 S i
= <) =
g 095 = g 10°¢
g : 2 5
= o o
2 “ 2 107 v\
5 £ A with armor
g 09 B &
2 = 2 & 10°® —— 10O ArMor
RS = . . E
5 L L ~=258.2 mum thick W armor
& 27 = B4 10° -
& 07| ® 1085 & 58 :
3 3 ;
TR g ® 8 = Z 107 . " s . . . . .
, . , ‘ . 08 8 107 10 10% 10* 10° 102 107 10° 10'
0 2 4 6 8 10 12 Neut E MeV
Distance from the F82H (mm) eutron Energy [MeV]
Fig. 3.3-3  The experimental resuits of the TPR. Fig. 3.3-4 The neutron spectra at the front

surface of the F82H without the W armor and
with the 25.2 mm thick one.

3.3.4 Conclusion

It can be concluded that the TPRs were reduced by above-mentioned effect, while W
has large neutron multiplier reactions itself,. In the blanket design proposed by JAER], it is
expected that the reduction of the TBR is less than 2 % as the thickness of the W armor is less

than 5 mm. Further experiment is to be performed using the mockup with 5 mm thick W
armor.
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3.4 Impurities in Beryllium

Yury VERZILOV, Kentaro OCHIAI Michinori YAMAUCHI, Axel Klix,
Masayuki WADA* and Takeo NISHITANI

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki
* Startcom Co. Ltd., Tokyo

3.4.1 Introduction

Beryllium is a high priority material utilized in the field of fusion technologies. In
most conceptual fusion power reactor designs, it is proposed to use beryllium as a neutron
multiplier in the blanket [1]. Researching the chemical composition of beryllium in detail is
important from two points of view:

v/ estimating the activation and transmutation of beryllium in the reactor;
v’ evaluation of the tritium breeding ratio.

The activation behavior of beryllium in a fusion reactor strongly depends on presence of
impurities in the metal, thus affecting the choice of conditioning methods for beryllium waste
from fusion reactors. Estimations [2] show, that the radiotoxicity, and the actinide inventory
of the fusion beryllium waste, are strongly associated with the initial concentration of uranium
and thorium.
Beryllium is an excellent neutron moderator with an extremely low absorption cross section
for thermal neutrons. In such conditions, tritium production mostly occurs through absorption
of thermal neutrons by lithium-6, according to the reaction SLi(n,o)’H. However, thermal
neutrons can be easily absorbed by other elements as well, if they are presented in beryllium
as impurities that increase the absorption cross section. At a maximum, the impurities in
beryllium can increase the absorption cross section by up to 30 times [3]. This impurity effect
decreases the number of thermal neutrons, and as a result, the tritium production is decreased.

In the present paper, special attention was paid to a detailed analysis of impurities in
beryllium, relevant to the tritium breeding ratio evaluation. Considering that such impurities
can exist in structural beryllium grades, beryllium blocks (S-200F, Brush Wellman Inc.) used
for the blanket benchmark experiments were studied with the purpose of qualification and
validation. Two different methods were used for the study of impurities: an analysis of the
local sample by the ICP-MS method, and an integral analysis of the beryllium assembly,
using the pulsed neutron method. The latter method was proposed as the most effective way
of analyzing the integral effect of impurities in beryllium on production of the tritium on the
lithium-6. Generally, the inductively coupled plasma mass spectrometry method is suitable
for the study, however, due to the wide spectrum and range of expected impurities, and their

non-uniform distributions in beryllium, the study would be quite a lengthy and laborious
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procedure. In such circumstances, it is useful to have a method which is able to quickly,
easily and precisely evaluate the integral effect of impurities affecting evaluation of the
tritium breeding ratio.

3.4.2 Chemical composition of structural beryllium grades (Brush Wellman Inc.)
Structural grades S-65C, S-200F and S-200E are being considered for use in ITER [4].

Manufacturer information concerning _ .
Table 3.4-1 Specification of chemical compositions for

the composition of these grades, is structural beryllium grades

shown in Table 3.4-1. In typical

specifications, the main impurity | Chemical S-65B /

elements are characterized by a high | Somposition 5-65C S-200F | S-2008
concentration, about 1000 ppm. Minor Be, min % 990 085 98.0
impurities are commonly not specified BeO, max % 1.0 1.5 2.0
in detail. Instead, the total impurity Al, max ppm 600 1000 1600
level, of about 400 ppm, is shown in C, max ppm 1000 1500 1500
the last row of Table. This level isn't Fe, max ppm 800 1300 1800
dependent on the beryllium grade. Mg, max ppm 600 800 800
Very limited information concerning | Si, max ppm 600 600 800
the content of minor impurities is | Other max ppm 400 400 400

available. Various studies [5,6] have

shown  that mmpurities can  include Table 3.4-2 The effect of minor impurities on the ratio

elements such as Li, B, Cl, Cr, Mn, Co, of macroscopic absorption cross section of impure to
Cd, Dy, Th, U and others. Some of the pure beryllium, R.

elements tend to have a significant

. . Composition

effect on the absorption cross section Be. % Impurity R
of thermal neutrons, in spite of the low | Element Level, ppm

impurity level, caused by a high value 100 - 0 1.00
of their absorption cross sections. It is 99.99 B 5 1.43
possible to estimate the significance of 99.99 Gd 5 2.78
the effect, using the impure beryllium 99.99 Cd 5 115
to pure beryllium ratio of the total | 999 Li > 1.06
macroscopic absorption cross sections, 99.99 c 100 L1
R. Results of calculations of R for 9999 Co 100 1.08
impurities, which are characterized by %999 Mn 100 1.03
a high absorption cross section, are 2999 | Allthe above 320 363

presented in Table 3.4-2. As indicated
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in this table, even a small amount of impurities, less than 10 ppm, can increase the total
absorption cross section in beryllium.

0.96
3.43 Impurity effect om tritium
production 2 005 =
The influence of the impurity %&:
effect on tritium production depends S N
on the blanket design, the volumetric gj 0.94
ratio of lithium and beryllium, and ] \
enrichment of lithium [7]. Nonetheless, § 0.93 AN
the beryllium mock-up will be most \
affected by the impurity effect. As an
example of the parasitic absorption 082 0 100 200 300 400
influence in the beryllium on tritium ' Depth in the assembly (mm)

production, an estimation of the tritium  Fig. 3.4-1 The calculated effect of the parasitic absorption
of thermal neutrons in beryllium blocks on the tritium

production rate on lithium-6, was production rate.

performed for the beryllium assembly,

irradiated by D-T neutrons. The parasitic absorption was simulated by boron at a level of 5
ppm, a concentration corresponding to a 40% increase of the absorption cross section. The
ratio of TPR-6 in the impure beryllium to pure beryllium is presented in Fig. 3.4-1. The
parasitic absorption decreases the TPR-6 by about 5% on the surface of the assembly. This
effect has a tendency to decrease the TPR-6 to a deeper location, due to the moderation and

thermalization of neutrons, as a result of the increasing absorption cross section, which
follows the 1/v-law.

3.4.4 Impurity Analyses of Beryllium
3.4.4.1 Sample analysis by ICP-MS Method

In order to expand knowledge, concerning minor impurities in beryllium, the
inductively coupled plasma mass spectrometry (ICP-MS) method was used for analysis of the
sample. The study was completed by the Analytical Chemistry Laboratory (Department of
Material Science) in JAERI [6]. Results of the analysis are presented in Table 3.4-3. Some of
the elements were detected, though their quantities were not measured absolutely (indicated
by symbol “S”). Results obtained from the spectroscopic study, can introduce some
uncertainties to calculations of the tritium production rate, due to the sensitivity level of the
technique, therefore not being able to meet the benchmark requirements for the integral
experiment. Besides, additional uncertainties can exist as well, due to the non-uniform

impurity distribution, since only one sample of the beryllium material was analyzed. In such
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circumstances, for qualification and
validation purposes, measurements of
the integral effect seem very useful.

Table 3.4-3 Chemical composition of the S-200-F
standard grade Be measured with the ICP-MS method

Element Content Element Content

Be, % 97.9+£0.8 Ni, ppm 250+£30
3.4.4.2 Integral Analyses by Pulsed Li, ppm <1 7r S
Neutron Method B, ppm <3 Nb S
The non-destructive, pulsed | mg ppm 1105 Mo S
neutron method was chosen with the | Al ppm 570+50 | Cd, ppm <1
following constrains in mind. First, it | Sc S Dy S
is useful to estimate the total effect of | Ti S Ta S
impurities, which increase the |V S w S
macroscopic absorption cross section | Cr S Hg S
of thermal neutrons, since the effect | Mn ppm 965 Pb S

directly affects the tritium breeding | F%PPM 1300470 | Th, ppm 150.1
ratio on lithium-6. Secondly, it is | ° S U, ppm 8243

reasonable to measure the integral

effect of impurities, in order to avoid a future problem concerning uniformity of impurity

distributions. The effectiveness of this method is based on the following facts:

v" all beryllium blocks, used for the benchmark experiments are suitable for estimation of the
integral impurity effect;

v the total macroscopic absorption cross section for thermal neutrons can be measured;

v" high accuracy of experimental results;

v' fast and simple experimental procedures.

The integral effect was evaluated from time behavior observations of the neutron flux,

following the injection of a burst of D-T neutrons into the beryllium assembly. The assembly

was constructed from the structural beryllium grade S-200F (Brush Wellman Inc.). The

pulsed neutron source experiment on beryllium performed at the FNS facility is described in

detail in Ref. [8]. Experimental data were compared with the reference data and MCNP-4B

calculations. Results show that the measured absorption cross section of thermal neutrons in

beryllium blocks is approximately 30% larger than the calculated value, based on the data,

specified by the manufacturing company. This result is consistent with the sample analysis.

3.4.5 Conclusions

Structural beryllium (S-65C, S-200F, S-200E from Brush Wellman Inc.), which is
considered for use in ITER, contains less than 400ppm of unspecified impurities in total. The
impurities composition contains a variety of elements, such as the Li, B, Cl, Cr, Mn, Co, Cd,

Dy, Th, U and others. Due to the parasitic absorption of thermal neutrons in beryllium
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material, some elements can affect the tritium breeding ratio. Impurities such as U and Th
affect the choice of conditioning methods for fusion reactor beryllium waste. In order to
evaluate the integral effect of impurities relevant to the tritium breeding ratio evaluation, a
non-destructive, pulsed neutron method was applied. The measurements demonstrated the
usefulness of the pulsed neutron method, as a tool ideal for fast and simple determination of
the integral effect of impurities. It has been experimentally proven that the effective
absorption of thermal neutrons in structural beryllium (S-200F) is approximately 30% higher
than the calculated value, based on the data specified by the manufacturing company. For the
pure beryllium assembly, such effect will decrease the tritium production rate by at least 5 %.
In the blanket of a fusion reactor, the effect will depend on the blanket design, volumetric
ratio of lithium and beryllium, and enrichment of the lithium. The estimation should be
completed in each case.
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4. Cross Section Measurement
4.1 Sequential Charged Particle Reaction

Jun-ichi HORI', Kentaro OCHIAI, Satoshi SATO, Michinori YAMAUCHI and
Takeo NISHITANI

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

4.1.1 Introduction

It is important to precisely estimate the induced activities and dose rates in structural
materials in view of safety designs of D-T fusion reactors. Recently it was pointed out that the
activation processes via not only primary neutron reactions but also sequential reactions
should be considered in activation calculations [1-2]. A sequential charged particle reaction
(SCPR) is defined as the reaction induced by secondary charged particles, so that the
contribution of SCPRs to the induced radioactivity is ordinarily much smaller than that of the
primary reactions. However, the productions of radioactivity via SCPRs would influence
severely on the total induced activity in the following two cases: (1) SCPRs produce
undesirable long-lived radioactive nuclei in low-activation materials and (2) charged particles
emitted from nearby another material promote the sequential reaction rates in a boundary
region locally. Therefore, we focused on two special cases and carried out experimental
studies on the effective cross sections or reaction rates of the SCPRs [3-5].

In the former case, we aimed at measuring the effective cross-sections for the
production of radioactivity via SCPRs in the low-activation candidate materials, such as
low-activation steel (F82H), pure vanadium and LiF. LiF is a composition of the candidate
breeding materials such as FLIBE (LiF, BeF;) and FLINABE (LiF, NaF and BeF,). In the
latter case, we simulated the surface of a cooling pipe in a D-T fusion reactor where many
recoiled protons are generated in cooling water irradiated with high-energy neutrons. The
enhancement of the radioactivity production around the surface of a cooling pipe makes
corrosion products more activated. It gives rise to critical safety issue because the corrosion
products are carried along cooling loops into ex-vessel regions. In order to obtain the
distribution of sequential reaction rates with the distance from the attached hydrogen
compound, we selected natural Fe, Cu, V, Tj, W Pb and low-activation ferrite steels F82H as
samples.

" Present address: Research Reactor Institute, Kyoto University, Kumatori-cho, Osaka
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4.1.2 Experiments
Neutron irradiation experiments have - Niobium
been performed at the FNS facility. D-T neutron g% foil
neutrons were generated by bombarding a > B ?;é
.3 . . Measured

Ti-’H rotating target with a deuteron beam of | /% pellet

350 keV at 20 mA. We prepared two kinds of

sample and set it in front of the D-T neutron Aluminum wrapping foil
Exp. 1

target. Typical arrangements of the irradiated
Aluminum wrapping foil

samples are shown in Fig. 4.1-1. A typical

i 77
distance between those samples and the target peutron éé;?é Laminated
outer surface was 30 mm. — Vs foils
— 9%9%%
In the Exp, three pellets were stacked 9554
lllllllll 1A
and wrapped with aluminum foil as shown in N
Fig.4.1-1. The size of each pellets was 10mm¢ Polyethylene board
X 1mm. The purities of vanadium and LiF were Exp. I
99.9 % and 99.99 %, respectively. The gamma & 4‘1'13?13;‘;: arrangements of the irradiated

rays emitted from the irradiated center pellets

were measured by a HPGe detector for the following nuclei: 56(30(T1/2~—-77.27d ) via the

maife(p,n) reaction in F82H, *'Cr(T,=27.7d) via the ™V(p,n) and **Mn(T1,=312d) via the

natV(oc n) reaction in pure vanadium, and "Be(T1,=53.12 d) via the "Li(p,n) and
2Na(T,=2.6y) via the ! F(oc n) reaction in LiF.

In the Exp. II, several sheets of thin foil were laminated on a polyethylene board 3
mm in thickness which simulated water flowing inside a cooling pipe as shown in Fig. 4.1-1.
Note that the range of proton recoiled by 14-MeV neutron in polyethylene is less than 3 mm.
The size of the foil was 10X 10X 0.05-0.25 mm’. We have measured the distribution of
sequential reaction rates with the distance from the attached polyethylene board for seven
materials (Fe, Cu, V, Ti, W, Pb and F82H). We measured the gamma-rays emitted from the
irradiated samples by a HPGe detector for the following nuclei: 56Co, 8570, S1Cr, ¥V, ¥Re,
205Bi via the (p,n) sequential reactions in iron, F82H, copper, vanadium, titanium, tungsten
and lead.

In order to determine the neutron flux incident on each stack, niobium foils were
attached on both sides of it. A ***Th fission chamber located at the ceiling of the target room
was used as a monitor for generated neutrons. The counts per 10 sec were recorded by using
multi-channel scaling (MCS) and the recorded history was used to make corrections for the
fluctuations of neutron flux.
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4.1.3 Results and Discussion

The observed gamma-ray spectra
from the irradiated pure V and LiF pellets
were shown in figs 4.1-2 and 3, respectively.
The effective cross-sections with respect to
14.9-MeV neutrons for producing **Co in
F82H, 51Cr, *Mn in pure vanadium and 7Be,
’Na in LiF were derived from the activities
and neutron flux. The data processing and
in detail
elsewhere [3], so it is omitted. The estimation
was performed by using the values from the
European Activation Files [6] (EAF _XN-97,
EAF_SPEC-97, EAF_STOP-97). The cross
sections for proton and alpha emission from

estimation method have been

Li isotopes were quoted from the reference [71.

The comparison between the experimental and
the estimated values are shown in Table 4.1-1.
The effective cross sections for the reaction
induced by proton were overestimated by a
factor 1.5-3. For alpha induced reactions, the
range of discrepancy was large. We have to
improve the data associated with alpha
especially.

Figure 4.1-4 shows the obtained

distribution of the rates for

reaction
producing **Co in F82H foils with respect to
the distance from the surface of the
polyethylene board. With coming closer to
the polyethylene board, an exponential
increase of the effective reaction rate is
clearly observed. In the closest region, the
reaction rate for producing *°Co reached
about 3 % of that for producing the main
product **Mn. The contribution of 6Co to
the special radiation dose rate would reach

about 10 % of that of **Mn since the contact
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dose rate factor per unit activity for **Co is about 4 times larger than that for >*Mn. During the
operation before the equilibrium is attained, the contribution must be larger than the values, so
that it cannot be neglected in the safety design.

Table 4.1-1 Measured and estimated effective cross-section for the sequential reaction

) Effective Cross Section [pb]
Sample Reaction Product _
Measured Estimated Ratio
F82H **Fe(p,n) %Co 8.0+0.9 24.2 3.0
Pure v 'V (p,n) ICr 25.7+1.6 38.7 1.5
53
>V (ai,n) **Mn 11203 0.30 0.3
LiF "Li(p,n) "Be 20.6+13 32.6 1.6
1
F(o,n) Na 3.7%£03 25.4 6.9

4.1.4 Conclusion

The effective cross sections for producing the sequential reaction products in F82H,
pure vanadium and LiF with respect to the 14.9-MeV neutron were obtained and compared
with the estimation ones. Since the sequential reactions depend on the secondary charged
particles behavior, the effective cross sections are corresponding to the target nuclei and the
material composition. The effective cross sections were also estimated by using the
EAF-libraries and compared with the experimental ones. There were large discrepancies
between estimated and experimental values. ;

Additionally, we showed the contribution of the sequential reaction on the induced
activity and dose rate in the boundary region with water. From the present study, it has been
clarified that the sequential reactions are of great importance to evaluate the dose rates around
the surface of cooling pipe and the activated corrosion products.
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4.2 "®*F Production using Sequential Charged Particle Reaction

Jun-ichi HORI", Kentaro OCHIAI, Ryohei TANAKA, Michinori YAMAUCHI,
Takeo NISHITANI

Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

4.2.1 Introduction

In a diagnostic nuclear medical field, the significance of Positron Emission
Tomography (PET) is increasing. Positron emitting nuclei such as BF (T1,=1.83h), e
(T17,=20.39m) and BN (T12=9.97m) are commonly utilized as Pet-nuclei and BE with a
longer half-life is the most useful nuclide.

Three methods were generally applied to the production of 8. (1) highly enriched
80-water are irradiated with proton beam and BE is produced via the 18O(p,n) reaction, (2)
Ne gas is irradiated with deuteron beam and BF is produced via the 2ONe(d,oc) reaction and (3)
lithium-6 oxide is irradiated with thermal neutrons in a fission reactor and tritons emitted
from the ®Li(n,o) reaction produce '°F via the '°O(t,n) sequential reaction. As regards the
methods of (1) and (2), an accelerator such as a cyclotron is needed in each medical facility.
Moreover, the volume of product is limited by the irradiation area and charged particle range.
In the case of (3), the sequential reaction as described in chapter 4.1 is utilized to producing
8% Since the °Li(n,o) reaction has large capture cross-sections in a low-energy region and
neutron flux is also high in a fission reactor, it is possible to produce a lot of '*F enough to use
for a medical purpose. However, the irradiated samples should be solved to water and
separated with an ion-exchanging method after an irradiation.

In this study, we aimed at implying a new and simple method for producing '*F in a
D-T fusion reactor. Around the first wall of a D-T fusion reactor, neutron flux would be
reached the order of 10'* ¢cm™ s and generate many recoil protons in irradiated water.
Recoiled protons could cause the '°O(p,0)"*N and B0(p,n)'®F sequential reactions, since the
threshold proton energies for those reactions are not so high, which are 5.66 and 2.58 MeV,
respectively [1]. Therefore, we have measured the effective cross-sections for the 16O(p,on)”’N
and *O(p,n)'®F reactions in irradiated water by using a D-T neutron source and showed the
possibilities to produce PET nuclei as a potential applications of a D-T fusion reactor.

4.2.2 Experiments
Three irradiation samples of pure water and 0 enriched-water (**0:95% and '*0:32%,
70:20%) were prepared. A thin cylindrical polyethylene case of 1 cm in diameter was filled

"Present address: Research Reactor Institute, Kyoto University, Kumatori-cho, Osaka



JAERI-Review 2004-017

with each liquid sample. Net weight of the irradiated water was estimated to be about 1 g by
subtracting the weight of the empty case from that of the case filled with water. Each sample
was set in front of the D-T neutron target by using a pneumatic sample transport system.

Irradiations with D-T neutrons were performed at a place of about 8 X 10 cm? s
neutron flux in the second target room at the FNS/JAERI. Irradiation time was typically about
7 hours. Additional irradiations with an empty case and an aluminum foil of 0.5 mm in
thickness were also performed for 7 hours and 10 minutes, respectively. By irradiating the
empty case and measuring it after irradiation, we confirmed that the activities of the irradiated
case could not influence on the measurement of the sequential reaction rate. The averaged
neutron flux at the sample position was determined from the standard cross section of the
27 Al(n,p)*"Mg reaction [2] and the observed activity of 2’Mg.

After irradiation, we pull the sample back to the measurement room by a pneumatic
sample transport system and started measuring the annihilation gamma rays from the sample
with a HPGe detector rapidly. Measurements were divided into a suitable period and repeated
until count rate of the annihilation gamma-rays decreases to be a few counts per minute.

4.2.3 Results and Discussion

The curves for the count rate of annihilation gamma rays are shown in Fig. 4.2-1. The
two components were observed in the curve of the irradiated pure water. It is confirmed that
the fast decay component is due to >N and slow decay component is due to 18 by fitting the
curves. In the case of '*O-enriched water, the component of '°F could be observed.
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Fig. 4.2-1 The fitted curves for the count rate of annihilation gamma ray as a function of cooling time.
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The effective reaction rates for the '*O(p,n) and %0(p,) sequential reactions were
derived from those activities and incident neutron flux. The saturated activities of '°F were
estimated from the obtained reaction rate. Figure 4.2-2 shows the saturated activities of 18p
under the irradiation with 10" cm™ s™! 14-MeV neutron flux as a function of the degree of o)
enrichment. The linearity between the saturated activity and the degree of 80 enrichment was
clearly observed. When a wall road of 14 MeV neutron of 1 MW/m? and "*0 95% enriched
water loop are assumed, the saturated activity would be reach more than 1 GBq/g as shown in
Fig.4.2-2. This activity level could be satisfied with the recommendation in the medical field.

10' g

10 /

107 E

107 /

10“3 " b ba 4 . o td b N bt bdok
107 10° 10' 10?

The degree of 20 enrichment [%]

The Saturated Activities of '°F [ GBqglg ]

Fig.4.2-2 The relation between the saturated activity and the degree of '®0 enrichment

The effective cross-sections for producing 13 and *N were also estimated by using the
evaluated 'H(n,n)'H reaction cross section at 14.9 MeV taken from JENDL-3.2 [3], proton
stopping power in water [4], and the evaluated (p,n) or (p,o) cross-sections [1]. The
experimental and calculated effective cross-sections are shown in Table 4.2-1. The C/E values
corresponding to the production of *F and "N are 1.1 and 1.3, respectively. Although the
calculated values are larger than the experimental ones, the agreement between them is fairy
good in spite of simple estimation. According to the present results, we estimated the
saturated activity of '*F under the irradiation with D-T neutron in a fusion reactor.

Table 4.2-1 Measured and estimated effective cross-sections for the sequential reactions

Effective C Secti b
Sample Reaction Product ceuve r(.)ss ection [b] :
Measured Estimated Ratio
0(p,0) BN 43+2 55 13
Water 3 =
O(p:n) F 656 + 41 706 1.1
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4.2.4 Conclusion

D-T neutron irradiation experiments were carried out at FNS and the effective
cross-sections for producing *F and "N via the B0(p,n) and '*0(p,ar) sequential reactions
were obtained. Moreover, the effective cross-sections were estimated by using a 'H(n,n)'H
reaction cross-section at 14.9 MeV, proton stopping power, and evaluated (p,n) or (p,o.)
cross-sections. The agreement between the experimental and calculated values was fairy good.
We also considered the possibilities of producing 18F_water to utilize to medical diagnostic
nuclear medical field in a D-T fusion reactor. The present works implied that the activity of

'8F produced in a D-T fusion reactor would reach the reasonable level.
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4.3 Measurement of Activation Cross Sections with d-D Neutrons in the
Energy Range of 2.1 to 3.1 MeV.

Toshiaki SHIMIZU, Hitoshi SAKANE", Ttaru MIYAZAKI, Michihiro SHIBATA",
Kiyoshi KAWADE, Jun-ichi HORI"™, Kentaro OCHIAI', and Takeo NISHITANI'

Department of Energy Engineering and Science, Nagoya University, Nagoya 464-8603

! Fusion Neutronics Laboratory, Japan Atomic Energy Research Institute, Tokai-mura

4.3.1. Introduction

A database of activation cross sections for neutron energies of up to 20 MeV is
required for the design of a D-T fusion reactor, for neutron dosimetry and neutron shielding in
an accelerator facility, and to confirm predictions based on nuclear reaction calculations. A
number of cross section data have been reported at energies of around 14 MeV with d-T
neutrons [1]. These data have been compiled in several evaluated-data libraries, such as
JENDL-3.3 [2]. The data in those libraries are evaluated mainly on the basis of theoretical
calculations. Experimental data, if available, are used to normalize the calculated excitation
functions and to improve the accuracy and reliability of those functions. In case no
measurements have been made, the systematics for the majority of reactions are used to
predict unmeasured cross sections. The systematics of (n, p), (n, &), (n, 2n), and (n, np) in
the neutron energy range between 13.4 and 14.9 MeV have been proposed on the basis of our
experimental data [3 - 5]. At present, the prediction ability of these systematics is estimated
to be £(20 ~ 30)%. The experimental data below 13 MeV are, however, still incomplete,
owing to the lack of available neutron sources that have intense neutron fluence rates. The
systematics in this neutron energy range have not been studied. In order to propose the
systematics around 3 MeV, we measured 14 (n, p), 2 (n, ), and 15 (n, n’) reaction cross
sections in the energy range of 2.1 to 3.1 MeV.

4.3.2. Experiment and Results
The d-D neutrons were generated by bombarding a deuterated titanium (Ti-D) target with

a 350 keV d’-beam at the 80-degree beam line of the FNS at the JAERL. The incident |
d*-beam intensity was typically 1 - 2 mA.

"Present address: Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki
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In order to measure short-lived nuclei with half-lives down to several seconds, a
pneumatic sample transport system was used to send samples to the irradiation position and
return them to the measurement position quickly [6]. The typical transfer time was about 2 -
3 s. Figure 4.3-1 shows the layout of the pneumatic sample transport system. The angles
of the irradiation positions with respect to the incident d"-beam were 0°, 45°, 70°, 95°, 120°,
and 155° which covered the neutron energies ranging from 2.1 to 3.1 MeV. The distances
between the Ti-D target and the irradiation position were 20 mm at 0°, 45°, 70°, and 95°, 42
mm at 120° and 65 mm at 155°. The typical neutron fluence rate was 6 x 10° ~ 1 x 108
n/cm?/s.

When we measure short-lived nuclei with half-lives less than 1 s, we set a detector at an
irradiation room. In order to get rid of prompt y-ray backgrounds, pulsed neutron beam were
used. The arrangement of the apparatus that irradiation angle with respect to the incident
d"-beam was 0° (neutron energy; 3.1 MeV), is shown in Fig. 4.3-2. The distance between
the neutron source and the sample was 45 cm, and that between the sample and the detector
was 2 cm. The sample was set in 45° to the detector. The typical neutron fluence rate was
2 x 10° n/em?/s.  The neutron shield consists of 30 cm thick polyethylene, 1 cm thick B4C as
absorber of thermal neutrons, and 5 cm thick lead as y-rays shielding. Since using B4C,
y-rays via (n, y) reaction whose cross section was large against thermal neutron were reduced
to about 1/5. The detail of experiments were described elsewhere [6-10].

Ti-D rarget Sample  Sample Holder

Suppon_—_\
dewteron 1

Sample cartridge

O Sem Polyethylene B«

Fig.4.3-1 The layout of the pneumatic sample Fig.4.3-2 Schematic view of experimental arrangement

transport system. for the measurement with pulsed neutron beam.
The cross section data of 14 (n, p), 2 (n, o), and 15 (n, n’) reactions were obtained in the

energy range of 2.1 to 3.1 MeV as shown in Fig. 4.3-3. The half-life of measured reactions
was between 0.8 s and 312 d.  The half-life of 15 reactions was less than 1 h.
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4.3.3. Conclusion

We could measure activation cross sections down to the level of sub-millibarns by using
the pneumatic sample transport system, those down to about 50 mb by using pulsed neutron
beam. The present results will soon be used for a proposal of the (n, p), and (n, n’)
systematics.
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4.4 Measurement of (n,2m) Reaction Cross Sections by Coincidence
Detection of Emitted Two Neutrons with A Pencil-Beam DT Neutron Source

Isao MURATA, Motoyuki MITSUDA!, Takashi NISHIO*, Yasuaki TERADA", Akito
TAKAHASHI, Kentaro OCHIAI', Fujio MAEKAWA!, Takeo NISHITANI'

Department of Electronic, Information Systems and Energy Engineering, Osaka University,
Suita, Osaka
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4.4.1 Introduction

The (n,2n) reactions are of primary interest in the design of fusion reactor, because it
is a neutron multiplication reaction and has a large cross section value in the energy range of
several to 14 MeV. In the previous experiments, the cross section was measured mainly by the
foil activation method. However, the measurement often became difficult unless appropriate
radioisotopes were produced by the reaction. In other words, if a sample element includes
isotopes of which the difference of the neutron number between any two isotopes is unity, the
measurement is impossible in principle. To overcome this difficulty, there are some other
methods available to obtain the cross section value. The most famous method is to measure
neutron multiplication using a very large schintillator [1]. However, at present the accuracy of
the method is not better than the foil activation method. Also the method is normally available
for elements, i.e., an enriched sample should be prepared for measuring an isotope.
Nevertheless, it can be said that mostly the cross sections of (n,2n) can be measured with this
somewhat old method, unless minding the accuracy.

The focused point in the present study is the differential cross section, i.e., energy
spectrum and angular distribution. With the above method, it is not possible to measure the
neutron spectrum and angular distribution of neutrons emitted through (n,2n) reaction.
Fortunately, the energy spectrum of the two neutrons is mostly predicted by an evaporation
spectrum. But, for light elements, the energy spectrum might become complicated because the
evaporation process may not be assumed for small cluster nuclei. For 14 MeV neutrons, it is
generally known that there is weak angular dependence, i.e., forward oriented distribution on
the angular differential cross section. However, for lights elements the detailed angular
dependence is not yet found out. It must be crucial information to find out the nuclear reaction
mechanism. The problem is that it is quite hard to extract and measure only the two neutrons
emitted from (n,2n) reaction out of all the measured signals including strong background
neutrons and other particles.

" Present Adress: Kobe Steel, Ltd., Nada-ku, Kobe
" Present Adress: Siemens-Asahi Medical Technologies Ltd., Shinagawa, Tokyo
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In the present study, using a newly developed pencil-beam DT neutron source at
fusion neutronics source (FNS), JAERI [2], a method was established to accurately measure
the energy and angle dependent neutron spectrum of only the emitted two neutrons as well as
its cross section with the coincidence detection technique, especially for light elements to
examine their (n,2n) reaction mechanism. The method was at first validated by an experiment
with a manganese sample [3,4], because the emitted neutron spectrum from *Mn(n,2n)
reaction can be assumed to be an evaporation spectrum and the cross section value was well
known by various experimental studies carried out so far. In the present paper a preliminary

result of measurement for beryllium was also described. Beryllium is known to be the most

Colimator
(Fe,Pb etc.)
~200cm e
2001'?/
Sample ) R}
2em e m s~ Detector 1 (D, )
Rotating NE213 | n the XY plane)
tritium ,
4 .
target (4em & ) e
Schematic experimental Details of the detector arrangement.
arrangement.

important neutron multiplication material for the fusion reactor.

Fig. 4.4-1 Experimental arrangement.

4.4.2 Experimental

Measurement of (n,2n) reaction cross section is possible in principle with the
coincidence detection technique for two neutrons emitted simultaneously. However, it is not
easy to attain an acceptable signal to noise (S/N) ratio, because isotropically produced source
neutrons, the great majority of which does not bombard the sample, act as a large amount of
background signals in the measurement. One must shield detectors to prevent such neutrons
from bombarding the detectors directly and/or indirectly. Thus it means that detectors cannot
be arranged close to the sample. This is a significant problem to realize efficient coincidence
detection of the two neutrons. The newly developed pencil-beam (2 cmé-collimated) DT
neutron source at Fusion Neutronics Source (FNS) [2] of Japan Atomic Energy Research
Institute (JAERI) can realize the measurement. The details of the experimental procedure can
be found elsewhere [3,4]. A brief description is hence given here.

The schematic experimental arrangement is shown in Fig. 4.4-1. A small sample was
positioned on the beam line at ~60 cm from the collimator, meaning that the sample was
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placed at ~350 cm from the neutron source. The dimensions of the sample are 1.5 cm¢3 cm
long, so that the sample can be arranged just inside the neutron beam region. The neutron flux
intensity at the sample, determined by Al foil, was 1 x 10%n/sec/cm®. Two spherical NE213
(4cmo) detectors were arranged on a spherical shell, the center of which is the sample, in
order to measure simultaneously emitted two neutrons. The distance between the sample and
the detector is 20 cm.

The measurement was carried out with the coincidence detection technique and n/y
pulse shape discrimination technique to exclude other pairs of simultaneously emitted
particles than the two neutrons of (n,2n) reaction. The former is a technique to selectively
measure two neutrons emitted simultaneously through the (n,2n) reaction by coincidence
detection. The latter technique was employed to exclude coincident signals of ny and vy y pairs
through nuclear reactions such as (n,n’ y), (n,2n y) by discriminating the rise time spectrum of
dynode signals.

As for the angular dependence, it is known that a slightly forward oriented
distribution can be obtained if simultaneously emitted two neutrons are not distinguished.
However, in the present measurement, the angular correlation of the two neutrons could be
taken into account to yield accurate (n,2n) cross section because the two neutrons are
measured separately with two detectors.

4.4.3 Data processing and correction

The net raw neutron spectrum is deduced by the following equation:

Y=(YinFG— @ *YinBG) ™ B (YoutFG ™ & * YouBG)s (1)

where, y is the net raw FG spectrum, yin rg and yin s the raw FG and BG spectra in sample-in
measurement, YourG and Yoursg the raw FG and BG spectra in sample-out measurement, o
the ratio of the gated width in the time difference spectrum of two anodes signals of the
detectors, and [ the normalization factor between the sample-in and -out measurements,

respectively. This equation can be used for both detectors. Then the cross section can be
obtained by the next equations:

No ¢ n(dQ /4 x)(dQ/4 ) 5 Ri=y,, for detector 1, (2)
No ¢ n(dQ /4 7)dQ,/4x)f; f;' Ry=y,, for detector 2, 3)

where, N is the number of sample atoms, o the (n,2n) cross section, ¢ the neutron flux at

the sample, n the neutron multiplicity of (n,2n) reaction, =2, dQ and d Q , the solid angles
of the detectors (1 and 2), f] and f; the efficiencies of the detectors, fi' and f>' the conditional
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efficiencies of the detectors, R; and R, the response functions of the detectors, y; and y, the
pulse height spectra of the detector (identical to y in Eq.(1)), respectively.

The obtained cross section should be corrected for the following problems. One is
neutron multiple-scattering in the sample. Multiple-scattering due to incident neutrons as well
as emitted neutrons through (n,2n) reaction should be taken into consideration. And the other
is inter-detector scattering of neutrons produced in the sample. This means that sequential
detections of a neutron in the two detectors can be recognized as a coincidence signal. These
correction calculations were carried out with the Monte Carlo code MCNP-4B[5] and the
correction factor was estimated to be about 10%.

More details about the data processing and correction are given in Refs. [3,4].

4.4.4 Results and discussion
4.4.4.1 Validation of the method with the result of Mn [3,4]

Figure 4.4-2 shows time difference spectrum between anode signals of the two
NE213 detectors. A large peak corresponding to the FG signals is found at around 200 ns in
the sample-in spectrum. Since correlated signals are detected almost simultaneously, a 200 ns
delay is artificially added to one anode signal. In the sample-out spectrum, a very small peak
around the same position as the FG peak is seen. This corresponds to detection of two
coincident neutrons due to (n,2n) reaction induced at materials surrounding the sample and
detectors or inter-detector scattering of neutron between the two detectors. The BG counts are
successfully suppressed and a good S/N ratio is therefore achieved.
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Sample : Mn(1.5cm ¢ x 3cm long)
Tac : 1000 nsec .
Delay : 200 nsec
£10 .
=] E Foreground| | Background (2.5 times | . le i
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Channel (~1 nsec/channel)

Fig. 4.4-2 Time difference spectrum between two NE213 detectors.

Figure 4.4-3 shows angular distribution for axial direction compared with the nuclear
data of JENDL fusion file. It seems that one can see a slightly forward oriented distribution.
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However, the accuracy is not so good as to
conclude it. Nevertheless, the integral value,
that is (n,2n) reaction cross section, is
acceptable. This indicates that the present
new measurement method is significantly
successful. From the result of angular
distribution for circumferential direction, it
seems that there is no angular dependence.
From these results, it is confirmed that the
angular dependence is, if any, very weak.
Thus, it is expected that one complete
measurement for a medium-heavy element
several

would become possible by

measurements.

4.4.4.2 Test measurement of beryllium [6]
A measurement for beryllium was
preliminarily carried out to roughly see the
angle dependence of the energy spectrum.
The results will be helpful for the coming
next experiment. Figure 4.4-4 shows some
neutron spectra for various angle pairs
under the condition that one detector is
fixed at 45 deg. The energy spectra did not
vary very much with respect to the
scattering angle. Also the estimated angular
differential cross section at 45 deg. was
fairly larger than the evaluation as in Fig.
4.4-5. The latter result seems to be a
the
¢, of

serious problem. However,

circumferential angle difference,

Mn(n,2n), 0 0=90deg, ¢ =110deg
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Fig. 4.4-3 Angular differential cross section of
Mn(n,2n).
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Fig. 4.4-4 Double angular differential neutron emission
cross section of Be(n,2n) reaction. ( 6 ,, 8 ;) means

azimuthal angles of two NE213. detectors.

two detectors is 180 deg. in the measurement, meaning that the cross section may become its

maximum considering the circumferential symmetry. In this case, the experimental value can
be larger than the evaluation. Another problem is the extrapolation of cross section in Fig.

4.4-5. From this figure, there exists a quite strong angular dependence, i.e., strong forward

angle oriented spectrum. However, no measured values are given in this experiment around
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forward scattering angles. The extrapolation - Exp. 46+ T8 mblsr ]

can thus cause a critical overestimation on the ! | 35mb/sr at 45deg in JENDL-3.3 ]

experimental value. It is concluded that more — ,i i _
precise experiments of angular dependence are 2 I { {

indispensable in the next machine time. 5 100 . |

" S fiting function ;

4.4.5 Conclusion : lanzylzg'g% ]
Using a newly developed pencil-beam 10! b=1.6919

-1 0 ‘ 1
o

DT neutron source at FNS, the method has
been established to measure (n.2n) reaction Fig. 4.4-5 Double angular differential cross section of
cross section and its energy and angular Be(n,2n).

distributions of simultaneously emitted two

neutrons with the coincidence detection technique. In the present measurement, a cylindrical
manganese, the (n,2n) cross section of which had been measured precisely with the foil
activation method, was used to check the experimental method. From the results, it was
confirmed that the present new method was basically functioning to measure only two
neutrons emitted through (n,2n) reaction. Also, it was found that for Mn not so strong angular
dependence was observed. It is therefore expected that complete measurement for a
medium-heavy element and for stable-isotope producing element by (n,2n) reaction would
become possible by several measurements. Also preliminary measurement was carried out for
beryllium sample. As a result, the angular dependence of the cross section was quite large,
however, the shape of the energy spectrum had little angular dependence. For beryllium

further experiments are indispensable for more precise discussion.
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4.5 DT Neutron Induced Charged-Particle Emission DDX of Beryllium
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4.5.1 Introduction

DT neutron induced double-differential charged-particle emission cross sections
(DDXCc) of fusion reactor materials are very important to evaluate the nuclear heating and
material damages. However, only a few data have been accumulated since the measurement is
difficult due to small cross sections of the reactions and high background. For fusion reactor
development we should make a great deal of efforts to prepare DDXc data.

Up to this time several measurements have been carried out. Also in our group,
measurements of DDXc of various materials for fusion reactor had been carried out
continuously using the charged-particle spectrometer based on the two-dimensional analysis
of energy and time-of-flight of emitted charged-particle at OKTAVIAN in Osaka University
[1].

However, generally the experiments using an isotropic neutron source are very
difficult, because background levels of neutron and secondary particles are considerably high.
A detector must be shielded severely and set at a long interval from a measuring sample. As a
result the S/N ratio becomes bad and the count rate decreases. Thus the new measurement
technique to obtain more accurate data is needed.

In this study we developed a new measurement technique of DDXc using the
pencil-beam DT neutron source in FNS. Using the present method we measured
charged-particle emission DDX of beryllium, which was one of very important material for
the blanket of a fusion reactor.

4.5.2 Experimental procedure

The pencil-beam DT neutron source in FNS realizes a perfectly collimated 2cm-¢
neutron beam. An accelerated deuterium beam bombers a tritium target and 14-MeV neutrons
are generated. A large shield structure consisted of Fe, Pb, Cd, and polyethylene is embedded
into a concrete wall with a thickness of 2m in order to collimate the neutrons. There is a hole
of 2cm in diameter pierced through the shield structure and the 2cm-¢ neutron beam is
extracted. Characteristics of the beam, such as beam intensity, beam profile and neutron
background, were well investigated [2]. The neutron flux at the outside of the beam is about
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1x10°~10° times lower than at the inside of the beam. Thus we can arrange a detector very
close to a measurement sample without shield and therefore high S/N ratio and high counting
rate can be achieved.

A measuring sample and detectors were located in an experimental vacuum chamber
of 40cm-¢ by 30cm in height. The chamber was set at the outlet of neutron beam. The
distance of the neutron source and the sample was 380cm. We used a metal beryllium disc of
100pm in thickness and 3cm in diameter as the sample. Fig.4.5-1 shows the experimental

arrangement.
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Fig. 4.5-1 Experimental arrangement

In the measurement of DDXc, we have to discriminate types of charged particles. We
chose a telescope system with two silicon SSDs of AE and E for particle discrimination. The
significantly low neutron background condition became possible to use SSD. The thicknesses
of the AE and E detectors were 9.6um and 700um, respectively. The energy ratio of AE
detector to E detector changes depending on type of charged-particles and their energy which
relate to stopping power. A two-dimensional MCA was used in order to distinguish signals of
interest. When measured pulses are plotted in two-dimensional space where the axes represent
AE energy and E energy, the signals theoretically appear on specific lines for respective
charged-particle types. Fig4.5-2 shows ideal two-dimensional plots according to energy
distributions calculated by Bethe Formula for three different types of charged-particle.
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Fig. 4.5-2 Ideal 2D-plots for three different types of
charged-particle.

Extracting the signals of interest and adding detected energies of two detectors we

obtained the measured energy spectrum.

Because we use the coincidence detection technique, lower limit of the measurable
energy for a-particle corresponds to lower threshold energy to penetrate AE detector. For the
present AE detector the energy is around 2.3 MeV. In order to lower the energy, we utilized
the anticoincidence alpha spectrum of AE detectors as the spectrum below the lower limit of
coincidence measurement. The reasons why we could use the anticoincidence alpha spectrum
was following;

1. The thickness of AE detector was extremely thin and therefore the detection
energy for proton was up to about 600 KeV.

2. The background signals of a-particle in case of sample-out measurement were
exceptionally low, which were only 10~15 counts per hour, although the
background signals of *Be particles form elastic scattering couldn’t be neglected
and we had to subtract.

4.5.3 Data Analysis
In order to obtain the actual energy spectrum of emitted charged-particle the
measured spectrum must be corrected for energy loss in the sample. The relationship between
the actual spectrum and the measured spectrum is expressed in the following matrix equation;
A=R-M
where, A is the actual spectrum, M is the measured spectrum, R is the response function that

represents effects of energy loss in the sample and broadening of angular resolution,
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respectively. In the first we calculated the matrix R by using SRIM-2003 code [3] combined
with our own making codes. Then the spectrum unfolding was carried out using our own
making code based on the spectrum type Bayes estimation method and the actual energy
spectrum was obtained [4][5].

The absolute DDX o(E, — E,0) [barn/st/eV] is obtained by the following
equation;
o(E, > E,0)= R(E.9)

A ky -ky-@, - N-dQ,.[4 )

where, R(E,0) is the energy spectfum’ £, and k.” is ‘flie efficiency of the detectors (for
charged-particle, k=1), ¢, is the neutron flux at the sample, N is the number of

beryllium atoms, dQ,, is the solid angle of the AE detector, respectively. In the present
study, ¢, was monitored with 2817 Fission Chamber relatively and determined absolutely by
the foil activation method with Al and Nb.

4.5.4 Results and discussions

The measured 2D-spectrum at

Recaoil Proton

scattering angle of 30 degree in
LAB-system is shown in Fig.4.5-3. 2007
Since detectors have finite energy
resolution, the measured 2D-spectrum
has also a broad energy resolution. The
counting rate of  sample-out

measurement was only a few counts

Pulse height of E detector (ch.)

per hour so that it was not necessary to

subtract the signals of sample-out

. i S i
measurement from the total signals. We 0 . 100 200

can clearly extract o signals from Pulse height of AE detector (ch.)

9 .

Be(n,xa) reactions. We can also Fig.4.5-3 Measured 2-D spectrum of 9Be(n,CP)
observe tritium signals from *Be(n,t) reactions at 30 deg.

reaction distinguished from o signals.
Using the present method we can measure such a small DDXc for 9Be(n,t) reaction. This fact
suggests the superiority of the present method to other conventional methods.

Measured energy spectrum was obtained by extracting signals of interest. For lower
energy spectrum, anti-coincidence spectrum was used. Fig. 4.5-4 shows the obtained

measured spectrum.
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Fig. 4.5-5 Unfolded DDXc for *Be(n,xc) reaction at 30deg.

Figure 4.5-5 shows the unfolded DDXc for °Be(n,xc) reaction at 30deg. The
evaluated data in JENDL 3.3 is also shown. Although the unfolded DDXc appears slightly
different in the detail of structure, the ADX obtained by integrating DDXc over the energy
well agrees with JENDL 3.3.

4.5.5 Conclusions

We developed a new measurement technique of DDXc using the pencil-beam DT
neutron source and the counter telescope system with two silicon SSDs of AE and E for
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particle discrimination. We carried out measurement of charged-particle emission DDX of

beryllium and confirmed the superiority of the present method to other conventional methods.

We are now analyzing the obtained data and comparing them with evaluated data and other
experimental data.
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4.6.1 Introduction

The IFMIF (International Fusion Materials Irradiation Facility) is an accelerator-based
D-Li neutron source designed to produce an intense neutron field for testing fusion reactor
candidate materials. The IFMIF has two 40 MeV deuteron linear accelerators with each 125
mA beam current [1]. In the design of the IFMIF, long-term operation with total facility
availability of at least 70 % is conceived. However, activation of the structural materials along
the beam transport lines by deuteron beam loss limits maintenance and makes long-term
operation difficult. Thus the accurate estimation of deuteron-induced activity and the selection
of structural materials are important in order to determine the beam loss criteria.

In this work, measurements of deuteron-induced activation cross sections for
aluminum, copper and tungsten were performed. Aluminum is the main component of the
beam tube and chamber. Copper is used in the cavity walls, electrodes and magnetic
conductors. For beam slits and coating to protect the beam facing materials, high-Z materials
(tantalum, gold, tungsten, etc) are candidate materials.

4.6.2 Experiment and Data processing

Activation cross sections were measured by using a stacked-foil technique. The
stacked-foils consisted of natural composition aluminum, copper and tungsten with chemical
purity more than 99.95 %. Each thickness of foil was 200 pum for Al, 25 um for Cu and 20 pm
for W. The stacked-foils were wrapped in aluminum sheet with a thickness of 10 pm and
irradiated with 35 MeV and 50 MeV deuteron beam (current=0.1 pA ) at the AVF cyclotron in
TIARA facility, JAERI. After suitable cooling time, the decayed gamma rays emitted from the
irradiated foils were measured by a calibrated Ge detector and the induced activities were
obtained for 27Mg, 24Na, 8-y, 6263 Zn, 1817184 18R e 1879y and 7n.

The energy degradation along the stack and the effective deuteron energy at the middle
position of each foil were estimated by IRACM code [2]. The number of incident deuteron on
each stacked-foil was determined from *Zn activities observed by the "*Cu(d,x)**Zn reaction
cross section data reported by Takacs et al.[3]. The elemental cross sections were derived
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from the induced activities and the number of incident deuteron.

4.6.3 Results

The cross sections for the twelve radioactive nuclei were measured and compared
with previous ones by other groups and the data in ACSELAM library calculated by ALICE-F
code [4]. Because the cross sections in ACSELAM library are given for each isotope target,
the cross sections measured in this work were normalized by weighting with natural
abundance.

The comparison of the present cross sections with other experimental ones and the
data in ACSELAM library for *’Mg and **Na are shown in Figure 4.6-1 and 2. For *’Mg, there
is only one experimental data reported by Wilson et al. [5] in low energy region. ACSELAM
were smaller than the present result by a factor of 1.3-2.0. For **Na, the present results were in
agreement with the data by Takéacs et al.[3], Martens et al.[6], and Michel et al.[7] within
experimental error. On the other hand the data in ACSELAM were about 1 order lower than
the experimental ones.

Figure 4.6-3,4,5,6 show the present results for the "™Cu(dx)*'Cu(T»=3.33h),
$Cu(T1p=12.7h), Zn(T1,=9.19h) and *Zn(T,,=38m) reactions with other experimental
ones and the data in ACSELAM library. There are two experimental data reported by Bartell
et al.[8] and Fulmer et al.[9] on those reactions. The data reported by Flumer and ACSELAM
resembled the present results in shape. In the case of ®'Cu and %Zn the values of these
become higher than the present results by a factor of 2-4. In the case of $4Cu and %Zn the
values of these and the present results were in agreement within 40 %.

Figure 4.6-7,8,9,10,11,12 show the present results for the rlatW(d,x)”'“Re(Tl/fl9.9h),
1828Re(T1,=2.67d), " Re(T1,=12.7h), **Re(T1,=70d), **8Re(T1,=38d), **™Re(T1,=1694d),
'8Re(T1,=3.78d) and "®"W(T,,=23.72h) reactions with other experimental ones and the data
in ACSELAM library. In the energy region of 22-40MeV, there is no experimental data. For
18IRe, 1™ eRe and '®Re, the present data and the data in ACSELAM were about same shapes
and in agreement within 30 %. For '**™"®Re, the present data were different from ACSELAM
in shape and became higher than ACSELAM by a factor of 1.5-7. For '®Re, the present
results showed decreasing tendency above 24 MeV and were 3 times as low as the data in
ACSELAM at the maximum though the experimental ones reported by Pement et al.[10],
Nassiff et al.[11], and Zhenlan et al.[12] were close to ACSELAM below 10 MeV. For '¥'w,
the present data and other experimental data reported by Baron et al.[13] and Andelin et
al.[14] were different from the data in ACSELAM in shape. The reason of this difference is
that '*’W could be produced by not only **W(d,p) but also '**W(n,y) reaction and the latter
reaction was occurred by secondary low-energy neutron. The experimental results obtained by
adopting an activation method include the component via the (n, y) reaction. On the other
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hands, the data in ACSELAM were calculated for only (d,p) reaction.

4.6.4 Summary

The activation cross-sections for the deuteron-induced reactions have been obtained
for Al, Cu and W in 22-40 MeV regions and compared with previous experimental ones and
the data in ACSELAM library. For *’Mg, ACSELAM were smaller than the present result by
a factor of 1.3-2.0. For **Na, ACSELAM resembled experimental values in shape but were
lower than these by about 1 order. For 81Cu, *Cu, %2Zn and Zn, the present results resembled
other experimental data and ACSELAM in shape. In the case of 81Cu and **Zn, ACSELAM
became higher than the present results by a factor of 2-4. In the case of **Cu and $7n,
ACSELAM and the present results were in agreement within 40 %. For 181Re, 182™2Re and
183Re, the present data and the data in ACSELAM were about same shapes and in agreement

within 30 %. For ™" ®Re, ¥Re and '¥’W, the data in ACSELAM were different from the
present data about 1.5-7 times.
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4.7 Lifetime Measurement of Excited States in ®*Cu

Tetsuro ISHIL, HOU Long, Jun-ichi HORI', Masato ASAI, Kengo OGAWA?,

Hitoshi NAKADA?

Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki
!Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki
’Department of Physics, Chiba University, Inage, Chiba

4.7.1 Introduction

The 6828Ni40 nucleus has doubly magic properties, and thus, nuclei around 8N
provides important knowledge of the nuclear shell structure.[1,2] In the 6829Cu39 nucleus, the
proton(r) ps, and the neutron(v) pi orbitals lie near the Fermi surface. Therefore, the 1
ground state and the 2" first excited state in 88Cu are expected to have a large component of
the npglvpl/[] configuration. This simple configuration gives an insight into the nuclear
structure in the neutron-rich Ni region. In particular, the reduced M1 transition probability
between the 2" and the 17 states, B(M1;2"—1"), provides a good test of a shell model
calculation. Furthermore, this B(M1) value gives information on the core excitation.

In the present study, we have carried out a decay experiment of 88mCu produced by the
887 n(n,p) reaction using 14 MeV neutrons. By measuring the lifetime of the first excited state
in ®Cu, we obtained a small B(M1;2°—1") value. We show that this B(M1) value can be
reproduced by a parameter-free shell model calculation taking the inert core as S8Ni.

4.7.2 Experiments

The ®*™Cu source (T1,=3.75 min) was produced by the 68Zn(n,p) reaction at FNS.
Three %*Zn metal targets of 0.2 g and 10 mm in diameter were prepared from the 99.4%
enriched ®®Zn0 powder by electrolysis. The %*Zn target was irradiated by 14 MeV neutrons at
a place of about 5X10° cm™s™ neutron flux. The target was irradiated for 10 min and then
transferred through a pneumatic tube to the outside of the irradiation room. The irradiated
target was cooled for about 2min. Thus, the cycle of 10 min-irradiation, 2 min-cooling, and 8
min-measurement was repeated using three ®*Zn targets. Since the production cross section of
88mCy is 5 mb [3], the activity of the *®*™Cu source was about 30 kBq at the beginning of the
measurement.
Lifetimes of excited states in **Cu were measured using two BaF, detectors of 25
mm in diameter and 10 mm in thickness. These detectors were placed face to face at a
distance of 20 mm and the ®*™Cu source was placed at the center between them. A B-ray
absorber made of a 3.5 mm-thick aluminum plate was attached to both of the detectors. The
lifetimes were also measured by another detector configuration to reduce backscattering y rays
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between the BaF, detectors; the BaF, detectors were placed at 90° and a 3 mm thick lead
absorber was placed between them. '

The BaF, scintillator was mounted on a Hamamatsu-H3378 photomultiplier tube and
the time pickoff signals were generated by an ORTEC-583 constant fraction discriminator.
An ORTEC-567 TAC was employed and was calibrated using an ORTEC-462 time calibrator.
The y-y-t coincidence data were recorded event by event. An energy resolution was 9% for the
570 keV y ray of 2°’Bi. A typical time resolution of this system was 130 ps at FWHM for the
1173-1332 keV vy-ray cascade of *°Co.

A y-ray singles measurement was also performed in order to obtain the y-ray energies
and intensities in °®Cu using an n-type Ge detector of 33% relative efficiency. The distance
between the source and the surface of the detector was 102 mm. No B-absorber was placed on
this detector. The detection efficiency of the Ge detector was calibrated using a standard

source of ?Eu, 1**Ba, and 2"Bi, and was corrected for the self absorption in the 87n target.

S A
3841 Ge () -
w)
= 2 N
3
O 110.7 526.4
T / Byt i
I 1077
L\k“ 637.1 ! 10° . . T T T
0 . I il 1 L L .

0 500 w000 1500 ' BaF,-BaF, (c)
y-ray Energy (1.00keV/channel) !

T T T T T T T

3F BaF, (b
0 o aF, (b)
I Ll

Counts

Counts

o 1000 2000 3000 4000
Time (42.05ps/channel)

0 20 w0 6w 800
y-ray Energy (1.57keV/channel)

Fig. 4.7-1 (a). A y-ray singles spectrum measured with a Ge detector. The y-ray energies are depicted for the

transitions descending from ®*"Cu. The 1077 keV y ray follows the B decay of the ground state in **Cu.

(b) A y-ray singles spectrum measured with a BaF, detector.

(c) A time spectrum measured by the BaF,- BaF,-t coincidence with no gates on y rays.
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4.7.3 Results
Figures 4.7-1(a) and -1(b) )

show y-ray singles spectra measured é % 2 §
with the Ge detector and with the %2 € 2 3 723 D=3 75min
BaF, detector, respectively. Figure  mpsavisn (39 B 610.6 T;,<40ps
4.7-1(c) shows a time spectrum
measured with the BaF, detectors.
The decay scheme of *™Cu is
shown in Fig. 4.7-2. Coincidence g
relationships measured in the 2
present work are consistent with the -1 Zi : ¥ i 84.1 T1=7.84®)ns
previous scheme.[4,5] 1 68 0 keV

29Cus3g

Decay curves for the 84

keV level were obtained by setting Fig. 4.7-2 A decay scheme of mcy. Relative intensities are

gates on a combination of y-ray  shown in brackets.

energies measured with the BaF,

detectors, shown in Figure 4.7-3(a). The experimental data were fitted with an exponential
decay curve by a least squares method and the fitted lines are drawn in Fig. 4.7-3(2) in the
range where the experimental data were used as the input values. We deduced the lifetime of
the 84 keV level from the slopes of these fitted lines as well as from those of the decay curves
gated on 111-84 keV. All the values of the slopes for the six decay curves are the same within
measured uncertainties. Consequently, we determined that the lifetime of this level is
T1,=7.84(8) ns. This error was estimated from the spread of all the values obtained in the

experiment and from the variation of the values resulting from changing the fitting range.
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Fig. 4.7-3 (a) Decay curves due to the lifetime of the 84 keV level. The lines fitted to an exponential decay

are drawn in the fitting ranges. (b) A time spectrum for the 611 keV level. The slope of the line drawn in
this figure gives an upper limit for the lifetime of the 611 keV level.
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Figure 4.7-3(b) shows a time spectrum obtained by setting the gate on the combination of the
526 keV energy (start signal) and the 111 keV energy (stop signal). The slope of the line
drawn in this figure allows us to deduce an upper limit of 40 ps for the halflife of the 611 keV
level.

4.7.4 Discussion

The B(M1;2°—1") value of the 84 keV transition is derived from the measured
lifetime and the M1/E2 mixing ratio of this transition. The internal conversion coefficient of
the 84keV transition is obtained as a1=0.05(4) from the y-ray intensity balance measured in
the present work. Thus, we regard this transition as a pure M1 multipolarity; a theoretical ot
is 0.086 and 1.18 for a pure M1 and E2 transition, respectively. Then, the B(M1;2"—1") value
is obtained as 0.00777(8) pn?, or 1/230 W.u.

This B(M1) value is compared with a shell model calculation which takes the core to
be ®*Ni and uses experimental g-factors of neighboring nuclei. The B(M1) value of the 84
keV transition between the mtps,vp) /2“1 doublets is calculated as [6]
B(M1;2°—1%) =3/(4m) X 3/8 X (gz—g,)> =0.043 pn?, where g,=1.893 py and g,=1.202 py are
taken from the experimental values of the 3/2” ground state in *2Cuyg and the 1/27 ground
state in *75gNis, respectively.[7] This calculation reproduces a small B(M1) value, which
originates from the cancellation of g,—g,.

The g-factor of the 1" ground state in **Cu was also measured recently by a
laser-ion-source technique to be +2.48(2)(7) un.[8] This g-factor is calculated as
g(1") =1/4X(5g,—g,) =+2.07 pn. Thus, the calculation in the mpspvpr, ' model space
provides a good description of these M1 matrix elements in **Cu, using no free parameters.
However, it is difficult to adjust the calculation more accurately for both the B(M1) value and
the g-factor by only changing the g, and g, effectively. This difficulty indicates a limit of this
calculation using a minimum model space.

We have further studied the nuclear structure of “*Cu by a shell model calculation in
a fp model space f5, " p3nfsnp1o™™ (=0,1). In this calculation, two-body interactions derived
from the folded diagram theory were used and single particle energies were adjusted to
reproduce low-lying levels in 'Ni, ®® ®Cu. This calculation gives a small B(M1) value of
0.070 px” and a large g(17) value of 2.60 pn.  Although the experimental B(M1) value is still
smaller than this calculated result, the calculation may be improved by extending the model
space to include the excitation to a gg/, orbital.
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4.7.5 Conclusion

We have measured the lifetime of the first excited state in °*Cu through the y decay
of ®™Cu produced by the *®Zn(n,p) reaction using 14 MeV neutrons. We obtained a small
B(M1) value between the ﬁpg,/zvpl/[l doublet states in %3Cu. A parameter-free shell model
calculation taking the core as 8N gives a good prediction of this B(M1) value by using
experimental g-factors of the neighboring nuclei.
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5. Shielding Experiments and Analyses
5.1 Double Bent Duct Streaming Experiment and the Analysis

Michinori YAMAUCHI, Kentaro OCHIAI, Yuichi MORIMOTO, Masayuki WADA |
Satoshi SATO and Takeo NISHITANI
Fusion Neutronics Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

5.1.1 Introduction

There are several penetrations such as diagnostics port, neutral beam injector (NBI) port,
divertor port etc. through the shield in fusion reactors. From the viewpoint of the global shield
of the reactors, it is important to investigate the influence of neutron streaming through those
ports on the radiation dose. Previously, streaming experiments for straight ducts were success-
fully conducted with the FNS (Fusion Neutronics Source) facility at the Japan Atomic Energy
Research Institute (JAERI) for the shielding design of ITER/EDA[1-3], however, the stream-
ing effects of a bent duct had not been investigated. Thus, in order to study the behavior of the
neutrons streaming through a dogleg duct, an experiment was conducted for a doubly bent
duct with the rotating neutron target (RNT) of the FNS/JAERL

Analyses of the experiment were carried out with the continuous energy Monte Carlo codes
MCNP-4C[4], which had been used for miscellaneous radiation shielding calculations in the
design of ITER/EDA. The aim of the analyses was to study the dogleg duct streaming effect
on the local nuclear responses, and demonstrate the capability of the Monte Carlo transport
calculations in the design of the fusion reactor shielding. Two sets of nuclear data FENDL/2
[5] and JENDL-3.3[6] were employed for the study. This report describes the experimental
procedures, the measured data and the results of the analysis.

S.1.2 Experiment
(1) Arrangement and measurement

The experiment was conducted with the FNS facility at JAERI. The target could provide a
neutron yield as large as about 4 x 10" n/s at full beam current. The layout of the room and
the experimental assembly are shown in Fig.5.1-1. A doubly bent duct 300mm x 300mm in
cross section was formed through the assembly. The first horizontal leg of the duct was set as
high as the D-T neutron source. The second leg was connected vertically to the first with a
right angle, and the third was horizontally to the second. The lengths of the legs were 1150
mm, 600 mm and 650 mm respectively.

Neutron spectra above 2MeV were measured at several positions by a spherical NE213

scintillation spectrometer 40 mm in diameter. The pulse height spectrum of recoil protons
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which represent neutron events was unfolded with the FORIST code[7] to obtain the neutron
energy spectrum. The reactions of “°Nb(n,2n)”™Nb, "*In(n,n")"**"In and 197 Au(n,y)'**Au were

employed as neutron activation dosimeters. The first reaction is effective to evaluate the 14

MeV neutron flux, the second is sensitive to fast neutrons above 1 MeV, and the third helps to

understand the amount of the thermal and epithermal neutron flux.
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Fig. 5.1-1 Schematic view of the target room and the experimental assembly.

(2) Measured results

Measured neutron spectra are shown in Fig.5.1-2. The D-T neutron source intensity was

normalized to unity.
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Fig. 5.1-2 Neutron spectra measured at positions #3, #5, #7 and #9.
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Positions of #3, #5 and #7 are located in the duct, and the spectrum becomes softer as the
path along the duct from the inlet grows larger. As for the spectrum at the position #9, it is
higher than that at the position #7, because the position #9 is located on the extension of the
first leg and the shield between positions #3 and #9 is only 50 cm.

Reaction rates measured with activation foils in the bent duct and on the back surface of the
assembly are shown in Fig.5.1-3 under the same normalization as the spectrum. It is observed
that the reaction rates of *>Nb(n,2n)”>™Nb and '*In(n,n')!"*™In caused mainly by fast neutrons
prominently decrease after the duct bends, while those of 7 Au(n,y)*®Au do not show clear

change around the bends.
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Fig. 5.1-3 Reaction rates measured in the duct and behind the assembly.

5.1.3 MCNP analysis
(1) Calculation procedure

All of the structures in the target room used for the experiment illustrated in Fig.5.1-1
were accurately modeled in the calculation. The Monte Carlo transport codes MCNP-4C with
a special routine to generate D-T neutrons were used for the calculations. The source routine
consists of a simulation program for deuterons slowing down in the titanium-tritium target
and the kinematics of the *T(d,n)'He reaction. The nuclear data libraries FENDL/2 and
JENDL-3.3 were employed for the present study. Both calculated neutron spectra and reaction

rates were normalized so that the 93Nb(n,2n)92mNb reaction rate is consistent with the
measured value at the duct inlet.

(2) Neutron Spectrum

Neutron spectra calculated by the Monte Carlo method with FENDL/2 nuclear data are
compared with measured spectra above 1 MeV in Fig.5.1-4 at positions #3, #5, #7 and #9,
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respectively. Although the comparisons are only in the higher energy range, the agreements
are excellent except for 20 - 30 % underestimation at position #3. The discrepancy was made
by the difficulty in the unfolding of the almost monochromatic spectrum data measured at the
position where the target assembly can be directly observed, however, the bumps are relative-
ly small compared with 14 MeV peak. As a general result of the spectra analysis, the calcula-
tion by MCNP-4C code together with FENDL/2 or JENDL-3.3 data was found suitable for
the design calculation of ITER.

10° 10°
5 o Measurement | 5
2 10 o Measure'ment %0 10° |— o Measurement
= - Calculation | - = - Calculation
E em—— E
8 10° o= 3 107
2 2
g 10° % 10°
= =
~ -7 =
% 10 % 107
i =
g 10° g 1o
; 2
10° : 1o™ . ‘
1 10 40 1 10 40
Energy (MeV) Energy (MeV)
Position #3 Position #5
10°® 10°

o Measurement

o Measurement 3
10 - Calculation

-7
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o
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. ° 12 -
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Energy (MeV) Energy (MeV)
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Fig. 5.1-4 Spectra measured and calculated with FENDL/2.

(3) Reaction rates
Ratios of calculated and measured reaction rates in the duct and behind the assembly for
“Nb(n,2n)™Nb, 115In(n,n')115 "In and 197Au(n,y)lggAu are shown in Figs.5.1-5 - 5.1-7, respec-

tively. In addition to the normal calculations, a calculation was done neglecting the wall
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reflection of neutrons in the target room, and the reaction rates obtained under the condition

agreed well with the results of the normal condition except the value in the first leg.
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Fig. 5.1-7 C/E values of 197Au(n,y)mAu reaction rates in the duct and behind the assembly.

The calculated reaction rates of “*Nb(n,2n)"*"Nb agreed well with measured values except
for those at positions #4 and #5, where the reaction rates become above 2 orders of magnitude
smaller than that at position #3 due to the duct bend as was shown in Fig. 5.1-3. The reaction
rates of "In(n,n")!*™In were generally underestimated except for those at positions #4 and #5.
The underestimation may have been caused by the difficulty in dealing with the anisotropy of
angular neutron flux. The calculated reaction rates of '’ Au(n,y)'**Au generally agreed with
measured values, however, the calculation made clear the difficulty to obtain accurate results

with sufficiently small statistical errors in low energy range.
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5.1.4 Conclusion

A doubly bent duct streaming experiment was conducted at the FNS facility of JAERI in
order to estimate the streaming effect through dogleg ducts upon shielding performance and
evaluate the accuracy of calculation tools for the design of a fusion reactor such as ITER. The
experiment was performed with a duct 30cm x 30cm in cross section penetrating an iron
assembly 1.8 m in thickness. Neutron spectra above 2MeV and reaction rates for
“>Nb(n,2n)"*™Nb, *In(n,n")!""In and **’ Au(n,y)'** Au were measured, and the experiment was
analyzed by the Monte Carlo code MCNP, nuclear data libraries FENDL/2 and JENDL-3.3.
The agreements between calculated and measured values were generally within the statistical
errors of the Monte Carlo calculations, and the results show that the code and the nuclear data
libraries are sufficiently reliable means to provide values accurate enough for estimating the
streaming effects in the shielding design of fusion reactors.
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5.2 Neutron Shield Experiment of Boron-doped Resin using D-D Neutron
Source

Atsuhiko MORIOKA, Satoshi SATO', Kentaro OCHIAI', Junichi HORI', Michinori
YAMAUCHI', Takeo NISHITANT', Makoto MATSUKAWA, Hiroshi TAMAI
Tokamak Program Division, Japan Atomic Energy Research Institute, Naka, Ibaraki
! Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

5.2.1 Introduction

JT-60SC, presently identified as the National Centralized Tokamak, has been designed
for the superconducting modification of JT-60U [1, 2]. The D-D neutron emission rate in the
JT-60SC is estimated to increase by a factor of two compared to that in the JT-60U [3]. For
the stable operation of the superconducting coils, it is important to suppress the nuclear
heating of the toroidal field (TF) coils due to the D-D neutron irradiation. The environment
between a vacuum vessel and the TF coils becomes around 200 degree-C during the port
baking. So, the resin is planned as the shielding material of the vacuum vessel port in JT-
60SC because of its advantage in applicable temperature. In the present study, the resin,
KRAFTON-HB4, is proposed instead of the polyethlene from a viewpoint of the applicable
temperature. The applicable temperature is the range of -30 to 150 degree-C for the resin,
though -30 to 70 degree-C for the polyethlene. Furthermore, it is proposed to add boron
carbide (B4C) in the resin to enhance the neutron shielding performance. The shielding design
is carried out using the boron-doped regin. Based on the design, we performed the DD
neutron transmission experiment using the Fusion Neutron Source (FNS) .

5.2.2 Shielding design

The neutron and gamma-ray fluxes were calculated using the one dimensional
transport code, ANISN [4], with a group constant set FUSION-40 [5], which consists of 42
neutron and 21 gamma-ray groups, based on JENDL3.1 [6]. Multiplying these fluxes by the
KERMA factor [7] based on FUSION-40, the nuclear heating of the TF coil was estimated.
The nuclear heating rate at the front surface of the TF coil was calculated as a function of the
boron density. Then we have developed the boron-doped resin with 2 wt % boron to satisfy
the design target of 2.4 mW/cm® for the nuclear heating of superconducting TF coil [8].

5.2.3 Experiment

The chemical compositions of the improved boron-doped resin are summarized in
Table.5.2-1. Figure 5.2-1 shows the experimental assembly used for D-D neutron
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transmission experiments. The test block is composed of 1.6 cm thick F82H, 10.0 cm thick
resin and 5.0 cm thick $S316, with the size of about 40 x 40 cm® square.

The assembly is surrounded by SS316 to

decrease the neutrons scattered by the  Table 5.2-1 Chemical compositions of the
experimental room walls, and to increase the boron-doped resin

low energy neutron at the F82H surface for

simulating the neutron spectrum in the vacuum  Elemet Conee ntas don (w68
vessel port in the JT-60SC. HEB -4 Impmved
.. . H 1059 1049
The neutron transmission experiment @5 37 nd 4F
was carried out using the FNS facility. The E 077 199
incident deuteron beam current and energy i; 13?}1 1”1?5
% ) Sl
were about 2 mA and 350 keV, respectively. s (59 05
Neutron fluxes were measured by the activation
foil method using the indium and the gold. Fast _density { glom~) 108 1.09

neutron flux was detected by the reaction rate
of "®In (n,n)!"™ In, and thermal neutron flux
was detected by '"Au(ny) "*Au. These foils , | ;
were placed at 0, 1.6, 6.6, 11.6 and 16.6 cm ' : .
distance from the front surface along the central )
axis of the assembly. After irradiation, the
induced radioactivities of the foils were
measured by gamma-ray spectroscopy with Ge

detectors during cooling times for several hours.

The experimental results were compared with

the analysis using the two-dimensional transport
code DOT3.5[9] with the FUSION-40 and the
Monte Carlo Code MCNP-4C2 [10] with the
continuous energy cross section data sets based
on the JENDL-3.2 [11].

The measured reaction rates and the ratio
of the calculation result by DOT3.5 and MCNP

to the experimental one, C/E, is shown in Figure e

Yhicknegs {cm)

00
167

118 7
168

5.2-2 for the fast neutron in the resin with 2 wt%
Fig. 5.2-1 Experimental assembly used for D-D

boron. Most of the calculation results agree with . .
neutron transmission experiments.

the experimental results within 20 %. The

estimated values of C/E by MCNP for the resin with 0.8 wt% boron were nearly the same as
those for the resin with 2 wt% boron.
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The reaction rates of thermal neutrons
measured by In-foil for the resin with 0.8 wt%
and 2 wt% boron on the experimental
assembly are shown in Figure 5.2-3. The
results show that the fast neutron flux through
the boron-doped resin does not depend on the
boron density.

The reaction rates of thermal neutron
measured by Au-foils for the resin with 0.8
wt% and 2 wt% on the experimental assembly
are shown in Figure 5.2-4. The neutron flux
for the resin with 2 wt% boron were 10 - 25%
lower than that with 0.8 wt% at the thickness
of 6.6 cm and 11.6 cm. Thus,
experimentally clarified that the boron-doped

it was

resin is effective to reduce the transmission of
the thermal neutron flux.
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5.2.4. Conclusion

Based on the shielding design of the JT-60, the boron-doped resin has been developed
to satisfy the neutron shielding requirements for the JT-60SC, the former design of the JT-60
superconducting modification. For the boron-doped resin, the neutron transmission
experiment has been carried out with 2.45 MeV neutron source. The results are summarized
as follows:

- The fast neutron flux through the boron-doped resin does not depend on the boron density,
which indicates that the boron doping is less effective for the fast neutron shielding.

- The thermal neutron flux in the resin with 2 wt% boron were 10 - 25% lower than that with
0.8 wt% at the thickness of the 6.6cm and the 11.6 cm.

The gamma ray heating, which is induced by the thermal neutron through (n, y)
reaction, is dominant in the nuclear heating of the TF coil, so the reduction of nuclear heating
rate can be expected with using the boron-doped resin as shielding material. Therefore, the
boron-doped resin will be attractive for the shielding material in the JT-60 superconductiong
modification.
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5.3 Neutron Irradiation Experiments of Boron-doped Low Activation
Concrete
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5.3.1. Introduction

Reduction of the activation of structural materials such as concrete in nuclear
facilities is the important issue in terms of maintenance and decommissioning after shut down.
In the fission reactor, the low activation concrete made of white Portland cement and special
limestone [1] is used for the shielding material, in which the concentrations of silicon,
aluminum, iron, magnesium, sodium, potassium, manganese, titanium, and phosphorus are
very few compared to the standard concrete [2]. On the other hand, the reduction of thermal
neutrons should be also considered in the design for JT-60 superconducting modification
(former JT-60SC) [see 5.2 in this Report]. The annual neutron emission in JT-60SC plasma is
estimated to increase by about 6 times as that in the present JT-60U [3, 4]. In order to shield
the thermal neutrons and reduce

the induced activities caused by the

=

& A Borendeped (T .
thermal  neutrons, we have | & | | Standardconcrete |8 Boron-doped

. . . g Rednoed coucrete
developed the shielding materials b (Ha, Co, Ew)
RN

doping with boron. 5 Low activation | Boma dom,

g concretle

The boron-doped low L onc ]

activation concrete is to be adopted Thermal neutron shielding property -

as the cryostat for the bio-shield in

JT-60SC. The concept is shown in
Figure 5.3-1. The activity of *' Ar nuclide, which is produced by “Ar(n,y) reaction, in the JT-
60 torus hall with the boron-doped concrete has been estimated to reduce by about 90 %

Fig. 5.3-1 Concept of boron-doped low activation concrete

compared to that with the standard concrete [5].

In order to investigate the neutron penetration and the activation characteristics of the
boron-doped low activation concrete, irradiation test of 2.45 and 14 MeV neutrons is
performed at FNS facility [6,7]. The penetration experiments were compared to the
calculation results to using Monte Carlo calculation code, MCNP-4C2 [8], with the
continuous energy cross section data sets based on the JENDL-3.2 [9].
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5.3.2. Neutron penetration tests

The boron-doped low activation concrete  Table. 5.3-1 Chemical composition
including the natural boron with 1 wt% (B1) and 2  ofBl and B2 (wt %)
wt% (B2) concentrations were prepared. The chemical

compositions of Bl and B2 are summarized in Table ! "‘”%‘g;m'ﬂ “/Wé?jmﬁ
5.3-1. Test pieces are 40 cm x 40 cm x 10 cm in size,

36.5 kg in weight. The experimental assembly used for Ii ii é;

the irradiation test of the fast and thermalized DD o 36 36
neutrons is illustrated in Fig. 5.3-2, and Fig. 5.3-3, ;i g‘gj ;305};
respectively. The collimated neutrons are irradiated to 11y 026 026

the assembly in the first target room at FNS. The 2“ ;“31‘; C? f‘Ji

penetration experiments of the thermal neutron were ;. 3pqpd & Ay

performed by placing the polyethlene plate of 20cm T3  soxtn ™ 4mx10

thickness in front of the test concrete. The neutron flux P 27x1079 362106
. Cﬁ T3 74
through the boron-doped low activation concrete was | Ao [ 25
measured by **U fission chamber for fast neutrons with & 10 2.1
) &l a%

energy above about 1 MeV and by ’He proportional

counter for thermal neutrons. *®U fission chambers and *He proportional counter were placed

at 0, 10, and 20 cm from the surface of the test piece along the central axis of the assembly.

Socond larget room|  $ixintace - |First target room

st target room

Borou-doped
concrete

Boron-doped

congrete
”....."..v,_.i..:,.&.l ...... ’, ~~~~~ b
incho : ‘
DD - Fission chamber Proyortional
neufron i : counter
SOUrce g hgade '
R Polyethizne
Fig. 5.3-2 Experimental assembly used for Fig. 5.3-3 Experimental assembly used for the
the fast DD neutron penetration experiment thermal DD neutron penetration experiment

5.3.3. Results and discussions
The count rates measured by **U fission chamber in B1 and B2 concrete are shown in Fig.

5.3-4 together with the MCNP calculation of B1 concrete. The circle and triangle keys
indicate the measured results for the B1 and B2, respectively. The results show that the fast
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neutron shielding property of B2 is almost
B1 within experimental error.
Calculated result for Bl by MCNP-4C2 is

also shown by the solid line, which agrees

same as

with the experimental results within 15 %.
Calculated result for B2 by MCNP was
nearly the same as that for B1. Those results
strongly indicate that the shielding property
of the boron-doped low activation concrete
for fast neutron flux does not depend on the
boron density.

Figure 5.3-5 shows the count rates
of the thermal neutron flux measured by the
*He proportional counter for Bl (circles)
and B2 (triangles). It was experimentally
clarified that the reaction rate of the thermal
neutron flux of B2 was about a half of BI.
The that the shielding

property of the boron-doped low activation

result indicates
concrete for thermal neutron flux is superior

in higher density of boron doping.

5.3.4.Conclusion

The DD neutron irradiation tests
were performed in order to evaluate the
shielding property of the boron-doped low
activation concrete. The shielding property
of the 2 wt% boron-doped low activation
concrete is superior to that of the 1 wt%
On the
contrary, there exists no clear dependence on

boron for the thermal neutron.
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Fig. 5.3-4 Count rates measured by “*U fission

chamber in Bl and B2 concretes, and MCNP

calculation in Bl experiment

Counts/sec (arbi. unit)

']O - T 1 I i ) 1 H E T L 0 } H E El T { T T E
3 Thermal neutron ]
i T wi% Boron |
100@ o .
107 £ E
107 3 E
]0_3 O S | ! L4 L i LI J T 1 ! S S . 3 § L S 1
0 5 10 15 20 25

Concrete thickness (cm)

the boron density for the fast neutron. It can be
concluded that the boron-doped low activation
concrete 1s very attractive as the shielding

material of the thermal neutron such as the

Fig. 5.3-5 Count rates measured by ’He

proportional counter in Bl and B2

concretes

cryostat of the JT-60 superconducting modification.
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6. Irradiation Effects of Fusion Neutrons
6.1. Point Defect in Room and High Temperatures
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6.1.1 Introduction

Previously, D-T neutron irradiations on fcc metals were performed at RTNS-II[1] in
LLNL. In fee metals such as gold, silver and copper, an average PKA energy forming damage
cascades are 100, 200 and 400 keV, respectively. In these specimens, which were irradiated
below 20 K, only interstitial clusters were observed at 20 K with a cryo-transfer technique to
an electron microscope [2]. A group of stacking fault tetrahedral (sft) was observed in
specimens irradiated at room temperature [3]. The formation of groupings of sft was observed
in D-T neutron-irradiated Au at room temperature of the neutron fluence range of 10** n/m” at
RTNS-II. Such groups were explained previously to be formed by nucleation of vacancy
clusters at vacancy core of sub-cascade [4]. Present experiments were carried out to be
complementary experiment to the previous one at RTNS-II to cover the relatively low fluence
regime of irradiation.

6.1.2 Experiments

[rradiated specimens were Au, Ag and Cu
discs of 50 wm in thickness and 3 mm in
diameter. These are mounted in an irradiation
chamber evacuated with a turbo-molecular pimp
to be a pressure of 10° Pa. The irradiation
chamber was located just in front of the rotating
tritium target of FNS as shown in Fig. 6.1-1. The
-temperature of specimens were controlled to be
288 K during irradiation. Irradiated neutron

fluence for each specimen was measured with

activation dosimetry foils of Nb. After cooling
down of radioactivity, specimens were Fig. 6.1-1 Picture of the irradiation chamber

observed by an electron microscope. installed at FNS
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6.1.3 Results

Figures 6.1-2(a), (b) and (¢) show the defects observed in gold specimens irradiated D-
T neutrons with the fluence of 2.6 x 10'%, 2.6 x 10" and 3.2 x 10 /m?, respectively. An
isolated defects as seen Fig. 6.1-2(a) is an interstitial cluster. In the present work, the nature of
defects were determined by TEM annealing experiments. When the TEM specimens were
annealed at 573 K for 10 min, vacancy cluster grew to sft. Disappeared defects were taken as
an interstitial cluster. An Interstitial cluster disappears by absorbing vacancies. Vacancy
clusters in Au irradiated up to 2.6 x 10'® n/m? were not observed, which was probably because
those structure did not relax to TEM visible ones. In Figs. 6.1-2(b) and (c), some defects show
a triangular shape which indicating vacancy type defects. We count the number density of dot
defect rather than the cascade damage.

Fig. 6.1-2 Point defect cluster observed in Au at 288 K irradiated D-T neutrons with the fluence of (2) 2.6 x
10", (b) 2.6 x 10" and (c) 3.2 x 10*° n/m?, respectively.
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Fig. 6.1-3  Number density of dot defects in Au as a function of the neutron fluence.
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Fig. 6.1-3 shows the relation of number density of dot defects in Au as a function of

the neutron fluence. Defects tend to form grouping with increasing in neutron fluence as seen
in Figs.6.1-2(a), (b) and (¢).

6.1.4 Discussion and Conclusion

The present experimental results were explained by a following model. A large part
of point defect cluster formed in displacement damage cascades are TEM invisible. At room
temperature, those move as cluster. Such movements of point defect cluster were shown by
computer simulation previously [5]. At low fluence, those are attracted near dislocations.
Interstitial clusters are ejected from damage cascade, move in a vacancy and may be able to
form isolated immovable small clusters at a vacancy cluster formed previously. By this
mechanism, interstitial clusters form in crystalline grain. In Au, the number of difects is
proportional to 1.14 power of the neutron fluence in low fluence regime. In high fluence
regime, it is proportional to 0.74 power of the neutron fluence. In low fluence regime,
invisible defects move in crystal and meet another defect with the same nature. Then, those
relax to visible structure. At high fluence regime, defects of same nature agglomerate to grow
to a large defect. The mutual annihilation of interstitial clusters and vacancy ones decrease
also the number of defects. A 0.74 power dependence of the neutron fluence for the number
density of dot defects in high fluence regime
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6.2.1 Introduction

As irradiation with fusion neutrons to high doses is not available at present, the
irradiation effects on the material properties at high doses must be derived from fission
neutron irradiation experiments. Therefore an understanding of the fission-fusion correlation
is important. The fission-fusion correlation of defect structural evolutions was investigated
for several metals and alloys by comparing the damage structures in the specimens irradiated
in fission reactors with those irradiated in the Rotating Target Neutron Source (RTNS-II) at
the Lawrence Livermore National Laboratory (LLNL) [1]. Recent developed fusion reactor
candidate materials were not examined in the studies at that time. Vanadium alloys and
ferritic/martensitic steels are recognized as attractive candidate materials for neutron
interactive structural components of fusion energy systems. Vanadium alloys have high
temperature strength, high thermal stress factor and low activation property. Reduced
activation martensitic steels have good dimensional stability under high irradiation doses and
are suitable for commercial production without a large industrial investment.

In the present work, irradiation effects of fission and fusion neutrons on fusion reactor
candidate alloys, V-4Cr-4Ti and F82H were studied using the FNS facility and the Kyoto
University Reactor (KUR). As the irradiation dose was low in the present study, defect

structures were compared with the results of positron annihilation spectroscopy.

6.2.2 Experiments

High purity V-4Cr-4Ti alloy of NIFS-HEATs [2] was used for a vanadium alloy. The
specimens for positron annihilation spectroscopy were prepared from cold-rolled sheets by
punching followed by annealing at 1373K for 2 hours in vacuum. F82H alloy prepared by
JAERI [3] was used after cutting and chemical polishing to remove the deformed area.

Fusion neutron irradiation was performed by a rotating tritium target in the target room
I of the FNS facility at room temperature. Fission neutron irradiation was performed by the
KUR, SMW light water reactor, at room temperature using the Hydraulic Conveyer. For
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irradiation at room temperature, the reactor power was reduced to 300 kW to avoid the
increase of specimen temperature by nuclear heating.

Positron annihilation lifetime measurements were performed at room temperature
using the fast-fast coincidence system, whose lifetime resolution FWHM is 190 ps. The
counting rate is about 80 cps. The lifetime spectra were collected with a total count of about 1
to 3 x 10°. The positron lifetime spectra were analyzed using the Resolution and Positronfit
programs [4].

6.2.3 Results and Analyses

The results of positron lifetime measurement of specimens irradiated at room
temperature are shown in Fig. 6.2-1 and Fig. 6.2-2 for V-4Cr-4Ti, and in Fig. 6.2-3 and Fig.
6.2-4 for F82H. After neutron irradiation, the mean lifetime is longer than that before
irradiation. The effect of neutron irradiation on positron annihilation lifetime was detected
even at a low irradiation dose of 10°dpa. In both alloys, the effect of neutron irradiation on

positron lifetime by fusion neutrons and fission neutrons is almost the same, if we compare
them by dpa.
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This can be explained as follows. The large cascade is divided into subcascades. If the
subcascade energy is below 20keV, the number of subcascades is roughly proportional to the
displacement damage measured by dpa in the case of intermediate weight atoms like Ni and
Fe [5]. The subcascade energy of Fe is calculated to be 10keV [6]. It is concluded that the
same number of freely migrating defects is generated from each subcascade and the same
number of defects remains in each subcascade in fission and fusion neutron irradiated F82H.
The situation is the same in the case of V-4Cr-4Ti, though we have not calculated the
subcascade energy.

6.2.4 Conclusion

The comparison of defect structures in two fusion reactor candidate alloys between
fusion neutron irradiation and fission neutron irradiation was performed. Even though the
irradiation doses were low, the defect formation was detected by positron annihilation
spectroscopy. Higher irradiation doses and different irradiation temperatures are required to
detect the effects of neutron spectra more precisely.
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6.3.1 Introduction

Mineral-insulated (MI) cables are expected to be helpful for instrumentation system of
a fusion reactor because of their good properties of high electrical insulation, heat resistance
and mechanical strength. In severe radiation environment of high dose rate, however, the
insulation of an MI cable degrades because electric charge is induced in its insulator by
radiations. Some experiments on electrical degradation of MI cables have been performed
[1-6]. More detailed irradiation data on electrical properties of MI cables are required for the
evaluation of the reliability of the system with MI cables for fusion reactors. This section
describes the degradation of electrical insulation of MI cables under fusion neutron
irradiation.

6.3.2 Experiment

Fusion neutron effects on MI cables were examined by use of Fusion Neutronics
Source (FNS). Figure 6.3-1 shows a schematic drawing of the experimental arrangement
and the block diagram of the measurement system. Two types of MI cables were prepared for
irradiation. The MI cables had a coaxial structure consisting of a Cu central wire, sintered
MgO insulator and a stainless steel sheath. Both ends of the cables were sealed with glass to

protect them against humidity. Cross sections of the cables and their dimensions are shown

Stainless steel
Tritium sheath
target v Cu central wire

igQ msuiatof *

Htg:rvo
Etactrmmte source

Pea ——t—-—~ mputcr ]

Fig. 6.3-1 Schematic drawing of experimental arrangement and block diagram of measuring system
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in Fig. 6.3-2. The cables were 2.0 m in length and were bent into rings. The diameter of the
ring was 26 cm (cable-a) and 14 cm (cable-b), respectively. The cables were placed in front of
the tritium target and were irradiated with DT fusion neutrons. The bias voltage was applied
to the sheath of the cable and the central wire was connected to an electrometer. Changes in
the current flowing into the central wire were measured at room temperature as an effect of
neutron-induced conduction. The neutron flux was monitored with a **U fission detector. The
maximum flux of DT neutrons was 5.6x107 and 3.6x10® n/cm%/s for the cable-a and -b,
respectively. Fifteen minutes irradiation and 15 min cooling-off period was repeated to

observe the transient response.
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Fig. 6.3-2 Dimensions of irradiated MI cables

6.3.3 Results and discussion

Figure 6.3-3 shows an example of an increase in the leakage current induced by DT
neutron irradiation for the cable-a. A large peak of transient current was observed at the start
of the irradiation. After several minutes, the leakage current settled down to a steady state. At
the stop of the irradiation, the transient current flowed in the reverse direction. In the present
paper, the steady currents measured during irradiations were examined as the induced
currents.
o g Cable (a}

80! Bias: +200V
80 ° 28 x 107 n/om?se

induced current (pA)
&h
3

Time (min.}

Fig. 6.3-3 Example of increase in leakage current flowing in MI cable under irradiation.
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The relation between the bias voltage and the induced current and that between the
neutron flux and the induced current are shown in Figs. 6.3-4 and6.3-5. As shown in the
figures, the induced current was approximately proportional to the bias voltage and neutron
flux. This indicates that the degradation of the insulation property was dominated by the
production rate and drift of electric charge in the insulator.

Under the condition of the same bias voltage, the induced current in the thicker
cable-a was about five times larger than the thinner cable-b as shown in Fig. 6.3-5. The
amount of the neutron-induced electric charge in the insulator of the cable-a was estimated to
be 27 times larger than the cable-b from the point of the volume. On the other hand, the
strength of the electric field in the insulator of the cable-a was calculated to be about 1/5 of
that of the cable-b. The difference in the radiation susceptibility between the cables -a and -b
can be explained from the product of the production rate of the electric charge and the
strength of the electric field.
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Fig. 6.3-4 Relation between bias voltage and induced current
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Similar transient peaks of the leakage currents at the start of irradiations were
observed in our previous experiments on sapphire plate specimens [7]. Furthermore, the
reverse peak at the stop of the irradiation was observed for the experiments on MI cables. As
to the sapphire specimens, the leakage current after the stop recovered slowly to the level
before irradiation [7,8]. For the MI cables, the strength of the electric field around the central
wire was much larger than that near the sheath. Therefore, the unbalanced distribution of the
trapped electric charge may cause the pullback of the leakage current at the stop of the
irradiation. For the quantitative analysis of the experimental results, we need further detailed
data on the behavior of electric charge in the insulator.

6.3.4 Conclusion

Fusion neutron irradiation experiments on MI cables were performed for the
examination of the degradation of their insulation property. The neutron-induced leakage
current was approximately proportional to the neutron flux and bias voltage. This result
indicates that the degradation of insulation property of the cable is dominated by the
production rate and drift of electric charge in the insulator. The appearance of the large peaks
of the transient leakage current immediately after the start and stop of the irradiation may be
related to the distribution of electric charge trapped in the insulator. Further data on the

behaviors of electric charge in the insulator are required for the quantitative analysis of the
experimental results.
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6.4.1 Introduction

Vanadium alloys are attractive low activation structural materials for advanced fusion
reactors. Since radioactive nuclides transmuted from constituent elements, i.e. V, Ti and Cr,
under fusion neutron environment have relatively short half-lives, the V-Cr-Ti ternary alloys
‘have inherent potential for recycling in ~100 years after reactor shutdown [1,2]. For
achievement of the advantage, activation level originated with impurity elements should be
kept lower than or comparable to that of pure vanadium alloy. Therefore, in the development
of vanadium alloys for fusion reactors, reduction of impurity concentrations to allowable
levels is one of important issues [3,4].

In the National Institute for Fusion Science (NIFS), fabrication of large ingots of
high-purity V-4Cr-4Ti alloy (NIFS-HEAT-1, 2) has been conducted for establishment of
industrial-scale method [5-7]. According to chemical analysis, impurity levels in
NIFS-HEATs were successfully reduced compared with those in other vanadium alloy ingots.
However, considering the importance of impurity control, activation experiments were
required for complementary analysis of impurities and direct evaluation of dose rate and
decay heat after fusion neutron irradiation.

In the present study, activation analysis of impurities and evaluation of activation
properties were performed on NIFS-HEAT-2 by DT neutron irradiation at FNS facility.
Similar analysis and evaluation were performed on US and Chinese V-4Cr-4Ti samples for
comparison.

6.4.2 Experiment

Thin foils of 10 x 10 x 0.1 mm® were prepared from an ingot of NIFS-HEAT-2.
Specimens of same dimensions were prepared also from Round-Robin samples provided by
the US (DOE 832665) [8] and China (South West Institute of Physics) [9]. DT neutron
irradiations on the vanadium alloy specimens were performed at FNS facility. The specimens
were located on the surface of the tritium target bombarded with 350 keV D beam.
Irradiations of 10 minutes (~2.5 x 10'* n/em?), 25 minutes (~6.5 x 10" n/em?), 7 hours (~2.5
x 10" n/cm?) and 15 days (~1.2 x 10' n/em?®) were performed for detection of radioactive
nuclides with different order of half-lives. '
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After irradiations, gamma-ray spectra were measured with a high-purity Ge detector.
Especially in the 10 and 25 minutes irradiations, a pneumatic tube system connecting between
the irradiation position and a measurement room was used for start of measurement within 1
minute after irradiation. Concentrations of impurities were evaluated from the areas of gamma
peaks observed in the spectra.

Decay heat of the irradiated NIFS-HEAT-2 specimen was measured with Whole
Energy Absorption Spectrometer (WEAS) developed in FNS facility [10]. The WEAS system
consists of two large BGO scintillation detectors facing each other and detects both of gamma
and beta rays with efficiency of higher than ~75%. Results of the decay heat measurement
were compared with values calculated using MCNP-4C transport code [11] and ACT-4
activation code [12] for verification of the estimation accuracy. Nuclear data library used for
the transport calculation was JENDL-3.2 [13] and that used for the activation calculation was
JENDL Activation File [14], respectively.

6.4.3 Results and Discussion

Fig. 6.4-1 shows examples of gamma-ray spectra of NIFS-HEAT-2. During ~1 year
after irradiations, eight radioactive nuclides of 24Na, 2Al, *Mn, *Mn, YCo, **Co, ¥Zr and
“"Nb were identified from analysis of the gamma peaks. The sources of the nuclides were
considered to be Al, Si, Mn, Fe, Ni, Co, Zr, Nb and Mo. Results of the analysis were listed in
Table 6.4-1 with evaluated concentrations. The values in parenthesis are those obtained by
chemical analysis. The source of **™Nb could not be identified distinctively since the nuclide
could be produced through both of **Nb(n,2n)’*"Nb and **Mo(n,p)’*™Nb reactions. Therefore
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Fig. 6.4-1 Examples of gamma-ray spectra of NIFS-HEAT-2 after DT irradiation.
Detected nuclides were shown with source elements in parentheses.
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Table. 6.4-1 Impurity concentrations in vanadium alloys evaluated
in present activation analysis.

Detected Impurity Evaluated concentration (wppm)
nuclide element NIFS-HEAT2 Us CN
*Na Al 70 (59)° 171 (190) 384 (340)
ZAl Si 271 (270) 908 (730) 129 (150)
SMn Mn 20(<1) 2.0(<1) 11(17)
Mn Fe 53 (49) 255 (200) 559 (650)
SCo Ni 6.4 (7) 20 (9) 10 (9)
*#Co Co 1.0 (0.7) 0.2(0.2) 0.4 (0.2)
$zr Zr 5.3-5.8 (2.5) 30-36 (40) 14 (< 10)
92mNt, Nb <7(0.8) <70 (54) <1.6(0.2)
Mo <54 (24) <542 (300) <11 (4)

* Values in parentheses are concentrations obtained by chemical analysis.

maximum possible values were evaluated for Nb and Mo impurities. Also in analysis of ®7r,
two paths through 90Zr(n,2n)892r and **Mo(n,0)*Zr reactions were considered. Although Zr
impurity could evaluated by subtracting the contribution from the “Mo(n,0)¥Zr reaction, the
concentrations have spread due to unfixed Mo concentrations described above.

The results of present activation analysis were almost consistent with those obtained
by chemical analysis. For material recycling, Aluminum is one of harmful impurities due to
production of 2°Al with half-life of 7.4 x 10°. It is confirmed that the concentration of Al in
NIFS-HEAT-2 satisfied the criteria of 91 ppm proposed by Dolan et al.[1]. Unexpected
impurity element, which was difficult to be detected in the chemical analysis, has not been
found in the gamma-ray spectrum analysis.

Fig.6.4-2 shows an example of spectra obtained with the WEAS in decay heat
measurement of NIFS-HEAT-2. Peaks corresponding to beta and gamma rays from “Sc were
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Fig. 6.4-2 Examples of spectra obtained with Whole Energy Absorption Spectrometer
(WEAS) at (a) 15 hours and (b) 3.5 months after irradiation.
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Fig. 6.4-3 Comparison between experimental and calculated values of decay heat of
NIFS-HEAT-2. Decay heat calculation was performed considering impurity
concentrations evaluated in the present activation analysis.

observed after cooling time of 15 hours. In the spectra obtained at 3.5 months after irradiation,
peaks from *°Sc and *!'Cr were dominant components. Significant influence of impurity
elements was not observed in the measurement until 8 months after irradiation. Decay heat
was evaluated by integrating energies of detected radiations. Uncertainty in the measurement
was estimated to be ~10 % mainly due to correction of detection efficiency, fluctuation of
background radiations and slight shift of detector bias voltage.

Evaluated values are plotted in Fig. 6.4-3 with calculated lines of decay heat.
Impurity concentrations evaluated in the activation analysis were considered in the calculation.
During 0.7-8 days after irradiation, values calculated with ACT-4 and JENDL Activation File
were ~10% lower than those evaluated from the measurement. During 3-8 months after
irradiation, calculated values were ~15% higher than experimental results. The decay curves
in Fig. 6.4-3 indicated that activation of impurities will be dominant at ~6 years after
irradiation mainly due to ®°Co transmuted from Ni. Decay heat measurement will be
continued for confirmation of the present estimation.

6.4.4 Conclusion

For impurity analysis and direct evaluation of activation properties of vanadium
alloys, activation experiments with DT neutron irradiations were performed on NIFS-HEAT-2
and Round-Robin samples from the US and China. Eight nuclides of 24Na, 28Al, 54Mn, 56Mn,
Co, **Co, ¥7Zr and *™Nb were identified from analysis of the gamma peaks and
concentrations of Al, Si, Mn, Fe, Ni, Co, Zr, Nb and Mo were evaluated. It was confirmed that
the concentration of Al in NIFS-HEAT-2, which is harmful for low activation property, was
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lower than the criteria required for recycling of used material after reactor shutdown. The

results were almost consistent with those by chemical analysis.

Until ~8 months after irradiation, significant influence of impurities was not

observed in the decay heat measurement. Results of decay heat measurement with the Whole
Energy Absorption Spectrometer and those of calculation with MCNP-4C, ACT-4 and JENDL
Activation File were consistent within ~15%. Activation calculation considering impurity
concentrations from the present analysis indicated that decay heat of ®*Co transmuted from Ni
impurity will be dominant ~6 years after irradiation.
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6.5.1 Introduction

In the development of Li/V blanket system, MHD pressure drop of liquid Li coolant
crossing magnetic field is one of important issues to be solved [1]. Since the phenomenon is
caused by induced electrical current flowing between liquid Li and metal duct wall,
fabrication of thin insulating coating on the duct wall has been studied for reduction of the
pressure drop [2-4]. As candidate materials for the coating, nonconventional ceramics have
been selected by focusing on their chemical stability in highly corrosive liquid Li. Recently, it
was confirmed that ceramic materials such as Y,03, Er,O;, CaZrO; etc. were stable in liquid
Li of 1073K for 1000 h [5, 6].

As to electrical property of the insulating coating, the required conductivity for
effective reduction of the MHD pressure drop was estimated to be < 1.0 x 107 S/m [6).
However, the insulating performance of the materials will be degraded due to the radiation
induced conductivity (RIC) effect in an intense radiation environment [7]. Examination of
electrical properties under radiations is indispensable in development of insulating materials
for fusion reactors. Various data on the RIC effect have been evaluated mainly for Al,O; and
MgO. However, almost no data are available for the candidate materials.

In the present study, radiation induced conductivities of the candidate materials for the
insulating coating were examined under DT neutron irradiations at FNS facility.

6.5.2 Experiment

Radiation induced conductivities were examined for both of bulk and coated
specimens. Bulk specimens were an Y,0j3 plate of 5.0 x 5.0 x 1.0 mm® (supplied from TEP
Corp., 3.3 x 10™ $/m), an Er,05 disc of 7.5 mm¢ x 1.0 mm (TYK Corp., 5.0 x 10™* S/m) and
a CaZrO; disc of 15 mmg x 3.5 mm (TYK Corp., 8.8 x 10* $/m) made by sintering method.
On both sides of the specimens, Pt electrodes of ~200 nm in thickness were made by sputter

deposition. As shown in Fig.6.5-1 (a), a guard electrode was made around a center electrode
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Fig. 6.5-1 Schematic drawing of irradiated specimens. (a) Er,O; bulk specimen and (b) AIN coated specimen.

to prevent surface leakage current. Coated specimens of AIN and Y,0s3; were prepared on
stainless steel plates of 2 mm in thickness by RF sputtering method [8]. Thickness of the
coating layers were 2.5 um and 7.0 um for AIN specimens (1.1 x10™" S/m and 1.0 x 10
S/m) and 2.5 pm for Y,05 specimen (8.0 x 10" S/m). A center electrode of 4 x 4 mm” and a
guard electrode were made by sputter deposition of Pt or painting of silver paste (Fig.6.5-1
(b)). Bias voltages were applied to the stainless steel plates.

Schematic arrangement of measurement system is shown in Fig.6.5-2. Specimens
were located close to the tritium target bombarded with 350 keV D* beam. A lead wire for
leakage current measurement was connected to the specimen through an acrylic pipe to
prevent the influence of electric charges accumulated in a coaxial cable. A high resistance
meter (Keithley 6517A) was used for both of voltage supply and current measurement.
Insulating properties of the specimens were evaluated from changes in currents flowing into
the center electrodes under DT neutron irradiations. The present measurements were

performed at room temperature. Neutron flux was changed by adjustment of D* beam current.

. 14 MeV
Bias voltage supply _ neutrons
1Y)
Acrylic .
pipe Cu shield (¢ 350 keV
\ AN . \ D* Beam
[ G} s | e
[ S —— Z
Cu lead wire Tritium
Specimén ||/ target
S Irradiation room
1} [ Leakage surrent " Operat ior oo
_L_‘ = J_;< easurement Operation room

Keithley 6517 A — Computer

Fig. 6.5-2 Schematic arrangement of measurement system for examination of insulating properties
of coating materials
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The maximum neutron flux was 8.0 x 10° n/em?/s for the CaZrO, specimen and 4.2-7.8 x 108
n/em*/s for other specimens. Contribution of induced gamma rays to total dose rate (Gy/s)
was estimated to be ~30% for the Er,O; specimen and ~10% for the others by transport
calculation using MCNP code [9].

6.5.3 Results and Discussion

Fig.6.5-3 shows changes in neutron flux and current flowing through the AIN coated
specimen. The current changed coincidentally with the neutron flux. Similar responses were
observed for all of the bulk and coated specimens. Radiation induced conductivities were
evaluated from the flux dependences in the current measurements. The values extrapolated or
interpolated to dose rate of 0.01 Gy/s were 1.3 x 10™° S/m (Y205), 5.3 x 10! S/m (Er,03)
and 3.1 x 10" S/m (CaZrOs) for the bulk specimens, and 7.6 x 102 S/m (AIN, 2.5 pm), 1.9
x 10" S/m (AIN, 7.0 pm) and 6.3 x 1072 S/m (Y403, 2.5 pm) for the coated specimens.

The present results were plotted in Fig.6.5-4 with previous evaluations for Al,O; [10].
Close and open symbols are the results for the bulk and coated specimens, respectively. The
radiation induced conductivities for the ceramic coating materials were the same level or one
order higher compared with those for Al,Os. At first wall in fusion reactors with Li/V blanket
system, dose rate is considered to be several kGy/s for the ceramic coating materials [11]. The
extrapolation of the results indicates that the degradation of insulating properties should be

within allowable level for application to Li/V blanket system, i.e. < 10? S/m, in the present
experimental condition.

8.0x10° ———— —— 200 —— : :
. AIN coating
S Tt Thickness : 2.5 um
<L 6.0x10°} e R 150 L Electrode : 4 x 4 mm?
= / < Bias voltage : +2.5 V
o =
S = M
\E 4.0x10%} “\ : S 100} Hw -
3 5
o= i &}
[l '
£ 20x10°} { \ ] sol ]
® i
= [ |
0.0 AVER W/ — 0 . . W
600 800 1000 1200 600 800 1000 1200
Time (sec) Time (sec)

Fig. 6.5-3 Example of current measurements under DT neutron irradiations.
(a) Change in neutron flux. (b) Change in current flowing through AIN coated specimen.
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Fig. 6.5-4 Radiation induced conductivities of ceramic coating materials evaluated by the present DT

neutron irradiations. Close and open symbols are results for bulk and coated specimens,
respectively. Plots of AL,O; are extracted from Ref. 10 for comparison.

6.5.4 Conclusion

Insulating properties of the coating materials for Li/V blanket system were examined

under DT neutron irradiations. Evaluated radiation induced conductivities of the bulk and the
coated specimens were 3.1 x 107" - 1.3 x 107 S/m and 6.3 x 1072 - 1.9 x 107" S/m for dose
rate of 0.01 Gy/s, respectively. The extrapolation of the results indicated that the degradation
of insulating properties due to RIC should be within allowable level for application to Li/V
blanket system. Further evaluation is planed at higher temperature.
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6.6.1 Introduction

Optical devices are candidate for the signal transmission devices and as dosimeters in
radiation environment, because these devices have several advantages over electrical
measurements. Advantages include no electrical noises, no transmission of electrical signals,
wide optical signal bands, etc. However, Optical fibers have the disadvantage that an increase
of the radiation induced transmission loss as the irradiation time elapsed. This loss varies in a
complicated way with the optical fiber's composition, temperature, dose rate, total absorbed
dose, and wavelength of transmitted light.

It will be necessary to take account of the generation of the color centers, which is
origin of radiation induced transmission loss, in the optical fiber induced by radiations,
because the radiation resistance of optical fiber is strongly depend on the color centers. In
radiation environment, electron-hole pairs are generated by radiation and the color centers are
generated by the defect in the fibers captured the electron-hole pairs. Therefore, it is necessary
to decrease the intrinsic defect for developing the radiation resistance of the fiber. The fused
silica optical fiber has intrinsic defects induced by the fiber drawing process [1,2]. Therefore,
we considered the reduction of the intrinsic defect after drawing process.

In this paper, fused silica optical fiber is pre-annealed before irradiation after drawing
process. After the heat-treatment, irradiation test is carried out at the cobalt-60 gamma-ray
irradiation facility and fast neutron source.

6.6.2 Experiments

The material used in this experiment was fused silica core optical fiber. The main
component of the fiber was SiO, and the diameter of core/clad was 0.2/0.25 mm. The mother
rod of the fiber was KS-4V fabricated by the Fibre Optic Research Centre (FORC-Moscow)
and the rod was drawn by Fujikura Corp. in Japan. The fiber was coiled with diameter 100
mm for the irradiation, and the length of the coiled optical fiber was 10 m. The coiled optical
fibers were annealed before irradiation at 140, 160, 180, 200, 220 and 300°C in the air for 3
hours. The heating and cooling rates were not controlled precisely.

The transmission light in the optical fiber was observed using a white light source
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(Ando Electric, AQ-4303B) and optical spectrum analyzer (Ando Electric, AQ-6315A). The
optical detector can measure optical signals with wavelength range from 400 to 1700 nm.

The irradiation test was performed at a Co-60 gamma-ray irradiation facility in Tohoku
University and a fast neutron irradiation facility of the Fusion Neutronics Source (FNS) in
Japan Atomic Energy Research Institute (JAERI). The intensity of the gamma-ray source is
4.07 TBq and the absorbed dose rate is 7.2 x 10™ Gy/s. The energy of the neutrons of FNS has
a sharp peak at 14.1 MeV. The flux of fast neutrons is 3.6 x 10° n/em®s and the gamma-ray
dose rate is low.

6.6.3 Results and Analyses

The transmission loss of all fibers irradiated by gamma-ray and fast neutron became
_ large with similar tendency as the irradiation time elapsed. An example of the irradiation
experimental results, the radiation-induced transmission losses of the optical fiber
pre-annealed at 180°C under **Co gamma-ray irradiation are shown in Fig. 6.6-1. This shows
that the optical transmission loss at wavelength less than 700 nm is much larger than that in
the infrared wavelength range. The increase of the transmission loss in the fused silica optical
fiber was caused by the generation of several color centers in silica, and the transmission loss
in the visible wavelength range mainly consisted of two components. Optical absorption

shorter than 400 nm was ascribed to E' center and that around 630 nm was ascribed to Non
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Fig. 6.6-1. Transmission loss of the optical fiber pre-annealed at 180°C under “*Co gamma-ray irradiation.
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Bridging Oxygen Hole Centers (NBOHC) [3,4]. Here, the absorption peak of NBOHC was
not observed clearly, because the transmission loss of E' center was much larger than that of
NBOHC. One can see that Figure 1 has the irregular drop of optical signals around 480 and
570 nm. These irregular signals were not real optical signals caused by physical phenomena
of optical fiber but optical noises depending on the optical spectrum analyzer.

Figures 6.6-2 and 6.6-3 show the optical transmission loss by the gamma-ray
irradiation as a function of the pre-annealing temperature at 630 nm and 1390 nm,
respectively. Figures 4 and 5 show the optical transmission loss by the fast neutron irradiation
as a function of the pre-annealing temperature at 630 nm and 1390 nm, respectively. It was
obvious from Figs. 6.6-2, -3, -4 and -5 that the transmission loss could be decreased by the
annealing treatment before irradiation. Comparison of all temperature conditions, we can
estimate that there is an optimum heat-treatment temperature to minimize the radiation
induced transmission loss. The mechanism for having the optimum temperature is
complicated and not easy. It is considered that the heat-treatment before irradiation could
decrease the intrinsic defects. These defects are generated during the drawing process of the
optical fiber and act as precursors of the color center. Therefore, the radiation induced
transmission loss decrease by heat treatment. And the fibers used in this experiment have the
polymer jacket and the jacket can be degraded easily by heat treatment. Therefore, the loss
become large as the pre-annealed temperature becomes high.
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Fig.6.6-2. Pre-annealed temperature dependence of transmission loss of optical fiber
at 630 nm under **Co gamma-ray irradiation.
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It was found that the optimum temperature depended on the wavelength of the
transmission light. The precursor of color center is defined at the wavelength, for example the
peaks at 630 and 1390 nm are attributed to the NBOHC and Si-OH. Therefore, it is
considered that the heat treatment effect varies with the kind of precursor of color center.
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Fig. 6.6-3. Pre-annealed temperature dependence of transmission loss of optical fiber
at 1390 nm under *°Co gamma-ray irradiation

The optimum temperature is different between *Co gamma-ray and fast neutron
irradiation, and the temperature might be near 200 and 100°C, respectively. The main
gamma-ray energies of Co-60 are 1.17 and 1.33 MeV, and the dominant interaction with
optical fiber is the Compton effect. The energy of fast neutron is 14 MeV and the dominant
interactions with fiber are the atomic displacement and the knock-on effect. Therefore, I
believed that the transmission loss under gamma-ray irradiation is mainly caused by the
intrinsic defects of fused silica core fiber, and the loss under fast neutron irradiation is mainly
caused by the displacement of the SiO® network. In other words, dominant component of
precursors under gamma-ray and fast neutron irradiation are intrinsic defect and silica
networks, respectively. It is considered that the difference of the optimum temperature arises
from the difference of the generation process of transmission loss. However, that process is
not cleared. It is necessary to perform more detailed researches used other experimental
system, for example electron spin resonance (ESR), etc.
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6.1.4 Conclusion

Pre-annealing effect and the temperature dependence of radiation induced optical
transmission loss was investigated using the Co-60 gamma-ray and 14 MeV fast neutron
source. The transmission losses in the visible wavelength range were much larger than in the
infrared wavelength range, and the loss could be reduced in the whole wavelength range by
the heat-treatment before irradiation. The reduction of transmission loss by the heat-treatment
after drawing process before irradiation had the temperature dependence. It is found that an
optimum temperature to minimize the transmission loss (radiation damage) exists, in other
words, the radiation resistance can improve by the heat treatment of a specific temperature.
The optimum temperature might be near 200 and 100°C under gamma-ray and fast neutron
irradiation, respectively.
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6.7.1 Introduction

A possibility of applying a compact optical diagnostics to nuclear systems, such as
detecting high energy neutrons in a nuclear fusion system and measuring a high-flux
gamma-ray in a fission reactor with a wide dynamic range, has been studied, utilizing
radiation resistant optical fibers and radioluminescent (radiation-induced luminescent)
materials.

A development of reliable diagnostics of high energy neutrons is one among most
important scientific and engineering topics for successful operation of a burning-plasma
machine such as International Thermonuclear Experimental Reactor (ITER). Several
techniques have been under consideration and some of them were demonstrated their possible
feasibility in current machines, but with very low neutron flux&fluence and an associated low
gamma-ray flux. A fusion-neutron diagnostic system should operate reliably with a neutron
flux up to 10”n/m’s and an associated gamma-ray dose rate up to 1Gy/s, in an ITER-like
machine. To be compatible with a realistic and expensive maintenance scenario, a system
would better to survive a neutron fluence of 10*'n/m”. Also, it is strongly preferable that a
neutron sensing system is position-sensitive with a space resolution as high as possible and is
as compact as possible. The optical system examined in the present study was found to satisfy

these postulated above, through experiments with fusion-neutrons and gamma-rays.

6.7.2 Experiments

Several materials, which were expected to radiate luminescence, were attached at an
end of a radiation resistant optical fiber whose core-diameter was 200pum and were exposed to
high energy neutrons generated by the deuterium-tritium (D-T) reaction in the Fast Neutron
Source (FNS) of Japan Atomic Energy Research Establishment (JAERI) in Tokai, and to
gamma-rays from cobalt-60 sources in the JAERI-Takasaki, at room temperature. The fast
- neutron flux was in the range of 10'* ’n/m’s in the FNS and the gamma-ray dose rate was
about 5Gy/s in the JAERI-Takasaki gamma-ray facility. An optical signal was guided through
a 30 m long radiation resistant optical fiber, which was developed in the ITER-EDA (ITER

—101—
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Engineering Design Activity) framework for the purpose of applying optical fibers to
in-vessel components in the ITER [1,2], to a measuring instrument composed of an optical
grating and a CCD, the PMA-11 made by Hamaphoto Co. Ltd.

6.7.3 Results and Analyses

Three materials, silver activated zinc sulfide (ZnS-Ag), copper activated zinc sulfide
(ZnS-Cu), and a strontium aluminate doped with europium and dysprosium (SrAl,Os-EuDy),
were found to be radioluminescent, being sensitive to high energy neutrons with a peak
position at 450nm, 570nm, and 500nm, respectively, having a half width of 75-150nm. Figure
6.7-1 shows a luminescent spectrum from the ZnS-Ag under a fast neutron flux of about
10"”n/m%. The ZnS-Ag had the strongest luminescence among three but its intensity
decreased with the increase of neutron fluence, in the meantime, the other two, the ZnS-Cu
and the SrAlL,O4-EuDy had relatively weak luminescent intensity but their peak intensity did
not change substantially with the fast neutron fluence up to 10*°n/m>. Changes of the
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Fig.6.7-1 Radioluminescent spectrum from ZnS-Ag Fig.6.7-2 Change of optical intensity in the course
under fusion neutron irradiation. of fusion neutron irradiation at FNS.
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luminescent peak intensities are shown in Fig 6.7-2 as a function of irradiation time. For a
high sensitivity, the ZnS-Ag is the best among three, but for a long-term stability and being
free from frequent re-calibration or replacement, the ZnS-Cu and the SrAl,O4-EuDy are

preferable.
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Fig.6.7-3 Radioluminescent spectrum from Fig.6.7-4 Radioluminescent spectrum from
europium oxdide under gamma-ray irradiation. gadolinium oxide under gamma-ray irradiation

Under the gamma-ray irradiation, only the SrAl,O4-EuDy showed radioluminescence,
but radioluminescent peaks were not detected by the present measuring system in the ZnS-Ag,
and the ZnS-Cu. Being insensitive to a gamma-ray will be good in general for neutron
diagnostics and the ZnS-Ag, and ZnS-Cu will be preferable to the SrAl,O4-EuDy. Thus, the
ZnS-Cu is the best at present as a sensing element for fusion neutron diagnostics. The ZnS-Cu
in the present system can detect the fast neutron flux down to 10''n/m?s with an integration
time of 10 s. However, it is estimated that the system can detect a fast neutron flux down to
10°n/m’s with an integration time less than 1 s, with a photomultiplier system working at a
fixed optical wavelength region. A dimension of a sensing element will be in the order of
0.1mm¢.Thus, the present results showed that the optical fast neutron detecting system with a
high space resolution can be composed with a radiation resistant optical fiber and a neutron
sensitive ZnS-Cu element, which is compact and easy to install and dismantle in a limited
space in a burning plasma machine such as the ITER.

For measuring a gamma-ray flux, several radioluminescent materials are now
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Fig.6.7-5 Radioluminescent spectrum from Fig.6.7-6 Spectrum obtained by subtracting
ruby under gamma-ray irradiation. radioluminescence from fused silica optical

fibers from spectrum shown in Fig.6.7-5

available, such as chromium doped alumina (ruby) (Al,03-Cr), europium oxide (EuO,), and
gadolinium oxide (GdO,), which are insensitive to neutrons. [3] Figures 6.7-3, -4, and -5
show radioluminescent spectra under the gamma-ray irradiation. Here, it should be noted that
the silica core optical fiber itself also generate radiation induced luminescence, which is
composed of a peak at 450nm and a Cerenkov radiation in the case of gamma-irradiation.
[4,5] However, superimposed radioluminescence from the optical fiber can be easily
subtracted from the obtained spectra as shown in Fig.6.7-6 for the case of ruby. The ruby is
well-known radeioluminescent material and it can work as a gamma-ray detector with a wide
dynamic range from 10 >Gy/s to 10°Gy/s. However, the intensity of its peak at 690nm
decreases rapidly with increase of a displacement irradiation dose and with increase of the
irradiation temperature as shown in Fig. 6.7-7, because the ruby is a dopant-activated
luminescent material. [5,6] In the meantime, intensity of the radioluminescent peaks from the
europium oxide and the gadolinium oxide showed more stable behavior with increase of the
displacement dose, as they are intrinsic luminescent material. A gamma-ray measuring system
with a dynamic range of 107 - 10°Gy/s could be realized with the gadolinium oxide in a
temperature range of room temperature to 300C. The system could be applied not only to a
post-irradiation facilities such as a spent fuel handling system and so-called hot cells but also

to a core-region monitoring in a power generating fission reactor.
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1MeV proton irradiation at 22C
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Fig.6.7-7 Optical intensity of radioluminescent peak at 690nm from ruby under proton irradiation [5,6]

6.7.4 Conclusion

Radiation-diagnostics system using radioluminescence sensor was proposed.
Radiolouminescece materials responding to gamma-rays and 14MeV neutrons were found
and their behaviors were studied under 14MeV neutrons and gamma-ray. The system could be
applied to heavy irradiation environments.
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7. Developments of Measurement Technique
7.1 Micro Fission Chamber for the ITER Neutron Monitor

Michinori YAMAUCHI, Takeo NISHITANI, Kentaro OCHIAL Junichi HORI', Katsuyuki
EBISAWA®
Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

"Kyoto University, Kumatori
Toshiba Co. Ltd., Tokyo

7.1.1 Introduction

Micro-fission chamber is a candidate diagnostic device to measure the fusion power,
which is one of the basic control parameters. In present large tokamak facilities such as JET,
TFTR or JT-60U, the neutron yield measurement has been carried out using 3y or P¥U
fission chambers installed outside the vacuum vessel [1-3]. Detection efficiencies in this
method are easily affected by surrounding equipment such as other diagnostics or heating
systems. Moreover, ITER has thick components as blanket and vacuum vessel that disturb
clear signal to arrive there. Therefore, detectors outside the vacuum vessel cannot measure the
neutron source intensity with sufficient accuracy. Thus, micro-fission chambers, which are
pencil size gas counters with fissile material inside, has been developed as neutron flux
monitors in the vacuum vessel of ITER [4-8]. Installing a pair of a ***U micro-fission
chamber and a “blank” detector behind the shielding blanket module is proposed. The
“blank™ detector is a fissile-material-free detector to identify noise issues such as those from
gamma-rays. Pulse counting mode and Campbelling mode [9] in the electronics were
employed to meet the ITER requirement with respect to the temporal resolution and the
dynamic range.

This paper describes the design and the fabrication of a prototype micro-fission
chamber and test results under ITER relevant conditions including wide neutron spectrum and

intense gamma-rays, and the performance as a ITER power monitor is discussed.

7.1.2 Design of Micro-Fission Chamber

Figure 7.1-1 shows the schematics of a typical micro-fission chamber with wide
dynamic range, which is designed for the ITER. In this detector, UO, is coated on the outer
cylindrical electrode with a coating density of 0.6 mg/cm®. The active length is 76 mm, and
the total amount of UO; is 12 mg. The enrichment of **°U is 90%. Thus, the total amount of
23 is about 10 mg. This detector is filled with Ar and 5% N, gas at 14.6 atm. The housing
material is stainless steel 316L. Electric insulator is alumina (Al,O3).
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A full body drawing of the fabricated micro-fission chamber and the MI cable is also
shown in Fig.7.1-1. Double coaxial MI (mineral insulated) cable is welded directly to the
fission chamber. The cable uses SiO; as electric insulator with a packing density of 30%. It is
filled with Ar at 14.6 atm. The center conductor is insulated not only with the SiO, powder
but also Ar gas. In case of cracking at the alumina insulator in the detector due to swelling, the
Ar gas in the MI cable will prevent the leak of detector gas into the MI cable. The dummy
chamber has the same structure as the micro-fission chamber, except no uranium coating on
the electrode.

e N
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Gas feeder tube Vacuum flange Connector
—-JHEE i '—*‘.__q_.!  —— 05

J 5000 mm N

Fig. 7.1-1 Schematics of the structure and the full body of micro-fission chamber and MI cable.

7.1.3 Performance Test
1) Basic Performance

The dummy chamber with MI cable was tested for vacuum leaks at room temperature.
We confirmed that the helium leak rate was less than the detection limit, 1x 10 cc/s. In the
acceleration test for mechanical shocks, the micro-fission chamber was set on a weighted free-
fall table. When the table hit the floor, the acceleration for 30 ms reached 50G at maximum.
The test was repeated 10 times. Although a few counts were observed during each mechanical
shock, no change appeared in the Campbelling output signal. Neither did in resistance,
dimension and vacuum leaks. The resistance between the center conductor and the outer
sheath was measured in the range from room temperature (20°C) to 350°C with an impedance
analyser. Both detector heads of the micro-fission chamber and the dummy chamber were
heated up by a heating apparatus. Although the conductivity is increased by the ionization of
alpha particle emitted from the alpha decay of the uranium at low temperature, the change of

measured resistances are within the acceptable range for the micro-fission chamber
performance.
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2) Response for 14 MeV neutrons

The performance tests under 14 MeV neutrons were performed with the target of 80°
beam line at FNS. It produces 14 MeV neutrons up to 3 x 10'! n/s. For the sensitivity and
linearity measurements, the micro-fission chamber and the dummy chamber were installed
just in front of the target as shown in Fig.7.1-2. Both chambers were heated by a ribbon heater

from R.T to 250°C.

Side view Front view

e Thermal insulator
Tritum target  Micrgfission chamber

Dummy chamber

Fig. 7.1-2 Experimental setup of the 14 MeV neutron response measurement at FNS.

The pulse height distributions were measured with a discrimination level of -150 mV.
The output voltage of the Campbelling amplifier and the output current of the high voltage

power supply were also monitored.
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Fig. 7.1-3 Pulse count rates of the micro-fission chamber as a function of the neutron yields.

In the pulse height distributions, shifts of the peak position were observed when the
temperature of the chamber was changed. Although the discrimination level was adjusted to
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minimize the effect of the peak shift, the temperature-dependence could not be avoided in the
present study. The relation between pulse count rates of the micro-fission chamber and
neutron yields measured by alpha monitor is shown in Fig.7.1-3. An excellent linearity is
observed up to the neutron yield of about 3x10" n/s.

The relation between the squares of the Campbelling output voltages and neutron yields
measured by alpha monitor is shown in Fig.7.1-4. An excellent linearity is also observed. The
temporal response is shown in Fig.7.1-5. When a neutron pulse in 1ms duration was generated,
the squares of the Campbelling output voltage made a curve with 0.98 ms time constant,

which means 1 ms temporal resolution could be attained.
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Fig. 7.1-4 Campbelling output voltages of the micro-fission chamber as a function of the neutron yields.
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Fig. 7.1-5 Temporal curve of squared Campbelling output response for the 1 ms neutron pulse.
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3) Response for gamma-rays

This micro-fission chamber can be operated both in the pulse counting and the
Campbelling modes. In the pulse counting mode, current pulse generated by the fission
fragments or gamma reaction in the ionizing gas is measured. When a fission reaction
releases ~170 MeV as kinetic energy of fission fragments, average energy deposited in the
ionization gas is 70 - 100 MeV, while the gamma-ray energy is less than 10 MeV in the
chamber. In addition, the Campbell mode is less sensitive to gamma-rays. Therefore, the
dummy chamber was employed not only for the gamma-ray compensation but also
identification of noise events and radiation induced events such as RIEMF (Radiation
Induced Electrical Motive Force).

The dummy chamber was irradiated at the ®°°Co gamma-ray irradiation facility of
JAERI-Takasaki. The gamma-ray dose rate was 4.7Gy/s at the dummy chamber location,
which is almost equivalent to the dose rate between the shielding blanket module and the
vacuum vessel in ITER, where the micro-fission chambers will be installed. The dummy
chamber was irradiated for 19.1 hours, which resulted in the total dose of 0.32 MGy.
Compared with the sensitivity for neutrons, gamma-ray sensitivity in Campbelling mode was
estimated to be less than 0.1 %.

7.1.4 Conclusion

A micro-fission chamber with 12 mg UO; and a dummy chamber without uranium were
designed and fabricated for the in-vessel neutron flux monitoring of ITER. The measurement
ability was tested with the FNS facility for 14 MeV neutrons and the “Co gamma-ray
irradiation facility at JAERI-Takasaki. Employing the Campbelling mode in the electronics,
the ITER requirement for the temporal resolution was satisfied. The excellent linearity of the
detector output versus the neutron flux was confirmed in the temperature range from 20°C to

250°. As aresult, it was concluded that the developed micro-fission chamber is applicable for
ITER.
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7.2 Cherenkov Detector of the Water Flow Activated by 14 MeV Neutrons

Yury VERZILOV, Kentaro OCHIAI, Chuzo KUTSUKAKE, Takeo NISHITANI
Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

7.2.1 Introduction

The neutron activation of the °0 via 16O(n,p)léN reaction and subsequent y-ray
detection of the "N activity in a flowing fluid was applied for a variety of purposes. Since the
threshold energy for the 16O(n,p)mN reaction is 10.24 MeV, "N nuclei is produced only by
the 14 MeV neutrons, with water flowing in the vicinity of the D-T neutron source. Thus, a
fusion power monitor, based on activation of flowing water, was proposed for ITER, and
experimental studies were completed [1,2]. The activation product, N, decays by
B-emission (100%) with a half-life of 7.13 seconds [3], Table 7.2-1. Presently, activity of the
!N is measured using a y-ray scintillation detector [1,2]. Such method leads to insufficient
time resolution and the delaying of

the neutron monitor response, since Table 7.2-1 Radioactive decay properties* of '*N
water has to transfer the "N from

the point of production to the Ray | Ependpoint I5(%) Decay
position of a remote y-detector. In (keV) mode
order to overcome these dis- E, (keV) 1(%)
advantages a new approach was 1548.1 1.06

proposed. The basic idea of this B 3303.2 4.8

approach is to utilize the Cherenkov 4290.1 66.2 B
light, produced by P-particles from 10420 8.0

16N in water near the neutron source,

and then transmit the light by the ! jﬁifi 46;

optical fiber to the remote light * Only branches with intensities of more than 1 % are listed
detector. To support this idea, in the table

several experimental phases were

scheduled. The main idea of the first experimental phase is to examine the Cherenkov light
measurements using a remotely located water radiator and a light detector. During the second
phase the temporal resolution of the proposed technique will be studied comprehensively. In
the present paper, theoretical considerations and experimental investigations of the first
experimental phase are presented.

7.2.2 Theoretical Aspects of a Water Cherenkov Detector

Cherenkov emission is a physical process [4]. Electrons emit light under a
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characteristic angle when passing through the medium of the refraction index n, if their
velocity exceeds the speed of light in the medium, ¢/n. For water (n=1.33) the threshold
energy for electrons is 0.264 MeV and the emission angle is under 42°. According to the
classical description of the Cherenkov effect by Frank and Tamm® the number of photons
dN emitted per unit path length dx with wavelengths between A; and A, is given by:

A
é&=27z0522 j.(l— 21 ZJ—d% ) ' 40
dx i nwpt)aAx |
[\
for n(A) >1, where z is the electric 2 30
charge of the particle producing g \ ./ R
Cherenkov radiation, f=v/c, and 0= -5 20 ! "
1/137 is a fine structure constant. & f'y\\ ‘\‘ B
Assuming that a photomultiplier tube g 10 . S o
(PMT) with a bialkali photocathode will ) A ~
be utilized for registration of the J \ s,
0 e

Cherenkov light, the spectral range of '
200 300 400 500 600 700

the maximum response was estimated to
Wavelength (nm)

be as follows. Figure 7.2-1 (curve A)
shows the calculated Cherenkov

. Fig. 7.2-1 A — Cherenkov spectrum, displaying the 1)
spectrum expressed in terms of the

dependence; B — Quantum efficiency of the PMT; C —
number of generated photons that are Response of the PMT to Cherenkov radiation.

proportional to 1/A%. Curve B shows the

spectral response for the PMT. The product of curves A and B (curve C) shows the number of
photoelectrons, liberated at the photo-cathode when Cherenkov light irradiates the cathode.
Considering the curve C, it is possible to conclude that the region of the maximum response
is estimated to be in the range of 300 — 600 nm. The area under curve C represents the total
number of photoelectrons liberated and depends upon initial energy of the particle that
generated the Cherenkov light. The intensity of Cherenkov light produced in water by an
electron, moderating from E,,, to the Cherenkov threshold, was estimated by the integration
of the equation (1) converted to dN/dE form [6], over the spectral region and energy range.
It was integrated numerically and the obtained data is shown in Fig. 7.2-2. The photon output
increases rapidly with beta-energy to about 2 MeV, and further increases in energy result in
smaller proportionate increases of light output. However, the number of B-particles of
sufficient energy to cause Cherenkov radiation in water increases markedly with the increase
of maximum emission energy, due to the energy-spectrum characteristics of 3-emitters. The
ratio of this number and the total number of electrons in the B-spectrum is the Cherenkov
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yield. The yield calculated for "N equals 98.6% [6]. Performed analysis has shown [6] that in
addition to '°N radionuclide, other

radioactive  nuclei, which can 10000

generate the Cherenkov light, can be
produced in the irradiated water.
There are radionuclides (°C, "N,
'¥N)) whose energies are very close to
the energy of SN, but their

appearances limit the abundance of

1000 e

100 /

10

the origin nuclide and the nuclear

cross  section. As a  result,

Quanta between (300-600 nm) per electron

contribution of all nuclides to the

Cherenkov signal from N is less
than 0.2%. Since the emitted
Cherenkov ~ light is  roughly

0 3 6 9 12
Electron energy (MeV)

roportional to the beta particle
prop p Fig. 7.2-2 The number of Cherenkov photons emitted per

electron as a function of energy, calculated for the spectral
identified. Thus, the Cherenkov region 300-600 nm.

counter offers an advantage for

energy, the N can be instantly

counting '°N in water. Explained briefly, it consists of selective detection of large light pulses
originating from the passage of high-energy electrons in a volume of water. Utilizing
electronic components and altering the desired “window setting” can discriminate against

contributions from Compton electrons, produced in the water from y-ray interactions.

7.2.3 Experimental Studies and Results

The experiment was carried out using the FNS facility at JAERI [6]. The 1N
radionuclide produced in water near the D-T neutron source, was transported to the chamber
of the Cherenkov detector using flowing water in the closed loop, with flow velocity of 2 m/s.
The chamber consists of an aluminum cylinder with dimensions of 5 cm in length, a 15 cm
diameter, and a glass window. The inside walls were covered with 1mm thick Teflon sheets
for light reflection. This chamber was far from the optimum, since the thickness of the
reflecting Teflon layer must be about 6 mm for good reflection characteristics, and the
material of the window has to be quartz. The PMT, Hamamatsu R1250, was optically
coupled to the window chamber. The chamber and the detector were shielded with 10 cm
thick Pb blocks. The associated electronic package consists of a high voltage supply, signal
amplifiers, and a multichannel analyzer, used for accumulating acquired counts within a
selected window.
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The '®N radionuclide was generated by D-T neutron irradiation of water flowing next

to the source in the position of a
neutron flux of about 1-10° n/cm%s.
The transit time to the Cherenkov
radiation detector was ~ 6 sec. The
identification of the registered
Cherenkov signal from N was
performed using the time decay and
pulse height distribution spectrum.
During the experimental run, the water
flow in the chamber was stopped to
It fully
corresponds to the decay time of '°N.

estimate the time decay.

The obtained experimental result is
shown in Fig. 7.2-3.

A pulse-height  spectrum
(points) of **N is shown in Fig. 7.2-4.
The slope of the most energetic half of
the pulse-height spectrum is a function
of the Epmax for each B-emitter. 32D has
only one B-decay branch (Egma=1710
keV), thus the highly energetic part of
the experimental spectrum corresponds
The result of the
deconvolution of N spectrum is also
shown in Fig. 7.2-4. Two obtained
slopes correspond to major [B-decay
branches of the N, with endpoint
energies of 4290 keV and 10420 keV.

to one slope.

7.2.4 Future Work

In order to complete the
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Fig. 7.2-4 The deconvoluted pulse height spectrum of
N measured by the water Cherenkov detector. *?P is
shown for the comparison.

feasibility study of the Cherenkov detector as a D-T fusion power monitor for ITER, two
more, the second and the third experimental phases are scheduled. The main idea of the
second experimental phase consists of studying the temporal resolution of the proposed
technique. For purposes of this study, a special Cherenkov detector is to be created,
consisting of a water radiator, an optical fiber, and a remotely located light detector. It is
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proposed, that the water radiator is to be placed next to the D-T neutron source, and the
Cherenkov light generated in the water radiator from the B-rays of the '°N, will be then
transmitted by an optical fiber to the remotely located light detector. The third phase consists
of finding the optimal solution of transmitting the Cherenkov light in conditions of heavy
neutron radiation.

7.2.5 Conclusions

For the purpose of monitoring the D-T neutrons in the system using neutron activation
of flowing water, a new approach was proposed. It enables to solve problems associated with
the response delay and temporal resolution, which are the most important drawbacks of the
previous approach. In support of this idea, the first experimental phase was completed. The
response of the detector to the Cherenkov light from the N was studied comprehensively. It
was concluded, that the water Cherenkov detector is very efficient in measuring the 1N
activity, due to: high counting efficiency; absence of the scintillation detector; and simplicity
of the method. The present study elaborates upon the feasibility and effectiveness of utilizing
the Cherenkov radiation detector in the D-T neutron monitoring system.
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7.3 Response Function Measurement of Layered Type CVD Single Crystal
Diamond Radiation Detectors for 14 Mev Neutrons
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7.3.1 Introduction

A diamond radiation detector has several merits in terms of high radiation resistance
[1], high temperature operation [2], high chemical resistance [3], etc. Moreover, a diamond
radiation detector can be applied to 14 MeV neutron energy spectroscopy using the “C(n,
a)’Be reactions. This method corresponds to neutron energy spectroscopy using the 2Si(n,
a)*Mg and 2Si(n,p)** Al reactions in a silicon surface barrier detector [4]. This capability of a
diamond radiation detector was reported by Kovalchuke in 1994 in Ref. 5. The energy
resolution of 2% for 14 MeV neutrons was the best result reported in the previous studies
using a natural diamond radiation detector [6]. This energy resolution satisfied a required
capability of a 14 MeV neutron energy spectrometer for ion temperature measurement for DT
plasma. A very compact size of a diamond radiation detector has an advantage in plasma
diagnostics that are usually forced strict spatial limitation. Moreover, a diamond radiation
detector is at least 100 times tougher than a silicon surface barrier detector in radiation
resistance [1]. As mentioned above, a diamond radiation detector has ideal properties for a 14
MeV neutron energy spectrometer for plasma ion temperature measurement. However, it was
very difficult to routinely produce diamond radiation detectors that had enough performance,
because natural diamond crystals for this purpose were very scarce.

On the other hand, a synthetic technique of diamond has made remarkable progress.
The authors reported the first trial of 14 MeV neutron energy spectroscopy using a radiation
detector made of a synthetic diamond grown by a high pressure and high temperature
(HP/HT) method in Ref. 7. Although the detector succeeded to work as an energy
spectrometer, there was severe trapping on electrons [8] and its reduction was indispensable
for fruition of a practical detector. Accordingly, characterization of impurities [9], applying of
higher purity diamond crystals [10] and estimation of charge trapping mechanism into the
HP/HT type Ila diamond crystal [11] were carried out. At the same time, applying of chemical
vapor deposition (CVD) diamond single crystal was carried out successfully [12]. However, it
was revealed that yield rate of CVD single diamond for energy spectrometer was extremely
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poor. Recently, development of a layered type CVD single crystal diamond radiation detector
was succeeded [13]; one main motivation of this development was improvement of yield rate.
In this article, response function measurement of a layered type CVD single crystal diamond
radiation detector for 14 MeV neutrons was described. This experiment was carried out in

order to obtain a guide to the next improvement, namely fabrication of a thick sensitive layer.

7.3.2 Detector and experimental setup

7.3.2.1 Layered type CVD single crystal Signal Al contact  Boron doped
diamond radiation detectors (Positively biaged) ~ (0.02um)  CVD diamond
. Ti/Au contact \/ (500ppm)
Figure7.3-1 shows & (0.03/002um) peiS L.
i i ; ' Non doped 1A20um
schematically drawing of a cross section CVD diamond #

of a layered type CVD single crystal Grounding

Fig.7.3-1. Schimatic drawing of a cross section of a
layered type CVD single crystal diamond
spectroscopy [13]. This detector was radiation detector.

fabricated on a cheap HP/HT type Ib

diamond single crystal substrate, i.e., yellow diamond. The detector had a layered structure
composed by a boron-doped single crystal diamond layer of 0.5 pm in thickness and a
non-doped single crystal diamond layer of 20 um on the substrate. These layers were
homoepitaxially grown on (100) surface of the substrate by plasma assisted CVD method in
order of boron-doped and then non-doped diamond layers. After crystal growth, a part of the
non-doped diamond layer was removed by oxygen plasma etching with a metallic mask; at
this part, a Ti/Au electrode was fabricated by evaporation, and the boron-doped diamond layer
worked as a back contact. Moreover, an aluminum Schottkycontact was fabricated on
non-doped diamond layer by evaporation, too.

diamond radiation detector. This detector
HP/HT type Ib

was developed aiming at improvement of (100)diamond |

poor yield rate of CVD single crystal

. .. Detector mount
diamond  radiation detectors and

fabrication of a thin sensitive layer

enough for o particles energy

Owing to the boron-doped diamond contact, the detectors had strong rectification
properties. The detectors had energy resolution of 2.6 and 2.8 % for 5.5 MeV a particles.
These values were far from higher energy resolution of 0.4 % achieved by radiation detectors
made of the HP/HT type Ila single crystal diamond [12] and the CVD single crystal diamond
[14]. It was already known that quality of the non-doped diamond layers were not so high; it
was obvious from their cathode luminescence spectra in which the strong band A
luminescence around 420 nm was observed with the free exciton recombination luminescence
at 235 nm indicating high quality. It was probably caused mainly by poor crystallinity of the
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boron-doped layer owing to growth instrumentation; the boron-doped layer gave a bad
influence on crystallinity of the non-doped layer on it. On the other hand, the detector had
very thin layer of 20 pum that was very difficult to be fabricated by mechanical polishing and a
self standing diamond substrate, thus there was possibility of improvement on suppression of
charge trapping on electrons that was big issue on the HP/HT type Ila diamond. Compare with
self-standing CVD single crystal diamonds, yield rate of the layered type detector was
overwhelmingly high. In this experiment, two layered type CVD single crystal diamond
radiation detectors were used.

7.3.2.2 Experimental setup and measurement electronics

Response function measurement experiment for 14 MeV neutrons was carried out at
FNS. The diamond radiation detector was set at an exit of a 14 MeV neutron collimator. At
the position of the detector, peak energy of neutrons was calculated to be 14.2 MeV, and it had
energy broadening of 1.0% in FWHM. The detector was connected with a CANBERRA
2003T charge sensitive preamplifier by cable whose length was 15 cm. A CANBERRA 2021

spectroscopy amplifier and Genie-ESP analysis system were used in this measurement.

7.3.3 Experimental results and discussions
Figure 7.3-2 shows examples of response functions for 14 MeV neutrons obtained by
the layered type CVD single diamond radiation detector. Bias voltage of +15V (7.5 kV/cm)

was applied to the aluminum contact, and gain and shaping time of the spectroscopy amplifier
were 0.6 x 1k and 10 ps, respectively.

ic_: 30 l T T T ‘Tg 3.0 T ; . .
X X
; 251 a) \—E 25} V b)
) 2
; 20} > 20k
= 2

'§ 15 !} L‘“'ﬂ % 15 W !1‘ i’
3 T ik i
. '! ”*\ 2 il
2 10 ‘ g 10 ! i
3 ol NWW% | 3 ost WMN‘ _

00— L LW o,o(; B s s WWMW:*M : 10

0 2 4 6 8 10
Energy (MeV) Energy (MeV)

Fig.7.3-2 Change of pulse height distribution spectra obtained by the layered type CVD single crystal
diamond radiation detector for 14 MeV neutrons due to measurement time. a) the first (0 - 40

minutes) measurement of series three times measurement in total 120 minutes, b) the third (80 -
120 minutes) measurement.

—118—



JAERI-Review 2004-017

Continuous measurement of 120 minutes was carried out with counting rate of
approximately 20 cps. Figure 7.3-2 a) shows the pulse height spectrum obtained during the
first 40 minutes, and Fig. 7.3-2 b) shows the pulse height spectrum obtained during the third
40 minutes, namely from 80 to 120 minutes. In Fig.7.3-2 a), structure caused by the 2C(m,
n)C, 12C(n, n*)2C", C(n,n’)3a and 2C(n,0) Be reactions was clearly observed. In contrast,
the structure was distorted with increase of measurement time as shown in Fig. 7.3-2. It was
obvious to get influence of accumulated charge in the detector.

Figure 7.3-3 shows a response function measured by another detector. In this
measurement, bias voltage of +25 V (12.5kV/cm) was applied to the aluminum contact. Gain
and pulse shaping time constant of the spectroscopy amplifier were 0.6 x 500 and 6ps,
respectively. To obtain this spectrum, six times of a 20 minutes measurement were summed
up. Between each measurement, some bias voltage of opposite polarity was applied to the
detector in order to remove space charge. As result, the fine spectrum compared with
Fig.7.3-2 was obtained. Moreover, energy resolution of 6 % caused by the 12C(n,oc)gBe
reactions was achieved; it was the best result for synthetic diamond radiation detectors.
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Fig.7.3-3. An example of response function of the
layered type CVD single crystal diamond
radiation detector for 14 MeV neutrons.

Fig.7.3-4. Dependence of detection efficiency of
the "*C(n,0)’Be reactions on thickness
of sensitive layer of diamond.

Detection efficiency was 2.8 x 107 counts/unit neutron flux for this detector. Figure
7.3-4 shows dependence of detection loss on the thickness of a sensitive layer calculated by
analytical approximation. Range of a particles created by the '*C(n,0)’Be reactions was
approximately 15 um in diamond. Thus, for 20 pm in detector thickness, approximately 18 %
of counts caused by the “C(n,0)’Be reactions were not able to deposit all energy to the
detector. However, taking into low energy resolution of 3% and broadening of neutron energy

of 1%, calculated detection efficiency of 3.2 x 107 was almost equal to the experimental
result of 2.8 x 107.
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For the detectors used in this study, it was difficult to observe transfer properties‘ of
electrons and holes separately, because the thickness of the sensitive layers were almost the
same length as a range of a 5.5 MeV « particle, i.e., 14 pm. If there was no charge collection
loss in the detector, approximately 65 % of pulse height of a signal was composed by motion
of electrons for 5.5 MeV o particles. Moreover, the detectors had strong rectification
properties, thus it was impossible to change drift direction of electrons or holes by applying
opposite bias polarity. As reported in Ref. 13, the experimental results obtained using o
particles, the detectors had low charge collection efficiency and slow drift velocity of both
charges, i. e., 700 to 2 x 10*cm/s. On the other hand, for 14 MeV neutrons, all reactions
occurred in the detector homogeneously. Therefore, average contribution to a pulse height of a
signal was equal for both electrons and holes. Taking all information described above into
account, there were charge losses not only on electrons but also on holes. Probably, there was
trapping centers related with bad crystallinity.

In order to improve detector performance, improvement on the boron-doped diamond
layer and optimization for growth condition of non-doped diamond layer are indispensable.
For the later issue, a growth condition achieving higher growth rate of 4 um/hour with very
high crystal quality was observed. If this growth condition applied to fabrication of the
detector, a 100 um thick detector can be fabricated in 25 hours. Therefore, the authors believe
that a practical synthetic diamond radiation detector as 14 MeV neutron energy spectrometer
comes true in near future.
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7.4 Laser Resonance Ionization Mass Spectroscopy for Very Small Amount
Radioactivity

Tetsuo IGUCHI, Kenichi WATANABE, Kazuhiro HATTORI, Yusuke TSUNEKAWA, Jun
KAWARABAYASHI, Takeo NISHITANI', Michinori YAMAUCHT'

Department of Nuclear Engineering, Nagoya University, Nagoya

!Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

7.4.1 Introduction

The extensive estimation of radioactivity induced by neutron irradiation is required
from the viewpoint of facility maintenance and safety in fusion neutron source facilities, such
as fusion reactors and high-energy accelerators. For radiation protection and neutron
dosimetry, it should be understood that short-lived radionuclides are important because of
their high radioactivity. At the same time, long-lived radionuclides are also important from the
aspect of long-term waste management. However, they are difficult to be measured by
conventional radiation measurement techniques because of their extremely long half-life or
low activity. Consequently, it is desired to directly analyze long-lived radionuclides using
high sensitive mass spectrometry techniques, where promising candidates for these
applications are accelerator mass spectrometry (AMS), inductively coupled plasma mass
spectrometry (ICP-MS) and resonance ionization mass spectrometry (RIMS)[1][2] and so on.

Generally radionuclides produced by neutron irradiation have isobars in a matrix.
Therefore, for direct detection of trace long-lived radionuclides, we have proposed to adopt
RIMS, because RIMS is the only method having high elemental (isotopic) selectivity, which
is the capability of suppressing isobaric interference, high sensitivity and simpleness
simultaneously. Furthermore, we have developed resonant laser ablation mass spectrometry
(RLA-MS)[3][4] in order to apply the RIMS to solid sample analysis, which is required as a
simple and direct analysis method for radionuclides in structure materials. The RLA-MS
combines the RIMS and Laser Ablation (LA) technique, which is vaporization procedure,
simultaneously with a single laser.

As a demonstration of the detection of trace long-lived radionuclides, we have been
attempting the detection of 2°Al (Typ: 7.2 x 10° y) produced by *’Al(n,2n) reaction in high
energy neutron fields. Aluminum alloys and ceramics are promising low-activation materials
for fusion reactors and/or high-energy accelerators. The determination of trace long-lived
radionuclide *°Al produced by neutron irradiation is quite important from the viewpoint of
high energy neutron dosimetry. For Al detection, it is difficult to adopt the direct detection
techniques without the elemental selectivity because of the isobaric interference of Mg
contained in Al material as an impurity.
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7.4.2 Experiments

Figure 7.4-1 shows a schematic of our experimental system, which consists of all
solid-state high-repetition-rate and short-pulse tunable Ti:Sapphire laser system with a
regenerative amplifier and a reflectron TOF mass spectrometer with a field-free drift region
approximately 150 cm long and a microchannel plate (MCP) ion detector. The output from
this amplifier is frequency doubled using a second harmonic generation crystal (KDP crystal).
The bandwidth of the laser was 0.4 cm™, the laser pulse duration 100 ps and the repetition rate
1 kHz, respectively. The laser output was split into two beams for LA and RIS because the
laser power can be separately controlled for LA and RIS to suppress non-resonance ionization
on LA and to increase resonance ionization efficiency. The ionization laser pulses were
delayed to the LA laser ones for 65 ns, corresponding to a finite time for expansion of the
atoms vaporized by LA. In this arrangement, the ionization efficiency to the ablated vapor is
quite high because the effective ionization area is as close to the LA spot as possible. The
laser beams were focused at an ionization area with a diameter of 50 pm. The laser output
energies for LA and resonance ionization were 0.5 pJ/pulse (2x10® W/cm?) and 12 pl/pulse
(6x109 W/em?), respectively. The laser wavelength was tuned to 457.467 nm corresponding to
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Fig. 7.4-1 Schematic of our RLA-MS system.
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the two photons resonance excitation for Al from 3s*3p 2P 3 to 38%5f *F°spp 7. The TOF
data are taken trough a digitizer (Yokogawa, WE7311) to a PC. In the present system,
although the repetition-rate of laser pulses is 1 kHz, a maximum data taking rate is 100 Hz,
that is to say the data taking efficiency of 10%. As a data processing procedure, we have
adopted off-line pulse mode to avoid electrical noise interference.

For a demonstration of the detection of trace 2°Al, a high-purity aluminum (99.999%)
wire (1 mm dia.x5 mm) was irradiated with the D-T neutrons at JAERI-FNS, when the
neutron fluenece was 1x10'® n/cm? [5]. Figure 7.4-2 shows the gamma-ray spectra obtained
from this Al sample by a HPGe detector (relative efficiency 15 %) with the measurement time
of 84 hours. The 1809 keV gamma-ray peak of %Al is obviously detected and the
concentration of induced *$Al is estimated to be 7 ppb.
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Fig. 7.4-2 Gamma-ray spectra obtained from the irradiated Al sample by HPGe detector.

7.4.3 Results and discussion

The TOF mass spectrum obtained from the irradiated Al sample is shown in Fig.
7.4-3. In this figure, the peak of impurity *’Na and the tail component appears on the left side
of the *’Al peak. The tail component is attributed to cluster ions, which have slightly faster
velocity than 27Al ions. The clusters, which are defined as an ensemble of atoms such as %’ Aly,
are produced by laser vaporization process and singly or multiply ionized through charge
exchange with surrounding 2’Al ions. The cluster ions have quite short lifetime and can
dissociate during accelerating in an ion extraction field. When the cluster ions 2’Al,"

multiply ionized (n>m), which are given higher accelerating force than *’Al" ions, dissociate
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in an acceleration region of TOF-MS, the fragment 2’ Al" ions of these clusters have fractional
and slightly faster velocity than the normal *’Al" ions and form the tail component on the
lower mass number side of the *’Al peak in TOF mass spectrum.
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Fig. 7.4-3 RLA-MS spectrum obtained from the irradiated Al sample.

The Al peak is submerged in the tail component and can not be found. Although the
tail element is based on quite rare events, it is necessary to be suppressed in order to clearly
detect 2°Al. The *’Al" ions dissociated from *’Al,™ (n>m) are given higher kinetic energy in
an ion extraction filed than normally accelerated ions so that they are hard to be deflected. If a
deflection electrode is installed in a free flight region of TOF-MS, the flight path of the cluster
fragment ions has smaller curvature than that of normal ions. Fortunately, the deflection
electrode has been already installed into the present reflectron-type TOF-MS in order to
change return ion path. Consequently, by adequately installing a slit in front of an ion detector,
the tail component would be suppressed.

Figure 7.4-4 shows the mass spectrum for 10° laser shots (1000 sec), when using the
TOF-MS with the slit of 1 cm width. It is found that the **Al peak can obviously be detected.
The *°Al concentration is approximately estimated to be 3 ppb through comparison with Mg
yield, where the concentration of impurity Mg is 2 ppm and Al is 600 times higher sensitive
than Mg at the present laser power[6]. Considering uncertainty of the impurity Mg
concentration, this estimated value is allowable. |

Consequently, we have succeeded to demonstrate the detection of trace long-lived
radionuclides *°Al. Therefore, it would be concluded that RLA-MS have the capability to
directly measure the long-lived radionuclides.
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Fig. 7.4-4 RLA-MS spectrum when using TOF-MS installed the slit in front of ion detector.

7.4.4 Conclusion

As a new neutron dosimetry technique, we have proposed to adopt RLA-MS to
directly measure the long-lived radionuclides. As a demonstration, we have been attempting
to detect trace long-lived radionuclide *°Al produced by DT neutron irradiation. Consequently,
we have succeeded to obviously detect 2°Al, which has the concentration of 7 ppb, by
RLA-MS with the measurement time of 1000 sec. Therefore, we would conclude that
RLA-MS have the capability as the new neutron dosimetry technique.

As future works, we will develop a quantitative analysis procedure for RLA-MS and
the high resolution and isotopic selective RIMS based on a narrow-band laser, such as laser

diodes, in order to improve the ionization selectivity or the signal-to-noise ratio.
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7.5 Incident-angle Sensitive Neutron Detector using Scintillating Fibers
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7.5.1 Introduction

Neutron measurement in fusion experimental devices is very important for burning
plasma diagnostics and control. In particular, neutron emission profile measurement provides
useful information on the profile of ion temperatures and densities[2] as well as the
time-dependent neutron yield profile[1],[2]. So far several studies have been made on the
neutron emission profile monitor, which are almost based on a large number of neutron
threshold detectors or neutron spectrometers combined with a massive multichannel neutron
collimator[3]. The detectors can provide line-integrated neutron emissivity along the direction
of collimator. Neutron emissivity over a poloidal section of plasma is determined by installing
a vertical neutron camera and a horizontal neutron camera. However, one of the most serious
problems on this type of system is that the spatial resolution is restricted by the collimator
design. The restriction of location to install the massive and heavy collimator system is also a
difficult problem[4] for the complicated and tight machine integration.

To improve these difficulties, we propose a novel incident-angle sensitive neutron
detector using scintillating fibers. In this report, we describe the results on preliminary

experiments to confirm the operational principle and basic performance a prototype detector
element.

7.5.2 Operational Principle

Figure 7.5-1 shows the configuration of the prototype detector element, which consists
of a parallel pair of scintillating fibers equipped with photomultiplier tubes (PMTs) at both
ends of fibers. An incident neutron into a fiber is scattered with a constituent hydrogen atoms
in the fiber and produces a scintillation light. The neutron incident position in a longitudinal
direction of a fiber is determined from a time difference of scintillation light signals to each
end of the fiber. When the second scintillating fiber detects the scattered neutron, the scattered
neutron energy is determined from positions and a time difference of light emissions in each
fiber by a time-of-flight method. If a neutron is elastically scattered, the scattered neutron
energy E is given as follow;

E=E,cos’8 | (1)
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where Eq and 0 are the incident neutron energy and neutron scattered angle, respectively.
Therefore, if the incident neutron energy is known, the neutron incident direction can be
conically determined from the neutron incident positions in each fiber and the scattered
neutron energy. Accumulating the conical direction for a number of neutrons, we can estimate

the incident neutron direction.
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Fig. 7.5-1 Schematic of prototype detector element.

7.5.3 Experimental Setup

The prototype detector element consists of a parallel pair of multi-clad scintillating
fiber (BICRON, BCF-20) bundles connected with PMTs (HAMAMATSU, H6612 and
R329-02) at both ends of fibers, where the cross sections of the first and the second fibers
were 5 mm-squared, 25 mm-squared, respectively, the length of both the fibers 1 m, and the
distance between them 30cm. The second fiber was shifted with the angle of 15 degrees from
the neutron incident direction to avoid direct irradiation for noise reduction. The time
differences between the PMT signals are measured by the ORTEC Model 566
Time-to-Amplitude Converter (TAC) through the ORTEC Model 584 Constant Fraction
Discriminator (CFD). Additionally, stop signals for TAC are delayed by a finite time to start
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signals. The multiparameter multichannel analyzer system coincidentally records four time
differences.

The center position of the first scintillating fiber was irradiated by 14 MeV D-T
neutron beams with the flux of 5X10° n/em®/s at JAERI-FNS. In order to investigate the
incident angle dependence of the detector responses, we measured the ones for the incident
angles of 0 and 50 degrees to the normal line direction of the first fiber.

7.5.4 Results and discussion

From experimental data of four time differences of the PMTs, we can obtain the
information about the neutron incident positions on the first and the second fibers and the
flight time of scattered neutron between them. The two-dimensional maps of flight time and
flight length of the scattered neutrons are plotted in Fig. 7.5-2. The components with fast and
slow flight times are attributed to gamma-ray and neutron, respectively. Therefore, we can

discriminate the neutron component from gamma-ray by using the flight time information.
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Fig. 7.5-2 Two dimensional map of flight time and flight length of scattered neutrons.

The scattered neutron energy can be determined by the time-of-flight method.
Therefore, if the incident neutron energy is known, we can conically determine the neutron
incident direction from the neutron incident positions of each scintillating fiber. Accumulating
the conical direction for a number of neutrons, we can estimate the neutron incident direction.
Figure 7.5-3 shows the neutron incident direction distribution projected on the screen at the
distance of 300 mm from the first scintillating fiber, when the incident angles of neutron beam

are 0 and 50 degrees. In the case that the incident angle is 0 degrees, the projected position is
at (x,y)=(0,0).
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(b)
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Fig. 7.5-3 Neutron incident direction distribution projected on a screen at the distance of 300 mm
from the first scintillating fiber. (a) Incident angle; 0 degree. (b) Incident angle; 50 degrees.
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Fig. 7.5-4 Image projected by incident neutron beam overlapping the mirror one.
(a) Incident angle; 0 degree. (b) Incident angle; 50 degrees.

In this figure, a virtual image is created on the opposite side to the plane formed by
two fibers because these images are equivalent on the estimation from a scattered angle. To
eliminate a virtual image, the detector configuration consisting of multi-second-fibers would
be applicable. As an demonstration for this idea, we have virtually overlapped the mirror
image to the plane formed by the incident direction and first fiber, that is, the plane of y=0,
which means to assume that another second fiber is set on the opposite position to this plane.
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Figure 7.5-4 shows the image projected by an incident neutron beam overlapping the mirror
one. It is found that the images corresponding to the neutron incident direction clearly appear
and the virtual images are eliminated. Additionally, the resolution of the incident angle was
estimated around 25 degrees. From these preliminary results, it is considered that the
operational principle of the present incident angle sensitive neutron detector has been
confirmed.

7.5.5 Conclusion

We have proposed a novel incident-angle sensitive neutron detector using
scintillating fibers to improve the difficulties of the neutron emission profile monitor. Through
the preliminary e experiments using the prototype detector element, we would conclude that
the operational principle of the present detector have been confirmed at least. However, we
need further study to improve the basic performance, such as incident-angle resolution, for a
practical use by refining the detector configuration design and signal processing system.
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7.6 Counter Telescope Neutron Spectrometer for Plasma Diagnostics
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7.6.1 Introduction

Measurement of neutrons from fusion plasma provides crucial information on the
plasma condition. In particular, the energy spectrum of neutrons or the energy spread of 14
MeV neutrons gives a direct measure of the ion temperature through Doppler broadening. To
obtain the information on the ion temperature, the spectrum should be measured with energy
resolution better than ~3 % within a limited period of the plasma burst. Therefore, a neutron
spectrometer which satisfies good energy resolution and high counting efficiency concurrently
is required for the purpose.

For the reason, various types of neutron spectrometers have been proposed as a neutron
spectrometer for ion temperature measurement, i.e., a proton recoil counter telescope, a
magnetic spectrometer, a time-of-flight method and so on. Up to now, however, no device has
succeeded to fulfill the requirement for resolution and efficiency because usually the energy
resolution and the detection efficiency conflicts each other in neutron spectrometers by
conventional design. To achieve the high performance in both quantities, a spectrometer with
special scheme is required.

We have developed a proton recoil telescope which has the capability of particle
tracking by two position sensitive detectors and, thereby the potential to achieve high
resolution and high efficiency concurrently for 14 MeV neutrons.

7.6.2 Position-Sensitive Proton Recoil Telescope (PSPRT)

Details of PSPRT are described in Ref 1.

The schematic diagram of a position-sensitive proton recoil telescope (PSPRT) is shown
in Fig.7.6-1. The PSPRT neutron spectrometer consists of two position sensitive detectors, i.e.,
a radiator detector (DET.) and a proton detector (DET.2). DET.1,2 consists of a
position-sensitive photomultiplier (PS-PMT, Hamamatsu R2486) coupled to an NE102A
plastic scintillator (1 mm thick), and DET.2 consists of PS-PMT and a NEIO2A or CsI(TI)

scintillator. The PS-PMT (R2486) is of cross-anode type with an effective area of 50 mm in
diameter.
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Fig.7.6-1; Schematic diagram of PSPRT

Neutrons enter from backward of PS-PMT of DET1 and ejects proton in the NE102A
radiator. Recoil protons from DET.1 are detected by DET.2 in coincidence. In this
configuration, the information on both the pulse-height and the position are obtained from
both detectors. The proton energy (E;) is determined by the pulse height, and the recoil angle
(0) by the equation in figure. Consequently, the neutron energy is deduced from the relation
E.=E, /cos’ 0 for each event, and the energy loss of recoil protons in DET.1 can be corrected
for. By selecting the events only to certain range of the recoil angle, PSPRT can accept larger
detector size without degrading energy-resolution. On the contrary, in the ease of conventional
PRTs, the sizes of radiator and detector should be small to achieve good energy resolution.
Therefore, the detection efficiency of PSPRT becomes higher in proportion to the square of
detector radius and much higher than that of conventional PRTs.

The principle of the PSPMT and the way of position sensitivity is illustrated in Fig.7.6-2.
As shown in the figure, the position information is obtained by the charge-division method.
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Fig.7.6-2; Principle of position —sensitive photomultiplier
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Figure 7.6-3 illustrates the electronics block diagram of PSPRT. Four signals from each
photomultiplier were input in ADC and accumulated as pulse-height data using a CAMAC
data acquisition system. The pulse-height and position were derived using these signals for
each of DET.1 and DET.2. Then, the recoil angle 0 and the neutron energy are derived.

PS-PMT1 (xa,xbycyd) PS-PMT2 (xaxbye,yd)

anade(xa) anode(xa)

Linear
FI/FO

Linear
FI/FO

e ce
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§00ne-width| Generato!
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130 ¢ s~dalay
aratoritens ns-vidth
ADC ADG Interrupt Outoust ADC

Gate  Register Register

FI/FO  :Fanin/ Fan out
OFn RNe!

Feaction disori

Fig.7.6-3; Electronics block diagram of PRPRT

7.6.3 The performance of PSPRT was tested using 14.1 MeV neutrons
The performance of PSPRT was tested using 14.1 MeV neutrons in Fast Neutron
Laboratory (FNL), Tohoku University. The layout of the experiment is shown in Fig.7.6-4.

Ds beam

NE102A A
1 mm-thick |3 mrm-thick

Ti~T target n f
B - — - Mp —-

radiator-det. ' proton—dstector

r T
50 cm ~ 100 em 5cm

Fig.7.6-4: Experimental arraneement for test of PSPRT
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) ) ) Fig.7.6-5; The response of PSPRT for 14.1 MeV

and the effectiveness of angle information neutrons

is obvious. However, the energy resolution

observed (~8 %) is inferior to expected value mainly due to non-uniform sensitivity of
PS-PMT. In this case, however, the correction for this effect was difficult to do because the
scintillator is a single scintillator for both detectors and because the light transport inside the
scintillator. Then, as the stop detector, we decided to employ a mosaic-type (square-rod)
scintillator such as used in X-ray CT and PET machines etc.

Then, the stop detector was changed to a bundle of 16 pieces of mosaic-type CsI(T1)
scintillator, 3.75X3.75X30 mm long to enable the correction for non-uniform anode
sensitivity. The side and the top of each scintillator were wrapped with aluminum foil to
prevent light interference (cross-talk) among scintillators.

The response of the new detector was measured in the pencil-beam course at Fusion
Neutronics Source (FNS) of JAERI, where a neutron beam with energy resolution better than
in FNL, Tohoku University could be expected. The experimental arrangement is shown in
Fig.7.6.-6. The electronics circuit is same as in Fig.7.6-3.

The experimental result is shown in Fig.7.6-7. In this case, the energy loss in the
radiator detector and the effect of non-uniformity of anode sensitivity was corrected for each
pixel (scintillator), and the recoil angle is limited up to 5 deg. The spectrum was fitted with
Gaussian function to derive the energy resolution. The resolution obtained is 5.2 % and better
markedly than 8 % in the detector development. This improvement is due to correction for
non-uniform sensitivity. Nevertheless, this value is not enough for actual plasma diagnostic.
For further improvement, scintillators with high light output and photomultiplier with higher
quantum efficiency are required.
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Fig.7.6-7: Experimental result of neutron spectrum measurement at ENS.
7.6.3 Summary

We have developed a position-sensitive proton-recoil-telescope that has potential to
fulfill the detector requirement, and will be useful for experiments. The test experiment
demonstrated the effectiveness of the present detector but the goal of the detector is difficult
to achieve. Further studies will be conducted for further improvement of the detector.
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7.7 Thermal Neutron Profile Measurement using Scintillator Film and
Optical Fiber
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Cyclotron and Radioisotope Center, Tohoku University, Aoba, Aramaki, Aoba, Sendai
! Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

7.7. 1 Introduction

Measurement of a neutron profile plays an important role in the fusion reactor
neutronics studies. Comparison of calculated neutron profile and spectrum with experimental
ones provide a means to assess the nuclear data and calculation method employed in the
design. Neutron profile measurement also provides useful information for shielding design. It
is desirable to obtain the neutron profile in real time with good resolution and minimum
perturbation to the neutron filed.

Several methods have been used for the purpose, such as the activation techniques and
the position-sensitive counter techniques. The activation techniques give little perturbation
and good spatial resolution but are not a real time one. Counters with position sensitivity with
good spatial resolution are available like a position sensitive *He counters, but they are rather
massive enough to give significant perturbation.

Mori ef al reported a method of thermal neutron profiling by scanning the filed with a
detector consisting of the ZnS(Ag) scintillator coupled to a photomultiplier with an optical
fiber [1]. This method is suitable for our aim in the point of its compact size and the ability to
measure in real time. This detector is made of a mixture of ZnS(Ag) and °LiF and has spatial
resolution as high as 3 mm. However, in their detector, discrimination of background
components in the lower pulse height region is difficult as shown in Fig.7.7-1, because of the
ambiguity in setting the discrimination level. This problem may be due to improper light
transmission and non-uniform energy loss of o particles and tritons in the scintillator.
Considering such problems, we improved the performance of the detector by employing a
combination of a ZnS(Ag) scintillator film and the °LiF foil coupled to the photomultiplier via
an optical fiber. As the ZnS(Ag) scintillator film, we employed two types of scintillator; (1)
ZnS(Ag) doped on a Mylar film and (2) an NE426 scintillator.

By using this method, we could measure thermal neutron profile in the fusion blanket
mockup experiment in real time with high accuracy by rejecting the background components.
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Fig. 7.7-1. Pulse height distribution of ZnS(Ag)-6LiF detector by Mori et al [1].

7.7.2 Development of new detector

Our detector consisted of separate ZnS(Ag) and a SLiF foil. The ZnS(Ag) scintillator is
plated on a Mylar film, 70 pum thick (Instrument Grade Films Co. Ltd) . The SLiF foil was
fabricated with the vacuum evaporation method on an aluminum foil, ~720 ug/cm’ thick.
First, we measured the response of the detector without a fiber using thermal neutrons
obtained by moderating 550 keV neutrons produced by the "Li(p,n) reaction with
polyethylene blocks.

Figure 7.7-2 shows the pulse-height distribution by this detector. The separation of
neutron events from background components is significantly clearer than in the preview
detectors (Fig.7.7-1).

However, there is still an overlap between background components and neutron events.
Then, we applied a pulse-shape discrimination (PSD) method based on the zero-crossing
technique. In this method, the pulse-shape information was obtained from the zero-cross
points of the signal differentiated with the delay-line amplifier. The PSD signal was obtained
from the time difference between the anode signal and the zero-cross point. Figure 7.7-3
shows the two-dimensional spectrum for the pulse height vs. pulse shape. Neutron events are
clearly separated from the background events in the lower pulse-height region which proved
to be protons from the Mylar film for ZnS(Ag). Further, triton events and o events are
separated each other clearly. Therefore, the PSD technique is effective for the detector to
improve the signal-to-noise ratio. We also fabricated and tested a detector using an NE426
scintillator instead of ZnS(Ag). The NE426 scintillator is made of a mixture of ZnS(Ag) and
SLiF, 0.5 mm thick, placed on an aluminum plate. It is fairly stable and easy to fabricate.

We confirmed proper response of the detector using thermal neutrons produced by
moderating 8 keV neutrons from the reaction of *Sc(p,n) [3].
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Fig. 7.7-3; Pulse- height vs. Pulse shape for ZnS(Ag)-°LiF detector

7.7.3 Application of the Detector to Fusion Blanket Experiments

Then, we connected the ZnS(Ag)-°LiF scintillator to a photo-multiplier tube with an
optical fiber and applied to thermal neutron profile measurement at Fusion Neutronics Source
(FNS). We measured the thermal neutron profile in the mockup system of a tritium breeding
blanket. The measured thermal neutron profile gives information on the validity of the design
calculation. Figure 7.7-4 shows the mockup system we used in this experiment and Fig.7.7-5
illustrates the detector.

First, to confirm the performance of this detector itself, we measured the detector
response to thermal neutrons obtained by moderating 14 MeV neutrons with polyethylene
blocks, 5cm thick. Figure 7.7-6 shows the result of the response measurement. Thermal
neutron events are separated from background events although it a particles and tritons are not
separated each other.
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Fig. 7.7-5. Configuration of the ZnS(Ag)-°LiF detector using a fiber

We selected only thermal neutron events by a discriminator and counted only thermal
neutron events. Then we counted thermal neutron events continuously by moving the detector
for 30 cm in the system using a stepping motor controlled remotely and counted the events
rate using a multi-channel-scaler (MCS) as a function of elapsed time.

Figure 7.7-7 shows the result of the thermal neutron measurement. It shows that the
thermal neutron spatial distribution reasonably reflects the configuration of the system.
Thermal neutrons decreased in the region of the blanket including ®Li and increased in the
region of blanket of the polyethylene and *Be. The thermal neutron profile varies rather
smoothly. This is not due to the finite spatial resolution of the detector but the nature of the
system as indicated by the fact that in the previous experiment [4] using a thermal neutron

field with a sharp edge prepared by a cadmium plate, we achieved a resolution of better than 1
mm.
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7.7.4 Summary

We fabricated a thermal neutron profile detector using ZnS(Ag) and an optical fiber
between the scnitillator and a photomultiplier, and could distinguish thermal neutron events
from background components. Using the detector, we could measure the thermal neutron
profile in real time in the fusion reactor blanket experiments by scanning the field with the
detector. A paper of the subjects has been submitted and will be published soon [5].
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8. Skyshine Experiments
8.1 Neutron Dose Measurements and the Analyses
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Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki
IStartcom Co. Ltd, Tokyo

*Tokai University, Hiratsuka

8.1.1 Introduction

The evaluation of the radiation exposure outside fusion reactors is very important from
the safety point of view. Because the roof of the fusion reactor hall is not so thick compared
with the vertical wall, radiation leakage into the environment from the fusion reactor will
occur mainly from the roof, which is termed skyshine. Except for the internal exposure of the
radioactive gas such as tritium from the stack, the skyshine effect is the most important
external exposure source on fusion reactors. The accurate estimation of the skyshine leads to
reasonable shielding designs.

There are some studies of neutron skyshine at fission reactors[1,2] and high energy
accelerators.[3,4] However, the number of reports on fusion neutron skyshine experiments is
very limited. The first experiment of D-T neutron skyshine was carried out at the OKTAVIAN
facility of Osaka University, where the neutron dose distribution and the secondary gamma-
ray spectra were measured at distances as far way as 600 m from the neutron source.[5-7] The
roof of the OKTAVIAN facility is 16 cm thick concrete. The average neutron yield was 8 x
10% n/s in the experiments, which is not strong enough to understand the neutron and
secondary gamma-ray behaviors in the region far from the neutron source. Real skyshine
measurements were done during the D-T experiments of the Tokamak Fusion Test Reactor
(TFTR) at Princeton Plasma Physics Laboratory.[8] Neutron and gamma dose rates were
measured in the distance range of 20- 200 m from TFTR.

The major subject of the skyshine experiment is to evaluate the accuracy of the
simulation, and to understand the propagation process of the neutron in the air and the
secondary gamma-ray production process, which requires an intense neutron source and a
well defined source neutron characteristics such as the energy spectrum and the angular
distribution. The D-T neutron skyshine experiments were carried out at FNS with a port at the
roof in March 2002 and March 2003 [9]. This paper describes mainly the skyshine neutron
dose distributions and MCNP analyses of the experiments.
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8.1.2 Experiments

FNS is an accelerator based intense neutron source through D-T reactions. Figure 8.1-1
shows a schematic view of the FNS facility. FNS has two target rooms; target room I has a
fixed tritium target containing 3.7 x 10" Bq tritium and the target room II has a rotating
tritium target containing 3.7 x 10" Bq tritium. We used target room I for the shyshine
experiments. The target room is 15 x 15 m? wide and 9.1 m high. The thickness of the
concrete wall is 1.15 m at the roof and 2 m at the vertical wall. The floor of the target room is
an iron grating in order to reduce the neutron scattering from the floor. The tritium target is
located 1.8 m above the floor, 5.5 m away from the south wall and 2.75 m from the west wall.
The target room has a port in the roof with a size of 0.9 x 0.9 m®> which was used for the
shyshine experiments. This port is usually closed with a concrete plug. For skyshine
experiments, the concrete plug was removed and only 2 mm thick stainless steel plates closed
the port in order to keep the reduced air pressure in the target room. The neutron attenuation
by 2mm stainless steel plates was negligible. FNS was operated with an acceleration voltage
of 360 kV and a target current of 1.4 mA in this experiment. The average neutron yield was
~1.7 x 10" /s, which was monitored by the associated alpha particle measurement with a
silicon surface barrier diode installed in the beam line

. South | North o

i v R — [
. \ Target Room | '
o I E Skyshine port 2 .
- | 2
'l 55 ! Tritium Target -
- T Grating
1.8
r © Normal Concrete T
B 15 -]
- 19 -
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Fig. 8.1-1 Schematic view of the FNS facility

Figure 8.1-2 shows the measurement points around the FNS. FNS is located on a rather
flat land only 150 m away from the Pacific Ocean. The north and east sides are surrounded .
with a forest of pine trees which are about 10 m tall. The neutron dose rates were measured

with a spherical rem-counter based on a *He proportional detector, Fuji Electric NSN10002,
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just on the ground at distances from 20 to 400 m in the pine forest and 550 m out of the pine
forest along the north direction, and at distances from 20 to 140 m on a road along the south
direction.

Pine
Forest

Source Position
(FNS Facility)

ANbE— Pacific
Ocean

N
~~ 0 ¢ - Measurement Point]

Fig.8.1-2 Measurement points around the FNS building for the skyshine experiment

8.1.3 Results and Analyses

This shyshine experiment was simulated with neutron Monte Carlo calculations
using MCNP-4C [10] code and the JENDL-3.2 [11] neutron cross-section library. Figure 8.1-
3 shows the MCNP models for the skyshine experiments. For the analysis of the dose
distribution in the north direction, the FNS facility was modeled with a simplified cylindrical
geometry of 11.5 m in diameter, which was the distance from the source to the north side wall.
The pine forest was modeled by homogenized material of CgH,¢Os with a density of 2 x 107
g/em’®, which was determined by an investigation of the average size of pine trees and average
number of the trees in the experimental field. The ground was assumed to be concrete with a
density of 2.3 g/em’. Other buildings were not modeled. In the south direction, the diameter

of the FNS facility is 7.5 m. The pine forest was not modeled, because all measurement points
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were on the road. The pressure and the humidity of the air were taken into account using

measured values.
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Fig. 8.1-3 MCNP calculation model of the D-T neutron skyshine experiment at FNS.

Neutrons were emitted only toward the skyshine port at the roof from the target in
this calculation. The calculation using a 4w emission source was tried to evaluate the
contribution of the transmission through the vertical wall and the roof. The typical number of
histories is 50,000 and 650,000 for the corn and the 4 sources, respectively. A ring type tally
was used in the MCNP calculations.

The neutron dose rate distribution as far as 550 m is shown in Fig.8.1-4. The
measured neutron doses in the south direction are about 30% larger than those in the north
direction, which is probably because the shorter distance from the source to the wall in the
south direction. The background neutron dose rate was 0.004 uSv/hr at the distance of 50 m
from the neutron source. Measured neutron dose rates agreed well with the calculation using
the 4w source up to the distance of 140 m. In the north direction, the MCNP calculation using
the 4 source coincided with that of the corn source at the distance of 200 m. The statistical
error of the MCNP calculation with 4m source increases with the distance farther than 250 m.
So we adopted MCNP calculations using the corn source for distances farther than 250 m.

8.1.4 Conclusion

D-T neutron skyshine experiments were carried out at FNS with a port at the roof. Neutron

and secondary gamma-ray dose rates were measured as far as 550 m and 400 m, respectively.
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The experimental results were analyzed with the Monte Carlo code MCNP-4C with the
nuclear data library JENDL-3.2, where the FNS building and the measurement field including
the pine forest were modeled with simplified cylindrical geometries. The MCNP calculation

agreed well both neutron and secondary gamma-ray dose rate distributions within uncertainty
0f 30%.
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Fig. 8.1-4 Neutron dose distributions in the north and south directions compared with MCNP calculations.
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8.2 Secondary Gamma-ray Measurements
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8.2.1 Introduction A

In the skyshine experiment, not only the neutron dose but also the secondary gamma-
ray dose is important to evaluation the total radiation dose. Previously it was considered that
secondary gamma-rays were generated by neutron scattering reactions with air. In the D-T
experiments of TFTR [1], however, the secondary gamma-ray dose was comparable to the
neutron one in the distance range of 20- 200 m from TFTR, which suggested the contribution
of gamma-ray generated by the experimental buildings were significant. Secondary gamma-
ray spectra and the doses were measured in the FNS neutron sakyshine experiments (see 8.1)

to study the gamma-ray production process

8.2.2 Experimental Setup

The D-T neutron skyshine experiments were carried out at FNS with a port at the roof
in March 2002 and March 2003. The setup is described in Section 8.1. Secondary gamma-ray
spectra were measured by a high purity Ge detector at distances of 20, 50 and 100 m, and a
Nal scintillation detector with a size of 20 cm in diameter by 20 ¢cm long at distances of 200
and 300 m. Also a BGO (BisGe;0,,) scintillation detector with a size of 12.5 cm in diameter
and 12.5 cm in length was used for the gamma-ray measurement on the roof and near the wall
of FNS. The Secondary gamma-ray dose was evaluated by the gamma-ray spectra derived
from the pulse height spectra of Nal scintillation detectors using an unfolding code HEPRO
[2].

8.2.3 Secondary Gamma-ray Spectra

Figures 8.2-1 and -2 shows the pulse height spectra measured with the Nal scintillation
counter of 125 c¢m in diameter at the distance of 20, 50 and 100 m, and those with the counter
of 200 cm in diameter at the distance of 200 and 300 m, respectively. A natural gamma-ray
background from *°K and 2®T1 was clearly observed at 1.461 and 2.614 MeV, respectively. A
full energy peak from the 'H(n,y) reaction and a single escape peak from the **Fe(n,y) reaction
are identified at 2.223 and 7.1 MeV, respectively. The origin of those gamma-rays are not
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identified, because hydrogen and iron are included in air, soil and buildings. A continuum
spectrum in the energy range of 3-7 MeV was enhanced by the shyshine, which is considered

to be the convolution of Compton spectra from some neutron capture reactions.

105 v y 1 ' ¢ N 1 ¥ ' ' I ¢ ' B ]
:, “OK(1.462 MeV)
10t 1% H(ny) (2.223 MeV) 20m
3 103 - oY A (R
= :
8 10°¢
10 E
10°
0 2 4 6 8 10
Energy (MeV)

Fig. 8.2-1 Secondary gamma-ray spectra with the Nal scintillation counter of 125 cm in
diameter at the distance of 20, 50 and 100 m.
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Fig. 8.2-2 Secondary gamma-ray spectra with the Nal scintiliation counter of 200 cm in
diameter at the distance of 200 and 300 m.
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Figure 8.2-3 shows the pulse height spectra measured with the high purity Ge detector
at the distance of 20 m from the neutron source. Several peaks of **Si(n,y) and **Fe(n.y)
reactions are observed. Those peaks are not observed in the spectra measured at the distance
further than 50 m. So those gamma-rays are considered to arise from the FNS building. In the
pulse height spectra measured with the BGO scintillation detector, any clear peak except “°K,

29871 and the peak from the 'H(n,y) reaction was not observed on the roof and near the wall of
FNS.
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Fig. 8.2-3 Secondary gamma-ray spectra measured with the high purity Ge detector at
the distance of 20 m

8.2.4 Secondary Gamma-ray Dose

It was difficult to measure the gamma-ray dose directly by a gamma-ray survey
mater. Here the Secondary gamma-ray dose was evaluated by multiplying the dose equivalent
conversion factor on the gamma-ray spectra unfolded from the pulse height distribution of the
Nal(T1) scintillation detector using the unfolding code HEPRO. Figure 8.2-4 shows the
secondary gamma-ray dose rate distribution. In this experiment, the secondary gamma-ray
dose was about 1/100 of the neutron dose. Monte Carlo analysis was carried out based on the
model shown in Fig. 8.1-3. The measured dose rate agreed well within 20% of the
experimental error with the MCNP-4B [3] calculation with JENDL-3.2 [4].

8.2.5 Conclusion

Secondary gamma-ray measurements were carried out on the D-T neutron skyshine
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experiments at FNS by opening the skyshine experimental port at the roof. The Gamma-ray
was measured with Nal(T1) scintillation detectors as far as 300 m away from the D-T target
point. The Gamma-ray dose rates were evaluated from the gamma-ray spectra unfolded from
the pulse height distribution of the NaI(Tl) scintillation detectors, which agreed well to the
Monte Carlo simulation using MCNP-4B code within 20%. Source nuclei of the gamma-rays
were investigated around the FNS facility by using a high purity Ge detector, where capture
gamma-rays of iron, hydrogen and silicon were identified. The origin of the iron capture
gamma-rays is considered to be the concrete of the building. Also gamma-rays of hydrogen
and silicon were observed, which suggests that the major source of secondary gamma-rays are

from capture reactions of the skyshine neutrons in the soil rather than from scattering
reactions in the air.
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Fig. 8.2-4 Secondary gamma-ray dose rate distribution
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8.3 Neutron Spectrum Measurement and Dose Evaluation using Bonner
Multi-cylinders

M. Wakisaka', Junichi Kaneko', Kazumasa Shiraishi’, Fumiyuki Fujital, Akira Homma!,
Teruko Sawamura!, Kentaro Otiai®, Takeo Nishitani®

"Hokkaido University, Sapporo

? Fusion Neutron Laboratory, Jopan Atomic Energy Research Institute, Tokai, Ibaraki

8.3.1 Introduction

Energy spectrum was measured by using
Bonner multicylinders in the same field described in
chap.8.1. In skyshine experiment, a highly sensitive
detector is -required for measurement of weak
radiation fields. In the present experiment a large
volume cylindrical *He proportional counter has
been used as a thermal neutron detector. Respoﬁses
for *He detector in Bonner Cylinders have been
calculated by MCNPX and the energy spectra have
been obtained with SAND-II unfolding code. Then
the ambient doses have been evaluated. Calculations
by MCNPX Monte Carlo code of the energy spectra
at the measurement points are shown in Fig.8.1-2.  Fig- 8.3-1 counting system, which is set in
The unfolding multicylinder data up to the distance the monitoring car and the counter with 3cm
of 200m from the D-T source are compared with the  thickness moderator.

calculation and a discussion has been done on the
20.58 3

*He counter Eg’:gasﬁ Al cover
results. sass,

thickness0.5 cm g

i 3.6¢

thickness 1 cm

3

469,
. _Polyethylene
8.3.2 Experiments <

thickness 2 cm £

Fig.8.3-1 shows the counting system and the
counter with the 3 cm thickness moderator. The
system is set in the monitoring car and brought to the
measurement points together with the Bonner

thickness3 cm

thickness 5 cm

Polyethylene
20.6¢

cylinders. The *He counter was set at the center of
the cylinders of polyethylene shown in Fig.8.3-2.
The sensitive volume and *He gas pressure of the

thickness 9 cm

"~ {unit:om]

Fig. 8.3-2 Bonner multicylinders: *He counter
detector were 89.05 cm’ and 4.0 atm respectively. with different sizes of polyethylene

The response functions for the °He counter in Moderators
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Bonner cylinders are shown in Fig.8.3-3 with moderator thickness as a parameter. The
responses are calculated for isotropic incident neutrons directing to the detector center.

Bonner cylinders were vertically set at 1.5 m height from the ground at the measurement
points.
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Fig. 8.3-3 Response function of *Hecounter with different sizes of moderators

8.3.3 Results and discussion
Fig.8.3-4 shows the unfolding spectrum at

the center of the skyshine pOI’t in F1g81-1 b B ‘“’I"‘l" I I
r calculation
The calculation with MCNPX is also shown in - - - experiment(Response 1)
10712 e experiment(Response 2) -

the figure. This spectrum provides an initial
guess for unfolding the multicylinder data. The
agreement of both spectra is fairly well. At this
point, calculated value of dose and evaluated R
one with unfolding spectrum are 3.84 x 10* and
3.34 x 10* pSv/h respectively for the source
strength of 1.7 x 10™ n/s.

The similar spectra at the distances of 46

107"

Neutron flux
(n/cm?/source neutron/lethargy)

m and 200 m are shown in Fig.8.3-5 together 1

with unfolding spectra by using another 1075 L st it ol i it it it
107°107°107107°10°10107*107%107' 10° 10' 10°
Neutron Energy(MeV)

response functions described later. The
moderate peak at ~1MeV and the thermal peak

. . Fig. 8.3-5Neutron energy spectra by calculation
become clearer in the spectra, which are

and experiment in the north directions. The
thought to be produced by slowing down of different response functions are used for

neutrons through the shielding wall and during unfolding.
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calculations becomes prominent at intermediate energy region.
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Fig. 8.3-4 Energy spectra by calculation and unfolding at the port center.

One of the reasons for this disagreement might be due to the anisotropic incidence of
neutrons to the Bonner cylinder. To investigate this, the response function has been calculated
for isotropic incidence neutrons from different directions except the directions through which
the neutrons enter the detector-end-surface facing the ground. This means that the skyshine
neutrons enter the detector from the top and other sides of the cylinder but not from the
ground. We call these response functions Response 2 and those shown in Fig.8.3-3 Response
1. The unfolding spectra by using Response 2 given in the Fig.8.3-5 show better agreement
with calculation, which indicate that more detailed treatment of anisotropy of neutrons on the

Bonner cylinder is required for more accurate evaluation.
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Fig.8.3-6 The ratio of dose to counts by calculation and evaluation with the unfolding spectra.
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If the change of the spectrum during the propagation is not so large, a single suitably
designed counter can be used to evaluate ambient dose. The counter system with the
moderator of 3 cm-thickness was used for this purpose and performed the measurement up to
534 m in North and 135 m in South. The average value of the measured values at different
points, the experimental counts is 85% of the calculation in North and 103 % in South. Dose
distribution has also been calculated and evaluated by using unfolding spectra. From
calculations and experimental evaluation, the ratios of counts to dose have been estimated,
which are shown in Fig.8.3-6. The calculation shows that it is almost constant in the region of
distance longer than ~100 m. The same tendency appears in the experimental data. Therefore
the counter system with 3 cm thickness moderator is used as dosimeter in the longer distance
than 100 m. The ratio of dose to counts by 3cm-thickness cylinder is 1.95 x 10” uSv/h in
calculation, 1.06 x 10 uSv/count by Response 1 and 1.83 x 107 pSv/count by Response2 in
North at 150~200 m. Background count rate was ~200 counts/h, which corresponded to 2~4 x
107 pSv/h.

8.3.4 Conclusion

Energy spectra of skyshine neutrons from the FNS skyshine port have been evaluated by
using Bonner multicylinder and compared with the calculation by MCNPX Monte Carlo code.
The spectra at the port center fairly agree with each other however at distant points deviation
between those appears. One of the reasons for this deviation is thought to be due to the
anisotropy of the incidence neutrons into the Bonner multicylinder. For dose evaluation by a
single counter, the ratios of dose to counts by the counter with 3 cm-thickness polyethylene
moderator have been calculated and compared with the ratios evaluated by unfolding spectra.
The calculation shows that the ratio is fairly constant at the distances longer than 100 m. The
absolute values of the conversion factor by calculation agree with the evaluation by Response
2 at 150~200 m.

Bonner multicylinder, using a large volume cylindrical *He counter as a thermal neutron
detector, is advantageous as a highly sensitive spectrometer for skyshine experiment, however,

for accurate estimation, more detailed treatment of the anisotropy of neutron field might be
needed.
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9. Neutronics Analyses and Code Developments
9.1 Modification of ACT-4 for Sequential and Multi-step Reactions
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Fusion Neutron Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki

! Present address: Research Reactor Institute, Kyoto University, Kumatori-cho, Osaka
’CRC Solutions Corporation, Jonan, Mito, Ibaraki

9.1.1 Introduction

The THIDA-2 system is a comprehensive tool for the calculation of the radioactivity,
the decay heat and the dose rate for a fusion reactor [1]. The system consists of three
calculation parts for the transport of neutron and delayed gamma ray, induced activity and
dose rate. The ACT-4 code is a sub-program and calculates the induced activity, the
approximate decay heat and the delayed gamma-ray source after a pulsed operation of the
fusion device by means of Matrix Exponential Method to solve the decay chain equations.
However, the ACT-4 code has three restrictions of the complexity of the problem: (1)
sequential decay of two short-lived nuclei cannot be calculated accurately, (2) the activation
of nuclei produced via primary neutron reactions (multi-step reactions) and the activation
caused by secondary. charged particles (sequential charged particle reactions) are not
considered, (3) changes in neutron flux caused by transmutation cannot be treated in a single
calculation. It is important for the safety design of a fusion reactor to deal with the multi-step
and sequential reactions (SCPRs). In this work, we especially focused on the second
restriction and modified ACT-4 code.

9.1.2 Modification of ACT-4 code

In ACT-4 code, Matrix Exponential Method is applied to obtain time dependent
nuclide densities and so-called C-matrix is used to solve the problem. The matrix element of
C-matrix shows the change of nuclide density via decay or nuclear reaction. The creation or
annihilation of nucleus via decay or nuclear reaction is represented by the following term as
*A or *6¢, where A is the decay constant, o the reaction cross section and ¢ the neutron flux.
The available decay and reaction chains are registered in the CHAINLIB library. The neutron
cross-section data corresponding to the reaction registered in the CHAINLIB are also stored
in the CROSSLIB library.

In order to treat the multi-step reaction, the number of product nuclei should be
renewable in each calculation step cycle. When the function of multi-step reaction is simply
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added into the code, the structure of loop becomes more complex and the core memory

increases. Therefore, we performed the following modifications and restrain ACT-4 from

storing much core memory.

1) All operation schedules are read and set in the element for the first step.

2) The power cycle loop and the step cycle loop are included in the mesh loop and all
parameters associated with the creation of nuclei are updated in each step.

3) The exchange of the nuclide vector is carried out in the inner memory region.

4) For each vector, the memory region of working is reserved.

We applied the algorithm of FISPACT code [2] to the consideration of SCPRs. Though
the distinction between primary neutron reaction and SCPR is not necessary in C-matrix, the
new term 6%¢ should be used in stead of o¢ as a matrix element for the SCPR. The o7 is
called as the effective cross section.

Here, we assume the situation that the i’th energy group neutron flux ¢; incident on the
nuclide A’ in a material. The charged particle x is produced by the primary neutron reaction
A’(n,x) and the secondary charged particle x may produce the nuclide C via the A(x,n)C
reaction. The quantity N, (r) for the production of nuclide C per unit volume can be repre-
sented as,

I _max J _max J
N, (t) =1 ZNA' z O 4 HAE,, Z fA',nx,i,jAEx,j Z N 4O 4 miDR
a =1 =1

J=1

max J J
NA¢ZN Z O-A nxl Z fA REAN x,jZO_A,xn,kAR
A4' Jj= k=1

1
=t,5 N 404 su® (9.1-1)

where,
t.g = effective irradiation time [ s ]
N4 = number density of the nuclide A’ in the target material | Jem? ]
N, = number density of the nuclide A in the target material [ /cm® ]
0 4.m; = production cross section of charged particle x in the i’th neutron energy
group [ cm® ]
A En,i = neutron energy bin [ MeV ]
A Ex j = charged particle energy bin [ MeV ]
Janxiy = normalized emitted spectrum for charged particle x due to the i’th neutron flux
[/ MeV]
0 4wk = production cross section of the nuclide C via the (x,n) reaction [ cm® ]
AR, = stopping power of charged particle x in the target material [ cm/MeV ].
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The function to calculate the effective cross-section defined as eq. (9.1-1) was added in
ACT-4 code. The additional part consist of one function and four summation loops, namely,
the calculation of 4R, by using the stopping power for each atom in the target material and
the loops for £, j, i, A" It should be noted that the effective cross section for the A(x,n)C
reaction depends on every elements included in the target material which emits the charged
particle x. Therefore, the charged particle production cross-sections, charged particle emission
spectra, stopping powers associated with all elements should be given from libraries in order
to determine the effective cross section. In this modification, we have made it possible to read
the additional libraries that have the same format as the EAF libraries used in FISPACT code.
We consider p, d, t, *He, and o as a charged particle x. The cross sections for the (x,n)
reactions, the charged particle emission spectra with the cross sections for producing x, and
the stopping powers of x are given in the CROSSXLIB, SPECTXLIB and STOPLIB libraries,
respectively. The CHAINLIB library was also modified to include the paths via the sequential

reaction. A L .
Table 9.1-1 The induced activities immediately after shut down calculated by

the modified and original ACT4.
without SCPR with SCPR
nucide atcivity |nuclide l|activity
total 7.49E+10]total 7. 49E+10
MN - 56 4. 90E+10|MN - 56 4, 90E+10
FE - 55 2. 03E+10|FE - 55 2. 03E+10
MN - 57 2. 33E+09|MN - 57 2. 33E+09
MN - 54 2. 22E+09|MN - 54 2. 22E+09
CR - 51 5.31E+08|CR - 51 5, 31E+08
FE - 53 3.52E+08|FE - 53 3. 52E+08
FE - 59 1. 24E+08|FE - 59 1. 24E+08
CR - 55 6. 47E+07|CR ~ 55 6. 47E+07
MN - 58 4. 26E+07|MN — 58 4. 26E+07
MN - 58m 1. 91E+07|MN - 58m 1. 91E+07
CO -~ 60m 9. 34E+06]CO - 60m 9. 34E+06
V - 52 8. 88E+06|V - 52 8. 88E+06
MN - 52m 4. 05E+06|MN - 52m 4, 05E+06
V - 53 9. 90E+05 j 8E+06
H - 3 5. 13E+05]V - 53 9. 90E+05
MN - 52 5. 03E+05|H - 3 5. 13E+05
CO - 60 3. 77TE+05|MN - 52 5. 03E+05
TI - 51 3. 29E+05{C0 - 60 3. 7T7TE+05
V - 54 2. 25E+05{TI - 51 3. 29E+05
CO - 58m 7.83E+04]V - 54 2. 25E+05
CO - 58 3. 27TE+04 Jt §
SC - 48 1. 12E+04 7. 83E+04
MN - 53 4. 48E+03 4, 80E+04
Co - 61 7. 52E+02{C0 D1E+64
V - 49 4. 25E+02
MN -~ 59 1. 7T4E+0
CR - 56 1. 53E+0
CR - 49 5.86E+01|MN - 53 4, 48E+03
SC - 47 8. 21E+00jCO0 - 61 7.52E+02
SC - 50 5.82E+00]V - 49 4, 25E+02
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9.1.3 Test calculation

The test calculations with the modified and original ACT-4 were carried out to check
the additional function, assuming the neutron spectrum of ITER with a first-wall loading of
0.57 MW/m? and estimated inventory of 3.926x10 atoms/barn ¢cm in pure iron. The results
obtained by the modified ACT-4 with and without considering sequential reaction are shown
in Table 9.1-1. For most of product radioactive nuclei, the agreement of those values is fairly
good. On the other hands, it was confirmed that the sequential products such as *°Co were
estimated by the modified ACT-4 dealing with SCPR. The activities obtained by the modified
ACT-4 dealing with SCPR are also shown as a function of cooling time in Fig. 9.1-1. In the
case of iron, the contribution of the *°Co to total activity is much small. However, if
long-lived radioactivity is produced in low-activation material, the estimation of sequential

reaction product becomes more important.
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Fig. 9. 1-1 Total activities of several product nuclei as a function of cooling time.

9.1.4 Conclusion

ACT-4 code in THIDA-2 system was modified and made possible to deal with the
multi-step and sequential reactions. The test calculations were performed for irradiation iron
with neutron spectrum of ITER and we confirmed that the sequential products were estima-
ted by the modified ACT-4 and the other results were agreement with ones obtained by the
ACT-4 without option for SCPR.
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