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The first series of integral experiments on the blanket mock-up with a one breeder layer was
performed in support of the concept of the solid breeding blanket cooled with water, proposed by
JAERI for application in the DEMO reactor. The mock-up for the first series of experiments was
designed to be as simple as possible within the proposed blanket concept. Key objectives of the
experiments were: to check how correctly the tritium production rate can be predicted in the breeder
layer closest to the first wall, since this particular location is greatly affected by changes of incoming
neutron spectra; to validate the modified experimental techniques for measurements of tritium
production rate in conditions of quick gradient thermal neutron field inside the lithium titanate layer.
The mock-up contains F82H, lithium titanate and beryllium layers, with respective thicknesses of 16
mm, 12 mm and 203 mm. An additional tungsten layer was installed in front of the first layer in order
to simulate armor material. The mock-up, being placed inside the SS316 cylindrical enclosure, is
shaped as a pseudo-cylindrical slab with an area-equivalent diameter of 628 mm. Integral experiments
on the blanket mock-up irradiated by neutrons from the D-T source with and without the source
reflector were executed. A detailed description of experimental results and an example of calculation
analysis are presented.
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1. Introduction

Due to the necessity of tritium breeding for self-sufficiency of the D-T fusion reactor,
the blanket is considered the most significant nuclear component of the reactor. In order to
meet self-sufficiency requirements, a comprehensive verification of neutronics design
calculations has to be done throughout experiments on the design-oriented blanket mock-ups.
Previous blanket experiments related to tritium breeding issues were performed for
conceptual design purposes of the fusion [1], and hybrid (fission-fusion) [2] reactors, and thus
do not reflect the present status of design work on the DEMO reactor. Some concepts of the
solid breeding blanket cooled with water have been proposed for application in the DEMO
reactor by JAERI [3,4]. Integral experiments for verification of tritium breeding must meet
certain criteria, specified by the blanket design, for example, the tritium breeding ratio design
margin, and closely simulate all reactor design aspects relevant to neutronics. Therefore,
experiments must be performed in conditions that closely simulate:

v ablanket module; |
v’ a fusion reactor environment.

A mock-up with a multi-layer configuration containing a variety of materials utilized for
structural, tritium breeding, neutron multiplier and coolant functions, is able to correctly
simulate the blanket module. In addition, in order to verify the impact of plasma facing
component on nuclear performance [5], appropriate material must be added to the mock-up
configuration.

Primarily, due to the absence of the volumetric neutron source, a more complicated
situation exists for simulation of the fusion reactor environment. At this time, experiments can
be executed exclusively with the use of the point D-T neutron source with two variant
arrangements; with or without the source reflector. In the first case neutrons entering the
mock-up contain only high energy neutrons from the source. In the second case neutrons
entering the mock-up contain high energy neutrons from the source and low energy neutrons
reflected from materials located around the source. The described experimental arrangement
allows certain simulation of the neutron environment for the blanket mock-up.

The first series of reported integral experiments on a one breeder layer mock-up were
performed in the verification activity frame for the developed blanket concept [4]. Future

experiments on the mock-ups towards full simulation of the blanket module are scheduled.
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The mock-up for the first series of experiments was designed in order to be as simple as
possible within the proposed blanket concept. The key experiment objectives were:

v" to check how correctly the tritium production rate can be predicted in the breeder layer
that is closer to the first wall, since this particular location is greatly affected by
changes of neutron spectra and introduction of the armor material;

v' to validate the modified experimental techniques for measurement of the tritium
production rate in conditions of quick gradient of the thermal neutron field inside the
lithium titanate layer.

Regarding these objectives, several experiments on a one breeder layer mock-up were

completed.

2. General Description of the DEMO Blanket Module

The blanket design for the DEMO fusion reactor [3] ‘was developed in JAERI [4] (Fig.
1). The blanket has a modular structure consisting of the first wall, solid breeder pebble layers, -
neutron multiplier pebble layers, and cooling panels with a ferritic steel (F82H) blanket
structure. The Li;Ti03; and Be pebbles are proposed as candidate materials for the breeder and
the multiplier, respectively. The breeder and neutron multiplier pebble beds are separated with
a cooling panel to keep their temperature limits. Breeder layers are purged with helium gas in
order to collect tritium. The module is cooled with supercritical pressure water.

Performed analysis shows [6] that the required net TBR of approximately 1.05 can be
achieved for the proposed blanket design with a lithium-6 enriched breeder bed and the
volumetric beryllium to lithium materials ratio of more than four. In such conditions, the
beryllium bed produces a significant number of thermalized neutrons, and tritium production
mostly occurs through absorption of thermal neutrons by lithium-6, according to the
SLi(n,c))’H reaction. Due to the large cross section of the reaction and the heterogeneous
blanket structure, quick tritium production gradients occur around the lithium and beryllium
material boundaries. Tritium production rate distributions are highly typical for the solid type
breeder blanket, and thus, special attention must be paid to measuring the detailed tritium
production rate distributions inside the breeder layer. In addition, the °Li(n,0))*H reaction

produces local peaks of nuclear heat around material boundaries. Therefore, results of the
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experimental study of tritium production rates, obtained throughout integral experiments, will

also be significant from the thermo-mechanical blanket design point of view.

3. Integral Experiment Strategy for Verification of Tritium Production

At the present time absence of the volumetric D-T neutron source is the most significant
problem for comprehensive verification of tritium production through integral experiments on
the blanket module. Most likely, simulation of the neutron source will be impossible without
construction of the ITER reactor. Meanwhile, constructive experiments can be done on the
blanket mock-ups irradiated by D-T neutrons from the point neutron source with (or without)
the source reflector. The source reflector drastically increases the number of low energy
neutrons that enter the tested mock-up and allows some simulation of low energy neutrons
reflected at the opposite side of the reactor vacuum chamber. From this point of view, the
source reflector must be properly configured in order to simulate the reflected neutron
spectrum.

Lastly, it seems as a reasonable solution at this time to perform a series of integral
experiments on blanket mock-ups irradiated by neutrons from the point D-T source. Several
series of integral experiments on the blanket mock-ups verifying tritum breeding were
scheduled for execution at the FNS laboratory. The research principle is based on a step-by-
step complication of the blanket mock-up and neutron environment. The complication of the
mock-up will be performed by an increase in the number of breeding layers and introduction
of additional layers of appropriate materials to simulate:

v' first wall with coolant channels;
v' coolant channels for breeding layers;
v’ tungsten armor.
The neutron environment will be simulated by placement of the source reflector.

In the present report, the primary series of experiments on the mock-up with a one

breeder layer are presented. The following experiments were performed:
v' irradiation of the mock-up by neutrons from the D-T source;

v irradiation of the mock-up by neutrons from the D-T source with a reflector;
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v' placement of the tungsten armor layer in front of the mock-up and irradiation by
neutrons from the D-T source with a reflector.

So far, in order to compare experimental data of the mentioned experiments directly, their
performance and arrangement was set up in a similar manner. For that purpose, the first
experiment, a mock-up irradiated by neutrons from the D-T source, was considered as the
reference case. By analyzing performed experiments, it is possible to study the impact of the
following on the tritium production rate (TPR):

v’ tungsten armor;

v' incident neutron spectrum;

v' heterogeneous effect.

4. Blanket Mock-up with a One Breeder Layer

4.1. Basic Arrangement

The composition of the blanket mock-up, selected for the primary series of integral
experiments, contains several layers of F82H, lithium titanate and beryllium, with respective
thicknesses of 16 mm, 12 mm and 203.2 mm. The selected thicknesses of ferritic steel and
lithium titanate were a subject to material availability. Beryllium layer thickness was selected
as to enhance the trittum production rate on the beryllium and lithium titanate layer boundary.
Figure 2 shows result analysis for beryllium layer with thicknesses of 101.6 and 203.2 mm.
Based on this comparison, the beryllium layer thickness was selected at 203.2 mm. Figures 3
and 4 show a basic arrangement of the blanket mock-up. The mock-up is shaped as a pseudo-
cylindrical slab with an area-equivalent diameter of 628 mm and a total thickness of 231.2
mm. The mock-up placed inside the SS316 cylindrical enclosure is located on a movable
platform.

Integral measurements, e.g., reaction rates of activation and trittum production, were
carried out by appropriate foils and pellets introduced inside the mock-up during the
assembling procedure. Two kinds of measurements were performed in the experiment in

order to verify:
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v" neutron transport calculation, using foils and pellet detectors distributed through the
mock-up,
v tritium production rates, using diagnostic pellets introduced inside the lithium titanate
layer.
Arrangement of foils and pellets for measurement of reaction rates is shown in fig. 5.
Detectors were attached to the surface of beryllium blocks as shown in Fig. 6. Figure 7 shows
a stack of diagnostic pellets for measurement of the TPR distribution inside the breeder layer.
A detailed description of foils and pellets with appropriate measurement techniques is given

in Chapter 5.

4.2. Material Specifications and Unit Description

Chemical composition of materials used for construction of breeder and multiplier
layers of the blanket mock-up is very important, especially for the present type of the mock-
up, mainly due to tritium breeding on lithium-6 by thermal neutrons. Thus, additional

analyses were done for beryllium and lithium titanate materials.

4.2.1. Lithium Titanate

Lithium titanate plates were manufactured by Kawasaki Heavy Industries Ltd. (Japan).
The plates were produced through cold pressing of lithium titanate powder and a consequent
sintering process. All the manufactured plates have dimensions of 50 x 50 x 12 mm. Several
blocks have a central hole with a diameter of 13.2 mm for diagnostic pellets. Manufacturer
information concerning the powder chemical composition, prior to the sintering procedure, is

shown in Table 1. Lithium-6 enrichment in lithium titanate powder equals to 40.33 %.



Table 1 Chemical composition of lithium titanate powder used for plate manufacturing.
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Element Content, w% Element Content, w%
Li 10.8 Fe 0.01

Ti 43.6 S 0.03

o) 45.5 K 0.06

B <0.01 Ca 0.02

C 0.13 Cr <0.01

Na 0.01 Ni <0.01

Mg 0.01 Cu <0.01

Al 0.01 Zr 0.01

Si 0.06

It is important to note that, according to the lithium titanate chemical formula, Li;TiO;,
theoretical weight percent of lithium should be equal to 12.2 %. By comparing this value with
the value from table 1, 10.8 %, it is possible to conclude that the stoichiometrical ratio of used
lithium titanate is different from the theoretical value. In addition, lithium content in the plate
can be changed, in comparison with the powder form, due to the sintering process's high
temperature. From this point of view, additional analysis was performed in JAERI by the ICP-
MS method [7] for the lithium titanate plate. Obtained results are presented in Table 2.

~ Lithium-6 enrichment in the lithium titanate plate equals to 41.37 %.

Table 2 Lithium titanate plate chemical composition.

Element Content, w%
Li 9.40
0 455
Ti 43.6

The listed lithium content data is lower then the powder form data, thus additional analysis is
necessary to study uniformity of lithium content inside the plate. Meanwhile, obtained lithium

content data should be considered for final analysis of integral experiments.
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4.2.2. Beryllium

Standard grade beryllium blocks (S-200-F, Brush Wellman Inc.) were used for
construction of the mock-up. The blocks were produced through consolidating beryllium

powder by vacuum hot pressing, and afterwards machining the blocks to dimensions listed in
Table. 3.

Table 3 Beryllium blocks used for integral benchmark experiments.

Dimension, cm Average
Type Overall volume, a b c density,
cm’ - g/em’
I 5.08 5.08 5.08 1.833
I 9.52-10* 5.08 5.08 10.16
111 5.08 5.08 2.54 1.845

Chemical analysis, obtained from the manufacturing company as a sample from the inventory,

which is may not be representative, is given in Table 4.

Table 4 Beryllium sample chemical composition.

Chemical composition Content
Be, % 98.82
BeO, % 1.13
C, ppm 840
Fe, ppm 1250
Al, ppm 710

In addition to impurities mentioned in Table 4, beryllium contains unspecified impurities with
a total amount of less than 400 ppm [8]. The composition of these impurities may contain
elements, such as Li, B, Cd and others, which can affect the distribution of thermal neutrons,

due to the parasitic absorption of thermal neutrons in the beryllium material.
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Sample and integral analyses were completed in order to gain information on
unspecified impurities. Sample analysis was completed by the ICP-MS method, and integral
analysis — by the neutron pulsed method. Results obtained in these analyses are in a
reasonably good agreement and are described in detail in the reference [9]. Detailed chemical
composition of the sample is presented in Table 5. Some of the elements were detected,
though their quantities were not measured absolutely (such elements are indicated by symbol
“S”).

Table 5 Chemical composition of the S-200-F standard grade beryllium measured
with the ICP-MS method.

Content

Content

Element Element

Be, % 97.940.8 Ni, ppm 250+30
Li, ppm <1 Zr S

B, ppm <3 Nb S

Mg, ppm 110£5 Mo S

Al, ppm 570+50 Cd, ppm <1

Sc S Dy S

Ti S Ta S

\Y% S w S

Cr S Hg S

Mn, ppm 96+5 Pb S

Fe, ppm 1300£70 Th, ppm 1.5+0.1
Co S U, ppm 8243

It has been experimentally proven by the neutron pulsed method [9], that effective
absorption of thermal neutrons in beryllium used for construction of the blanket mock-up is
approximately 30% higher than the calculated value, based on the data specified by the

manufacturing company.

4.2.3. Tungsten, Ferritic and Stainless Steels



Tungsten plates were used to simulate armor material of the fusion reactor plasma
facing components. All the plates were formed with dimensions of 50 x 50 mm and

thicknesses varying from 5 to 25 mm. The chemical composition is presented in Table 6.
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Table 6 Chemical composition of tungsten.

Element Content, wt%
\" 94.8+0.2
Ni 3.1+0.1
Cu 2.1+0.1

The tungsten density is 17.9+0.1 g/cm’.

Low activation ferritic steel F82H was developed in Japan for application in the future
fusion reactor [10]. The developed ferritic steel material was used in present integral
experiments in order to simulate the structural material of the first wall. Steel plates with a

thickness of 16 mm and sizes varying from 200x200 to 50x50 mm, were used to assemble the

layer. Steel specifications are given in Table 7.

Table 7 Chemical composition of ferritic steel, F82H.

Element Content, wt% Element Content, wt%
Fe 89.74 Cu 0.01
Cr 7.74 Ni 0.02
A\ 1.95 Mo 0.01
C 0.095 \Y% 0.18
Si 0.1 Nb 0.0001
Mn 0.1 Ta 0.04
P 0.005 Ti 0.005
0.0031 B 1.496E-4

Type 316 stainless steel was used to manufacture the source reflector and the mock-up

enclosure. The source reflector was manufactured in a hollow cylinder shaped form with a




back wall. The cylinder has an outer diameter of 1200 mm, an inner diameter of 800 mm, and
a length of 609 mm. The back wall has a diameter of 1200 mm and a thickness of 203 mm.
Since the target assembly of the neutron source had to be inserted to the cavity of the source
reflector, an 80 x 160 mm hole was made in the centre of the back wall. Atomic number
densities of SS316 are listed in Table 8.

Table 8 Chemical composition of type 316 stainless steel (SS316) used for the source

JAERI—Research 2004—015

reflector and mock-up enclosure.

Density, 1/cm’
Element Source Reflector | Mock-up enclosure

C 7.170-10” 1.988-10%
Si 9.444-10% 8.161-10%°
P 4316-10” 4.889-10"
1.878-10™ 4.468-10"

Cr 1.548-10% 1.503-10%
Mn 9.796-10%° 1.356-10%!
Fe 5.759-10% 5.833-10%
Ni 9.713-10% 9.146-10°!
Mo 1.050-10% 1.025-10%!

S. Experimental Techniques

S.1.  Measurement of Tritium Production Rate using Diagnostic Pellets

In experiments on the blanket mock-up, the TPR measurements must meet the following

requirements:
v’ accuracy;,
sensitivity,

v
v' good spatial resolution;
v

non-perturbation of the thermal neutron field.
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Non-perturbation of the neutron field and a good spatial resolution are especially important
for measurements of the local TPR inside the lithium-containing layer, due to the quick
gradient of thermal neutron flux and appropriate distribution of tritium production (Fig. 2) in
the vicinity of material (lithium titanate and beryllium) boundaries. Thus, at present, only the
method based on activation of the diagnostic pellets inserted into the lithium layer can fully
satisfy these requirements.

Evaluation of the TPR is derived by measuring tritium activity in the diagnostic pellet
and the D-T neutron yield. Diagnostic pellets with a diameter of 13 mm and thicknesses of 0.5,
1.0 and 2.0 mm, were manufactured by cold pressing of the Li,CO3 powder and the respective
pellet weight was: 0.105, 0.210 and 0.420 g. The lithium carbonate (Li2COj3) possesses
several benefits, in which the most vital are:

v' it is a well soluble and non-hydroscopic salt;
v" in the process of irradiation of Li,CO3, tritium is generated and stored in the salt in
chemical form of LiOT [11], therefore:
o presence of an insignificant chance to lose tritium before dissolution,;
o stored tritium can be easily moved to solution;
v' simple handling and fabrication process of the pellets.

Depending on intention, several pellet combinations with appropriate lithium isotope
enrichment were used in the experiment. To measure the reaction rates on lithium isotopes for
verification of neutron transport through the mock-up, a combination of pellets with lithium-7
(99.94%) and lithium-6 (A type) were used. In this case, in order to minimize the perturbation
effect of thermal neutron flux in the beryllium, thin Li,CO; pellets with a low enrichment of
lithium-6 (A type) were selected. For measurement of tritium production rates in the lithium
titanate layer, pellets were used with lithium-7 (99.94 %) and lithium-6 (T type) pellets.
Absorption property of the pellets (T type) for the thermal neutrons was adjusted to the
appropriate value of the surrounding lithium titanate material. Adjustment was performed by
mixing fine powders with two lithium-6 enrichments: 7.55 and 95.5 %. Manufacturer

information concerning the powder chemical and isotope compositions is presented in Table 9.
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Table 9 Chemical composition of lithium carbonate powders used for the pellet fabrication

Element Content

/ Nuclide Natural enrichment | Lithium-6 enriched | Lithium-7 enriched
SLi, atm % 7.552 95.616+0.005 0.057
"Li, atm % 92.448+0.005 4384 99.943+0.005
Na, ppm 02 <50 <2

Mg, ppm 0.06 <5 <1

Al, ppm <0.2 <10

S, ppm <7

Cl, ppm <2 <2

K, ppm <0.1 <20 <0.5

Ca, ppm 0.7 <50 <3

Ti, ppm <2

Mn, ppm <0.1 <10

Fe, ppm <0.2 <10 <0.4

Ni, ppm <1 <50 |

Cu, ppm <0.01 <5 <1

Zr, ppm <2

Mo, ppm <5

Ba, ppm <20 <5 <20

Pb, ppm <0.02 <7

The content of the main element in the fabricated pellets is shown in table 10.

Table 10 Chemical composition of lithium carbonate pellets depending on type.

Element Density, 1/cm’
/Nuclide | 51§ (4 type) "Li type °Li (T type)
(°Li — 1.18%) ('Li - 99.94%) (°Li — 43.88%)
SLi 3.034E+20 1.697E+19 1.141E+22
"Li 2.541E+22 2.570E+22 1.460E+22
[ C 1.285E+22 1.286E+22 1.301E+22
o)  3.856E+22 3.857E+22 3.902E+22
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Ahead of the irradiation procedure, pellets were wrapped into aluminum foil in order to avoid
radioactive contamination from the surrounding medium.

Tritium activity produced in irradiated pellets was measured with a liquid scintillation
spectrometer after the wet-chemistry treatment procedure. The binary acid method was
utilized for the procedure (elaborately described in reference [12]). Briefly, utilizing the
binary acid solvent for pellets and the surfactant-containing scintillation cocktail combination
creates a very effective method, which meets requirements for design-oriented blanket
experiments. The processing scheme of the method is shown in Fig. 8. A mixture of two acids,
HNO; (61%) and CH;COOH (100%), strong and weak acids, respectively, has been used as a
binary acid solvent for the lithium carbonate pellet. The optimum acid volume ratio was
determined by figure of merit and the sample compatibility in relation to the acid volume ratio
and the pellet weight. In contrast with conventional techniques, all preprocessing procedures
~ of the present method are performed in a standard scintillation vial, without the removal of
lithium salts. Thus, this method is very simple and convenient, and at the same time it has the
highest figure of merit.

The pellet solution was mixed with a commercially available cocktail - Clear-sol
(Nakarai Chemical Co. Ltd., Japan). Tritium activity of the scintillation sample was measured
with a scintillation spectrometer (Aloka 5100). The internal standard method was applied to
evaluate the tritium counting efficiency. In the end, the tritium activity in the pellet was

- calculated according to the formula:

_ C
g'w'fd'fe'fg ’

Q )

where: O - tritium activity (Bq/g);
C - net tritium count rate (1/sec);
€ - counting efﬁciehcy;
w - pellet weight (g);
fa- correction factor for decay;
/.- correction factor for triton escape;

fe - correction factor for the tritium gaseous phase.
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It is important to note, that an insignificant fraction of tritium produced in the pellet can be
lost, due to a variety reasons. During irradiation of lithium pellets, tritons created around the
surface boundary have a possibility to escape the pellet, due to the high kinetic energy. This
fraction of lost tritium depends mainly on the size, chemical composition of the pellet and
neutron energy. For the Li,CO; pellet with a diameter of 13 mm and a thickness of 1.0 mm_
irradiated by thermal neutrons, the escape factor was about 2.5 % [13]. Another important
fraction of lost tritium concerns the gaseous tritium phase produced during irradiation. This
phase has a chance to be partly lost during irradiation or a subsequent chemical procedure.
The phase depends on the fabrication procedure of pellets, their composition, and chemical
treatment. For the Li,COs pellets fabricated by cold pressing, the factor was estimated to be
7 % [13].
Tritium activity produced in pellets, enriched by lithium-7, at the end of irradiation can

be calculated by the following equation:
"0=(RR,'n, +RR,'n,)-Y -4, @)

where: ’() — tritium activity in the lithium-7 enriched pellet (Bq/g);

RRs and RR; ~ tritium production rate on the lithium-6 and 7 isotopes (1/Li
nuclide/s.n.);
"ng and " - isotopic density of lithium-6 and 7 in the pellet enriched by
lithium-7, respectively (nuclide/g);
A - decay constant for tritium (1/s);
Y — neutron source yield (neutrons).

In a similar manner, tritium activity produced in pellets enriched by lithium-6, at the end of

irradiation can be calculated by the following equation:
°0=(RR,“n, +RR,*n,)-Y - A 3)

Considering the linear equations (2) and (3) as simultaneous equations, tritium production

rates, RR¢ and RR7, were derived:
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RR, = L, )

RR, = -~ ®)

Table 11 lists several factors contributing to uncertainties of the measured tritium reaction

rates.

Table 11 Sources and magnitudes of uncertainties in tritium production rate results.

Sources of uncertainty Magnitude, %
Neutron yield 3
Number of target atoms 1
Counting efficiency 35
*H labile fraction 5
Pellet weight 0,1
Irradiation, cooling and measuring time 0,1
Counting statistics 2
Half life 0,5

As a result, all contributing factors in the quadrature gave an uncertainty of about 7 % in

tritium production rates.

5.2.  Measurement of Activation Reaction Rate using Foils and Pellets
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The activation technique has been used in integral experiments on the mock-up in order
to provide the neutron spectrum indices for verification of transport calculations. The
technique has the following advantages for the integral experiment:

v well established method;
v' response of the activation detectors was tested and evaluated in the dosimetry file;
v' detector is able to provide a good spatial resolution and a small perturbation effect on
the neutron field.
Taking into account the experimental objective, an appropriate set of nuclear reactions was

selected. Reactions are listed in Table 12.

Table 12 Dosimetry reactions.

Reaction Half-life Abundance, | y/Pn. energy, Branch Threshold,
% keV ratio, % MeV

“Nb(n,2ny’*™Nb | 10.15d 100 934.5 99.0 9
277 Al(n,0)**Na 15.02 h 100 1368.9 100 5
Limpwa)’H | 1233y 186 | 100 4
*S(n,p)°P 14.26 d 95.03 1710 | 100 3
PTAu(n,y)®Au | 2.694 d 100 411.8 95.5
3p(n,y)*?P 14.26 d 100 - 1710 | 100
SLi(n,a)’H 1233y 18.6 | 100

The **Nb(n,2n)’*"Nb was selected to measure the distribution of high energy neutrons from

the source. The *’Al(n,0)**Na, *2S(n,p)**P and "Li(n,n’a)’H reactions were selected because

of the sensitivity to fast neutrons with an energy of more that 3 MeV, (this energy range is
important for tritium production on lithium-7). The '*’Au(ny)'**Au, *'P(ny)**P and
6Li(n,0()3H reactions were selected due to the sensitivity to thermal neutrons, which are
responsible for tritium production on lithium-6. From the availability of materials containing
a nuclide of the interest reaction, detectors were prepared using metal foils or pellets
fabricated by cold pressing of powders. The Nb and Al foils had a size of 10 x 10 x 0.1 mm®
and the gold foils - 5 x 5 x 0.001 mm”. All the pellets were fabricated with a diameter of 13
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mm and a thickness of 1.0 mm. A detailed description of activation detectors is shown in
Table 13.

Table 13 The properties of activation detectors.

Reaction Form / Weight Chemical composition
Material density, Element / Density, 1/cm’
g/cm’ Nuclide

*Nb(n,2n)’*Nb | Foil / Nb 8.56 *Nb 5.49-10~
77 Al(n,0)**Na Foil / Al 2.71 Al 6.04-10%
"Li(n,n’a)’H Pellet / 1.58 6Li 1.697-10"
Li,CO; Li 2.570-10%

C 1.286:10%

0 3.857-10%

25(n,p)°P Pellet / 1.42 H 5.45-10%
CH;3SO,CH; C 1.82-10%

(o} 1.82-10%

S 9.09-10%

7 Au(n,y)'*®Au | Foil / Au 19.28 Au 5.89-10%
31p(n,y)*?P Pellet / 1.45 H 6.31-10%
NH,PH;0, N 1.05-10%

o 2.10-10%

P 1.05-10%

SLi(n,0))’H Pellet / 1.58 6Li 3.034-10%
Li,CO; 7Li 2.541-10%

C 1.285-10%

0 3.856:10%

Lithium carbonate, Li;CO3;, was used for lithtum-containing pellets. The technique for

measurement of tritium activity in pellets is described in Chapter 5.1.
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The compounds of CH3SO,CH3; and NH4PH,0, were used to prepare sulfur- and
phosphorous-containing pellets. These compounds were selected to enable measurements of
2P activity in water by means of Cherenkov radiation counting. Such an approach has
significantly improved the sensitivity and accuracy of analysis. The technique utilizes the
principle of direct Cherenkov radiation counting of energetic B-rays in an aqueous medium.
Cherenkov radiation produces a bluish light when B-particles of energy greater than 260 keV
travel through a medium such as water. Since no scintillator is required and chemical
quenching is absent, sample preparation is extremely simple and the technique is ideal for the
assay of P in aqueous solution. After irradiation the pellets were simply dissolved in water.
Aqueous solutions were assayed in 20 ml opaque Teflon vials, which were found to yield a
higher counting efficiency than low background glass vials, presumably due to diffusion of
directional Cherenkov emissions. Counting efficiency was estimated with the internal
standard method. The Cherenkov radiation counting technique is described in detail in the
reference [14].

Gamma activities of irradiated foils were measured by a standard technique with the Ge
detector. The interest reaction rate was derived from an appropriate count rate according to

the formula:

RR - A-C-A , ©)
w-g-a-b-Y-f -u-N,-(I-exp(-A-t,))-exp(-A-t )-(1—exp(-A-t_))

where:
A - decay constant,
C - counts, (1/sec),
A - atomic mass,
€ - counting efficiency,
N4 - Avogadro’s number,
A - abundance of the target element,
b - branching ratio,
Y - neutron source strength (1/sec),
Je - correction factor for the decay during irradiation,
u - self absorption correction factor,

t; I, In - irradiation, cooling and collection time, respectively.
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The f. factor was estimated based on the neutron yield monitor data. Major sources of

uncertainty for the reaction rate are listed in Table 14.

Table 14 Estimated maximum uncertainties for the measured reaction rate

Sources of uncertainty Magnitude, %
Neutron yield 3
Efficiency of y-detector 3
Counting statistics ' 1
Number of target atoms 0.2
Pellet weight 0,1
Irradiation, cooling and measuring time 0,1
Decay data 0,5

Summing up all contributing factors in quadrature produced an uncertainty of about 5 % in

reaction rates.

6. Experiment on the Blanket Mock-up Irradiated by Neutrons from the D-T Source
6.1. Experimental Configuration and Irradiation

The integral experiment was performed in the first target room at the FNS facility in
JAERI. The facility provides good experimental conditions in regards to the neutron
background, due to the large size of the target room (15 x 15 x 12 m’). The blanket mock-up
was located in front of the neutron source at a distance of 448 mm from the target. In order to
produce D-T neutrons, a target with a tritium activity of approximately 3.7-10'' Bq was
bombarded by a deuteron beam with an energy of 350 keV and an intensity of 1 mA at the

target. The neutron yield was determined by the associated alpha-particle detector [15] with
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an accuracy of 3 %. The neutron spectrum of the D-T source was comprehensively evaluated
during early research [16].

Experimental configuration is shown in Fig. 9. The diagnostic pellets for tritium
production rate measurements and activation detectors were inserted into the mock-up during
construction. The pellet and foil arrangements are shown in Fig. 5 and 6. Irradiation of the
blanket mock-up was performed for three days, ten hours per day, with a total neutron yield of
1.11-10' neutrons. After irradiation, pellets and foils were picked up from the mock-up and

measured with appropriate techniques.
6.2. Results

In order to obtain a detailed distribution of the trittum production rate inside the lithium
titanate layer with a thickness of 12 mm, 15 diagnostic pellets with a thicknesses varying from
0.5 to 2.0 mm were stacked together, with a total thickness of 12 mm, and inserted into the
layer, Fig. 7. Experimental data of the tritium production rate via the °Li(n,0)’H reaction
inside the breeding layer is shown in Figure 10 and summarized in Table 15. The data enables
us to conclude that the tritium production rate has changed drastically, about 20 times within
the 12 mm layer, due to absorption of thermal neutrons by the °Li isotope. Several reaction
rate distributions (such as *>Nb(n,2n)”*™Nb, "Li(n,n'a)’H, *2S(n,p)*’P, *'P(n,y)*’P) were
measured in the mock-up. The first three reactions are sensitive to fast neutrons, while the last
reaction — to thermal neutrons. Figures 11 and 12 show reaction distributions along the axis
and table 16 summarizes the data. Reaction rates of threshold reactions give a similar trend in
the mock-up. From Fig. 12 and 10, it may be seen that the distributions of *'P(n,y)**P and

SLi(n,o)’H reaction rates are similar inside the lithium titanate layer.

7. Experiment on the Blanket Mock-up Irradiated by Neutrons from the D-T Source

with a Reflector
l7.1. Impact of the Source Reflector on TPR

In the DEMO fusion reactor the neutron spectrum incoming to the blanket contains two

components: high energy neutrons from D-T plasma, and low energy neutrons reflected at the
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opposite side of the reactor vacuum chamber. In integral experiments on the blanket mock-up
with the point D-T source, some simulation of the neutron environment can be done by
surrounding the source with a reflector constructed with appropriate materials. The source
reflector will drastically increase the number of low energy neutrons that enter the tested
mock-up and, consequently, it will increase tritium production in layers that are close to the
first wall. Therefore, to gain experimental data for verification, the second experiment on the
blanket mock-up irradiated by neutrons from the D-T source with a reflector was completed.
The source reflector, which was used in the present experiment, was originally
proposed for FNS bulk shielding experiments [17], with two targets in mind: reduction of the
background with room returned neutrons, and an increase in the number of low energy
neutrons, entering the tested shielding region. It is possible to consider such an experimental
arrangement as an option for creating a simulation of a fusion reactor neutron environment,
especially for shielding experiments, due to large shielding design margins. However, blanket
design margins are much more severe, when compared to shielding design margins, and thus,
simulation of the fusion reactor spectrum for the blanket experiments requires criteria other,
than was used for shielding experiments. Lastly, the source reflector for simulation of the
fusion reactor neutron environment, especially in the present experimental arrangement, can
be considered as a simulation case.
The impact of the source reflector on the tritium production rate was estimated by
calculations for the selected experimental arrangement. Calculation results are shown in Fig.
13. It was concluded that introduction of the source reflector will increase the TPR-6 by more

than two times in the lithium titanate layer.
7.2.  Experimental Configuration and Irradiation

The experimental configuration for the second integral experiment is shown in Fig. 14.
In order to directly compare integral experiments with and without the source reflector, the
second experiment was executed in the exactly same manner as the experiment without a
source reflector. Additional foils were introduced outside the lithium titanate layer, for
measurement of 2’ Al(n,a)**Na and "’ Au(n,y)'**Au reaction rates. The foils were attached to

beryllium block surfaces in the same manner as pellets. Irradiation of the blanket mock-up
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was performed for three days, ten hours per day with a total neutron yield of 9.98-10"

neutrons.
7.3. Results

The experimental data of tritium production rate via the ®Li(n,a)*H reaction inside the
breeding layer is shown in Fig. 15 and summarized in Table 17. It appears that the tritium
production rate gradient through the layer is less compared to the experiment without a
reflector, due to a higher contribution of low-energy neutrons from the reflector. The data of
reaction rates (such as *>Nb(n,2n)’*"Nb, ¥’ Al(n,o)**Na and **S(n,p)**P, which are sensitive to
fast neutrons) are summarized in Table 18, and the distributions are shown in Fig. 16.
Distributions show an adequate tendency of fast neutron behavior inside the blanket mock-up,
where fast neutrons decrease according to their energy thresholds. Reaction rates of
7 Au(n,y)'**Au and 'P(n,y)**P, which are sensitive to slow neutrons, are summarized in
Table 18 and Fig. 17. These reactions show an opposite tendency, since the number of slow
neutrons increases inside the mock-up. The 197Au(n,y)'%Au reaction rate was measured with
and without the Cd cover. By comparing the data around the lithium titanate layer it is
possible to conclude, that this reaction is activated mainly by epithermal neutrons. The
contribution of thermal neutrons to activation of the *'P(n,y)*?P reaction is more significant,
than can be seen from comparison of distributions in Fig. 17. From this comparison, it is
possible to conclude that the *'P(n,y)**P reaction is more useful for analysis of the neutron

field in regards to the tritium production rate.

8. Experiment on the Blanket Mock-up with a Tungsten Armor Layer Irradiated by
Neutrons from the D-T Source with a Reflector
8.1. Impact of the Armor Layer on TPR
The impact of tungsten armor on tritium production in the fusion reactor blanket was

studied in detail in the reference [5]. This effect was estimated for the present experimental

arrangement (data presented in Fig. 18). It was concluded, that placement of a tungsten layer
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with a thickness of 25 mm before the ferritic steel layer will decrease the TPR via the

SLi(n,0)’H reaction in the lithium titanate layer by 6 % at the most.
8.2. Experimental Configuration and Irradiation

In order to enhance the impact of the tungsten armor layer on the tritium productibn rate
in the lithium titanate layer of the blanket mock-up, a layer with a thickness of 25.2 mm was
selected. The layer was installed before the F82H layer. An experimental configuration for the
third integral experiment is shown in Fig. 19. To directly compare all three integral
experiments, the third experiment was performed identically to previous experiments. The set
of foils and pellet detectors was the same as in the second experiment. Irradiation of the
blanket mock-up was performed for three days, ten hours per day with a total neutron yield of

1.34-10'® neutrons.
8.3. Results

The distributions of the measured activation reactions have the same tendencies as was
observed in the second experiment. Experimental data of tritium production rate via the
SLi(n,00)’H reaction inside the breeding layer is presented in Fig. 20 and summarized in Table
19. The reaction rate data of *>Nb(n,2n)"*"Nb, *’Al(n,a.)**Na, "Li(n,n’ o)*H and *2S(n,p)’*P,
which are sensitive to fast neutrons, are summarized in Table 20, and appropriate distributions
are shown in Fig. 21. The reaction rates of 197 Au(n,y)**Au and 3P(n,y)**P, which are

sensitive to slow neutrons, are summarized in Table 20 and Fig. 22.
9. Comparison between Integral Experiments

Experimental data acquired in integral experiments on the blanket mock-up was
compared in order to estimate the impact of a source reflector and the tungsten armor layer on
the tritium production rate and the distributions of fast and slow neutrons.

The integrated datum of tritium production rates along the central axis of the mock-up is

summarized in Table 21 and the distributions are presented in Fig. 23.
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Table 21 Comparison of tritium production via the °Li(n,ot)’H reaction along the center axis

in the lithium titanate layer for integral experiments

Experimental configuration
Without Source With Source Reflector
Reflector and With Tungsten Without Tungsten
Tungsten layer layer layer
Relative Tritium 1.0 2.04 2.18
Production --- 0.94 1.0

Results indicate that the source reflector significantly increases the tritium production (by
about 2.2 times), and the tungsten layer With a thickness of 25.2 mm slightly decreases the
rate (by about 6 %). A similar tendency is seen for distribution of thermal neutrons in the
mock-up (Fig. 24).

Impact of the source reflector and the tungsten armor on distribution of fast neutrons in
the mock-up depends on the reaction energy threshold. Experimental data comparisons are
shown in Fig. 25, 26. In the experiment with and without a source reflector, no difference
exists for distributions of the **Nb(n,2n)’™Nb reaction rate (Ethres ~ 9 MeV), and an
insignificant increase of less that 10 % around the breeder layer exists for the *2S(n,p)*’P
(ETnres ~ 2 MeV) reaction rate. Introduction of the tungsten layer decreased the reaction rates
for fast neutrons by more than 20 %.

General data observations for activation reactions in experiments with and without the
source reflector show that the ratio of appropriate reaction rates is the largest on the front

surface of the mock-up and have a tendency to decrease inside the mock-up.

10. Example of Experimental Analysis

10.1. Nuclear Data and the Transport Calculation Code
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The continuous energy Monte-Carlo transport code MCNP-4C was used to calculate
the reaction rates of interest. The Japanese Evaluated Nuclear Data Library JENDL-3.2 and
JENDL Dosimetry File were used for the calculation.

10.2. Results

Experimental data gained in the experiment on the mock-up irradiated by neutrons from
the D-T source was compared with appropriately calculated values for the *Nb(n,2n)’*™Nb,
28(n,p)**P and SLi(n,0)’H reactions. Calculated to experimental rate ratios for
*2Nb(n,2n)**Nb and 328(n,p)**P reactions show a reasonable agreement within estimated
uncertainties (Fig. 27 — 28). Based on these results, it is possible to conclude that the neutron
transport calculation for neutrons with energy of above 2 MeV can predict the reaction rate.
This observation is also valid for tritium production via the "Li(n,n'o)’H reaction, whose
energy threshold is more than 3.8 MeV and the neutron sensitivity is similar to the *2S(n,p)*’P
reaction. A reasonable agreement between experimental and calculated results exists for
tritium productio!n via ®°Li(n,a)’H reaction, Fig. 29. The appropriate ratio of calculated to
experimental TPR was approximately 1.02. Comparison of calculated and experimental
results indicated that the TPR could be predicted by calculation within estimated uncertainties.

Analysis of experimentally obtained data on the mock-up with and without the
tungsten layer irradiated by neutrons from the D-T source with a reflector shows a reasonable
agreement with the calculated values for **Nb(n,2n)**™Nb and *2S(n,p)**P reactions, (Fig. 30 -
31). Analysis of the tritium production rate shows that the calculated data has overestimated
the measured data (Fig. 32). The observation is valid for experiments on the blanket mock-up
with and without the tungsten layer.. The average ratio of calculated to experimental TPR
values was about 1.14 for the experiment without a tungsten layer, and 1.11 — for the
experiment with a tungsten layer. It was previously discussed, that the source reflector
drastically changes the incoming neutron spectrum for blanket mock-up with an increase in
the tritium production rate by more that two times. Thus, one of the possible reasons for the
observed overestimation in the experiment with the source reflector is an inadequate
description of backward scattering contribution of neutrons from the SS316 source reflector.
Appropriate nuclear data should be reevaluated in order to improve reactor design

calculations.
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11. Conclusions

The first series of integral experiments was performed on the blanket mock-up
containing F82H, lithium titanate and beryllium layers, with respective thicknesses of 16 mm,
12 mm and 203 mm. The study focused on verification of tritium production. Three integral
experiments were executed on the blanket mock-up in order to study the impact of the
tungsten armor and the incoming neutron spectrum on the tritium production. Direct
measurements of the tritium production rate were performed using diagnostic pellets inserted
into the breeder layer. Distribution of tritum production rate inside the lithium titanate layer
was measured with a spatial resolution of 0.5 mm. Obtained experimental data allows to study
the tritium production rate heterogeneous effect around the boundary between the lithium
titanate and beryllium layers.

The first integral experiment was performed on the blanket mock-up irradiated by
neutrons from the D-T source. Analysis showed that the tritium production rate in the lithium
titanate layer can be predicted adequately to experimental values. Obtained calculation to
experimental ratio equals 1.02. |

In the second experiment, the incoming neutron spectrum was changed with the SS316
steel made source reflector. The source reflector drastically increases the number of low-
energy neutrons incoming to the mock-up and appropriately increases tritium production in
the breeder layer by more than two times compared with an experiment without a source
reflector. Analysis showed that calculation of the tritium production rate via the °Li(n,a))’H
reaction overestimated the experimental value by a factor of 1.14. One of the overestimation
reasons may be the inadequate description of the contribution of backward scattering neutrons
from the source reflector.

In the third experiment, the tungsten layer was placed in front of the mock-up and
irradiated by neutrons from the D-T source with a reflector. In order to enhance the tungsten
armor effect, a tungsten layer with a thickness of 25.2 mm was used in the experiment.
Introduction of the layer decreased the tritium production by 6 %. Analysis of the calculated
to experimental ratios showed results quite similar to data obtained in the second experiment.
Calculation of the tritium production rate via the °Li(n,o)’H reaction overestimated the

experimental value by a factor of 1.12.
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Finally, based on the data gained in the study, it is necessary to emphasize several points.
In the DEMO fusion reactor, the neutron spectrum incoming to the blanket contains two
components: high-energy neutrons from the D-T plasma, and low energy neutrons, reflected
at the opposite side of the reactor vacuum chamber. The stated situation was simulated in two
integral experiments on the blanket mock-up irradiated by neutrons from the D-T source with
and without a reflector. Obtained results have demonstrated the importance of an adequate
description of backward scattering neutrons for accurate tritium breeding prediction in layers

located near the first wall of the blanket.
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Table 15. Measured tritium production rate via the °Li(n,o.)’H reaction in the lithium
titanate layer of the blanket mock-up irradiated by neutrons from the D-T

source

Distance from the surface

of the lithium titanate layer, Tritium production rate, Absolute error

mm 1/°Li nuclide/s.n.

0.25 2.25E-28 1.55E-29
0.75 2.27E-28 1.57E-29
1.50 2.32E-28 1.60E-29
2.50 2.40E-28 1.66E-29
3.50 2.49E-28 1.72E-29
4.50 2.71E-28 1.87E-29
5.50 2.98E-28 2.05E-29
7.00 3.72E-28 2.57E-29
8.50 5.30E-28 3.66E-29
925 6.80E-28 4.70E-29
9.75 8.95E-28 6.17E-29
10.25 1.23E-27 8.47E-29
10.75 1.72E-27 1.19E-28
11.25 2.63E-27 1.82E-28
11.75 4.76E-27 3.29E-28
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Table 17. Measured tritium production rate via the SLi(n,a.)’H reaction in the lithium
titanate layer of the blanket mock-up irradiated by neutrons from the D-T

source with a reflector

Distance from the surface of

the lithium titanate layer,  Tritium production rate, Absolute error

mm 1/°Li nuclide/s.n.
0.25 7.18E-28 4 96E-29
0.75 7.12E-28 4 91E-29
1.50 7.15E-28 4.94E-29
2.50 7.27E-28 5.01E-29
3.50 7.53E-28 5.19E-29
4.50 7.71E-28 5.32E-29
5.50 8.10E-28 5.59E-29

7.00 9.51E-28 6.56E-29
8.50 1.22E-27 8.44E-29
9.25 1.64E-27 1.13E-28
9.75 1.92E-27 1.33E-28
10.25 2.24E-27 1.54E-28
10.75 3.09E-27 2.13E-28
11.25 4.71E-27 3.25E-28
11.75 9.06E-27 6.25E-28
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Table 19. Measured tritium production rate via the °Li(n,ot)*H reaction in the lithium
titanate layer of the blanket mock-up with W layer irradiated by neutrons

from the D-T source with a reflector

Distance from the surface

of the lithium titanate layer, Tritium production rate, Absolute error

mm 1/°Li nuclide/s.n.

0.25 7.01E-28 ' 4 84E-29
0.75 6.97E-28 ' 4 81E-29
1.50 6.86E-28 4.73E-29
2.50 6.91E-28 4.77E-29
3.50 7.26E-28 5.01E-29
4.50 7.53E-28 5.20E-29
5.50 7.98E-28 5.50E-29
7.00 9.53E-28 6.57E-29
8.50 1.16E-27 8.03E-29
9.25 1.48E-27 1.02E-28
9.75 1.81E-27 1.25E-28
10.25 2.19E-27 1.51E-28
10.75 2.96E-27 2.04E-28
11.25 ‘ 4 41E-27 3.04E-28
11.75 7.91E-27 5.46E-28
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Neutron Multiphier bed laver

(¢ Zmmy &
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First Wall

Figure 1. Structure of the DEMO Blanket Module.
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Figure 2. Distribution of TPR via °Li(n,o)’H reaction inside the lithium titanate layer
for mock-up compositions with various beryllium layer thicknesses.
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Figure 4. Experimental arrangement view of the blanket mock-up placed inside a
stainless steel enclosure.
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Figure 6. Pellet positions on the plate (or block) surface relative to the central axis of the
mock-up.

Firgure 7. A stack of diagnostic Li-COs pellets for measurements of the trittum production
rate instde the lithium titanate layer (pellets are specially reversed to highhght
thetr various thicknesses).
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Figure 10. Tritium production rate distribution via the °Li(n,ot)’H reaction inside the
lithium titanate layer of the mock-up irradiated by neutrons from the D-T

source.
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Figure 11. Distribution of reaction rates sensitive to fast neutrons in the blanket mock-
up irradiated by neutrons from the D-T source.
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Figure 15. Tritium production rate distribution via the *Li(n,0t)*H reaction inside the
lithium titanate layer of the blanket mock-up irradiated by neutrons from the D-T
source with a reflector.
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Figure 16. Distribution of reaction rates sensitive to fast neutrons in the blanket mock-
up irradiated by neutrons from the D-T source with a reflector.
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Figure 17. Distribution of the reaction rates sensitive to slow neutrons in the blanket
mock-up irradiated by neutrons from the D-T source with a reflector.
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Figure 20. Tritium production rate distribution via the SLi(n,0)’H reaction inside the
lithium titanate layer of the blanket mock-up with a tungsten layer irradiated by
neutrons from the D-T source with a reflector.
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Figure 21. Distribution of the reaction rates sensitive to fast neutrons in the blanket
mock-up with a tungsten layer irradiated by neutrons from the D-T source with a
reflector.
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Figure 22. Distribution of the reaction rate sensitive to slow neutrons in the blanket
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Figure 23. Comparison of the TPR-6 in three integral experiments on the blanket
mock-up: without a tungsten layer and a source reflector (squares); with a source
reflector and a tungsten layer (circles); with a source reflector and without a tungsten
layer (triangle).
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Figure 25. Comparison of the *Nb(n,2n)’*"Nb reaction rate in three integral
experiments on the blanket mock-up: without a tungsten layer and a source reflector
(squares); with a source reflector and a tungsten layer (circles); with a source reflector
and without a tungsten layer (triangle).
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Figure 26. Comparison of the **S(n,p)**P reaction rate in three integral experiments on
the blanket mock-up: without a tungsten layer and a source reflector (squares); with a
source reflector and a tungsten layer (circles); with a source reflector and without a
tungsten layer (triangle).
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Figure 27. The calculated to experimental rate ratio for >Nb(n,2n)’*"Nb reaction in
the blanket mock-up irradiated by neutrons from D-T source.
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Figure 28. The calculated to experimental rate ratio for **S(n,p)**P reaction in the
blanket mock-up irradiated by neutrons from D-T source.
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Figure 29. The calculated to experimental TPR-6 value ratio inside the lithium titanate
layer of the blanket mock-up irradiated by neutrons from D-T source.
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Figure 30. The calculated to experimental rate ratio for “*Nb(n,2n)’*™Nb reaction in
the blanket mock-up with (circles) and without (triangle) a tungsten layer irradiated
by neutrons from the D-T source with a reflector.
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Figure 31. The calculated to experimental rate ratio for *2S(n,p)**P reaction in the
blanket mock-up with (circles) and without (triangle) a tungsten layer irradiated by
neutrons from the D-T source with a reflector.
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Figure 32. The calculated to experimental tritium production rate ratio on lithium-6
inside the lithium titanate layer of the blanket mock-up with (circles) and without
(triangle) a tungsten layer irradiated by neutrons from the D-T source with a reflector.



This is a blank page.




=l

PRENIR (SI) L HE R

%1 SIEXB{ L LU %2 SIEftAxhBHEA &S5 SIEEE
2 % B i 5 # R & 5 5% RIRE i 5
K S| A - b ow m %, B, B | min, h, d 0 = 7 ¥ E
g g 055 A kg K, %, B s 0% ~ 4 P
B# Fﬂﬁ Bb s ) w b wll, L 102 5 3 T
& w7 T A b vt 00| ¥ # G
MAOFRE |y v £ v K BEEALL | eV 10° A w M
Y g &= % mol EFEREA | u 10° e o k
* Elh v 7 3 cd 102 | ~ 2 ¢ h
Y & B|5 v 7 v | rad 1 eV=1.60218x 107'°J 00 ] 7 #| da
IOk A RFIUTY sr 1 u=1.66054x 102 kg TOS d
1072 + v F c
1070 | 3 Y m
®3 EHOZKE 6D SIMTBA 0o | w4sa| 4
F4 SIEHIEENIC i
e 10 + n
& % w o |ee | BOS2L LY 0| e alp
A 4 ¥~ w~ V| Hz s k4 PR £ g 1073 7 x4t f
h = a— b+ N m-kg/sz P S N -EN A 107" 7 k a
E h . & A|° % A v Pa| N/m? ~ - < b
zaF— LR BB Y 2 — | J N-m s~ - W bar ()
TR, BHEFR|7 » b+ W Js # W Gal 1. %15 TEERBAR] $5 K EE
EXS @R, B2 - o v C | As £ a0y - Ci ER&E 1985 FRTIcL 5, 1751, 1eV
im, ;E, E%g H oo : \F{ :’:V//\}‘X [ N R BLU 1 udfEiz CODATA O 1986 4E#EXZ
= 7 7 7 F 7 ¥ rad MBIk - 710
® @ K Hix - 4| Q| va L 2| rem iy
av sy s s vR|v-2vzR| S A/V 2 RAKRBR, /b, T-w, ~7Y
e H|w = — ~| Wb | Vs 1 A=0.1 nm=10"""m “AMEEENTVAHNBEOHMLEDOTLE
W & % E|F 2 3| T | Wb/m® 1 b=100 fm?=10-2 m? TTHEBLL,
1 v 5 % YR\~ v ) H Wb/A | bar=0.1 MPa=10°Pa 3. bar @, JISTREEDOHENEEDTE
v ZEE [wrvorE| C 1Gal=1cm/s?=10~"m/s’ BRBROEZR2ZOHF o) —KHESOTL
* Wl v — 2 | Im | cd-sr al=lcm 2
' 2 1Ci=3.7x10"*Bq °
Eiv 72 2| x| Im/m . 4 ECHMEHLIESTHE bar, barnbk
# " #l~2s v | B o 1 R=2.58x10"*C/kg ) ‘
a L U TIEDHA | mmHg 2&%204 5 7Y
® I B ®|7 L 4| Gy| Jke lrad=1cGy=10"Gy — ATV
# B M BR|v-~Nur| Sy J/kg 1rem=1cSv=10"%Sv °
# [} &
71| N(=10°dyn) kgf 1bf £ |MPa(=10 bar) kgf/cm’® atm mmHg(Torr)| 1bf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 51| 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ B 1Pa-s(N-s/m?)=10P(#7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 107* | 1.31579 x 107° 1 1.93368 x 1077
B 1m%/s=10'St(X b~ 27 ) (cm?¥/s) 6.89476 x 10™* | 7.03070 x 107? | 6.80460 x 10° 51.7149 1
;1 J(=10"erg) kgf*m kWeh cal Gt ) Btu ft « 1bf eV 1 cal = 4.18605 J (it &)
w 1 0101972 | 277778 x 10”7 0.238889 | 9.47813 x 10~* 0.737562 | 6.24150 x 10 =4.184J (3L
¥
| 9.80665 1 2.72407 x 107° 2.34270 9.29487x 107 7.23301 6.12082x 101 =4.1855J (15°C)
% 36x10° | 3.67098 x 10° 1 859999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10 =4.1868 J (HIERLE)
’-‘! 4.18605 0.426858 | 1.16279 x 107° 1 3.96759 x 107 3.08747 261272x10"°  fmg 1 ps (LEH)
) 1055.06 107.586 2.93072 x 1074 252.042 1 778.172 6.58515 x 102 - .m
75 kgf-m/s
1.35582 0.138255 | 3.76616 x 10”7 0.323890 | 1.28506 x 107 1 8.46233 x 10'* = 735.499 W
1.60218 x 107'* | 1.63377 x 107%°| 4.45050 x 1072%| 3.82743 x 107%° | 1.51857 x 1072*| 1.18171 x 10™* 1
4 Bq Ci % Gy rad gg C/kg R g Sv rem
& 1 270270 x 107! & 1 100 8 1 3876 M 1 100
i1 ¢ &7 =
3.7 x 10% 1 0.01 1 2.58 x 10 1 0.01 1

(86 - 12

A 26 HBRE)




Integral Experiments for Verification of Tritium Production on the Beryllium/Lithium Titanate Blanket Mock-up with a One-breeder Layer
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