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In most conceptual fusion power reactor designs, it is proposed to use beryllium as a
neutron multiplier in the blanket. Detailed chemical composition of beryllium is necessary for
evaluation of the tritium breeding ratio, and estimating the activation and transmutation of
beryllium in the fusion reactor. In the present report, special attention was paid to a detailed
analysis' of impurities in beryllium, relevant to the tritium breeding ratio evaluation. 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. The evaluation
of the integral effect was based on time behaviour observations of the thermal neutron flux,
following the injection of a burst of D-T neutrons into the beryllium assembly. Structural
beryllium grade (S-200-F, Brush Wellman Inc.) was used in the study. The influence of the
impurities has resulted in a smaller experimental reaction rate for production of the tritium on
lithium-6, due to an increase in the parasitic neutron absorption. Experimental data was
compared with the reference data and the MCNP Monte Carlo calculations using the JENDL-
3.2 data set. Results indicate, 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. ICP-MS analysis indicated that the impurities
include elements such as Li, B, Cd and others. These elements affect the absorption cross
section even if the content of impurities is less than 10 ppm.

Keywords: D-T Neutrons, Fusion Reactor, Blanket, Beryllium, Impurities, Tritium
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x JAERI Research Fellow
Startcom Co., Ltd.



JAERI-Research 2004-005

NYF U LEFELIZRERT DY U U AROTRMY ST

B AR S5t SRR AR BB SE PR & TS0
Yury MVERZILOV™ - Y& BEAED - {2FF B2 - foE  IEFT - LA @RI - BEs @k

(20041 A 30 BZH)

1E LA EOBBATFEOEARINCIBWT, 707y MIBIT B RMFEEEM E LT
Uy ADOFAPREENTVD, TOZKMEFO N) FULEREERSRY YV U L0 E
BEBROFMEIZBNTIEINY Y v AOFMR{LFERPLETH D, FRETIE NI F UL
YA L 0D FEAMG B B SRR ARSI AT IS RRICER L, 22 T2 2DRR-T2FET
Rty T ~71-, 1212 ICPEESIECLDZ—HMOROSHTHY, 5 120F 30X
LT & AWERY ) U AEROFSBST TH D, BICHREIT LiCED N FUrk
FRIZHT B _Y U o AR ORMHOBESDIROR L ED oL LTREL, DT ¥
WFONNZRERY YT LAMERICAR L, ZTOROATHETEEOKRMELBRTL Z &
I D ESRISRATME L, AR TIIEEM RNV Y LA (T vy ayz)bv 41 S-
200-F) R L7, ZOFRMYOEBIFLEN2FHEFORIUCL WV ERTELNE LIl
X3 NV FULERODRIGEEZBL &85, BF—% &~ b JENDL-3.2 %\ 7z MCNP
FUTHNOEHE L EREE LB LZER, BEIN RN EREIIEEREOR
PEENSTHLUMEL WV 30 KX Rot-, ] Y 7 AHD Li, B, Cd EDRHY
X7 & %2 10ppm LA T CHRINWERIZEE T 5,

BRERFZCEr (RMBEEFE) : T319-1195 RIRIRIREIERE AT B HF BIR 24
* FEY) Y —F 7 zu—
* AH—k~ah (FK)



JAERI-Research 2004-005

Contents

L INEEOAUCHION ..ot ee e e et et e et e e e e e e e

2. Chemical Composition of Structural Beryllium Grades and the Impurity Effect on Tritium

PrOQUOLION ..ottt ee s e e e
3. Physical Specification of Beryllium BIocks...............ccoovevevevrervreeeeenen. e st -
4. SAMPIE ANAIYSIS ..ottt ettt et R
4.1 Specification Data Provided by the Manufacturing Company.................cc.c.ooeueeereeereerereseseeron.
4.2 ICP-MS MEASUIEIMENES .......ceuvniviceeiriieieie ettt st eens e teseseseese s e et et esseseesessees e e sess e
5. Integral Non-destructive Method for Impurity Analysis............ccccovvevoveveeeeeeeeeeeeesesse oo
5.1 Basic Principles of the Method ..........cccoiiiiriimiececece et
5.2 EXxperimental ATTANZEMENT ...........cerieirieiereteeeieeee s et tese s seseeseeesesesseses s et eses e e eessse. 10
5.2.1 Pulsed Neutron Source and the Beryllium Assemblies..............ooooeievieveeereeooooooo 10
5.2.2 Effect of Backscattering NEULTONS ..........cc.covueviuiuiurieiinsesecseeeesceeeeeeecess e sesesse oo, 11
5.3 MEASUIEIMENLS ......oviviieiiaiieceieet ettt sttt ee st et e s e eees e e st see e 12
5.3.1 Decay Rate of the Thermal NEULrONS.............ocovvuivviececeeeeeeeeee e e e oo 12
5.3.2 Macroscopic Absorption Cross SECHOMN ..........c.vurverrvevuereecreeeeeeeeeeeeeeeeeeee e oo, 14
5.4 MONP CalCulations ..........c.cooeueuiiiirinieiernininaeiesees et se e ee e e s st s s 15
5.5 Comparisons of the Calculated and Experimental Data ..................coooeveeeeverseoeeeoeooooooo 15
6. CONCIUSION......o.viiiitiiiii ettt ee e e et s st s e 16
7. AddItional REMATKS...........c.ouiiiiiieiiieiiiintie ettt ettt s e e e ee oo 17
ACKNOWIEAGIMENLS ...t ettt e e e 17
REFETETICES ..ottt e e 18



JAERI-Research 2004-005

H R

L B oottt b ettt r et ettt ea e et h et et ettt ettt e e e et e enenens 1
2. KEEMTAY U AD(LFEERR E N Y TF 7 AER SO DBEEE oo ]
3. NUY U AT T T OBIFBIEVE oottt s e ee e 5
B BB 3T ettt ettt ettt et e et ee et eenenranenes 6
B BB T K D R E T 2 ettt 6
B2 IO P B T oottt et r st 6

S BB T 20 2T oottt ettt s s eee e 7
5.1 TFVEDIEATFIR oottt ettt n e eenen. 8
52 FBRIEM e 10
521 7OV ZEHFPEFIRE N U U 7 AR et 10
522 BT EELTIME T DRI oot 11

53 Tl ettt s et s s er e er s e e s e en s s erend 12
531 BUIPETTETRIER oottt et tn i 12

5.3.2 EABIUUT IR ...o.oooeeeeeeeeee ettt nes e 14
SAMONP BB oottt r et e e e s s et rerer s 15
5.5 EBRIE L FFEME & D ELER ..ottt 15

L - SO OO 16
T DM ettt ettt 17
BB B et 17
BEETUIR oottt e ettt e et es et 18



JAERI-Research 2004-005

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]'. Neutron multipliers are required in order to
compensate for parasitic neutron losses, and therefore to enable net tritium production.
In addition, 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 6Li(n,oc)3H. 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 berylliurn can increase the
absorption cross section by up to 30 times [2]. This impurity effect decreases the
number of thermal neutrons, and as a result, the tritium production is decreased.
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. 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 will be quite a lengthy and laborious
procedure. In such circumstances, it is useful to use a method which is able to quickly,
easily and precisely evaluate the integral effect of impurities affecting evaluation of

the tritium breeding ratio.

2. Chemical Composition of Structural Beryllium Grades and the Impurity

Effect on Tritium Production

Structural grades S-65C, S-200F and S-200E (Brush Wellman Inc.) are being
considered for use in ITER [3]. Manufacturer information concerning the composition
of these grades, is shown in Table 1. In typical specifications, the main impurity

elements are characterized by a high concentration, about 1000 ppm. Minor impurities
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are commonly not specified in detail. Instead, the total impurity level, of about 400

ppm, is shown in the last row of Table 1.

Table 1

Specification of chemical compositions for structural beryllium grades

Chemical composition S-65B/S-65C S-200F S-200E
Be, min % 99.0 98.5 98.0
BeO, max % 1.0 1.5 20
Al, max ppm 600 1000 1600
C, max ppm 1000 1500 1500
Fe, max ppm 800 1300 1800
Mg, max ppm 600 800 800
Si, max ppm 600 600 800
Other max ppm 400 400 400

This level isn’t dependent on the beryllium grade. Very limited information
concerning the content of minor impurities is available. Various studies [4-7] have
shown that impurities can include elements such as Li, B, Cl, Cr, Mn, Co, Cd, Dy, Th,
U and others. Data were gained from a variety of studies, mainly concerning
purification procedures of the high quality beryllium, as shown in Table 2. Impurity
levels represent only the lower limit of potential impurities in structural beryllium.

Most probably, the actual impurity content in commercially available beryllium

grades is significantly higher.
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Table 2.
The chemical composition of commercial, vacuum melted and
distilled high purity beryllium
Chemical Purification procedure
composition Vacuum Vacuum melted | Vacuum PF-60**
melted [5] plus refined [6] | distilled [5]
Be, % 99.5 99.7 99.9 99.0
BeO, ppm 8000
Fe, ppm 1100 250 110 700
Al, ppm 600 200 20 500
Mg, ppm 500 8 500
Si, ppm 100 20 400
C, ppm 400 150 700
Cr 90 20 50 100
Co 2 10
Cu 10 50 100
Pb 20
Mn 70 20 35 120
Mo 20
Ni 130 125 70 200
Ca <200 30 100
Cl <50 50
Ag 5 10
N 10
B 1.2 3
Cd 0.5 2
Li 1 3
U 25-140
Th <2

* Empty space in the column shows absence of data.

** Data is specified for PF-60 (Brush Wellman Inc.)
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An additional study, with the use of neutron activation and gamma spectrometry (4],
was done to determine amount of uranium in beryllium. Results show that even in
relatively pure beryllium, a uranium concentration of about 20 ppm was found. Some
of the elements listed in Table 2 tend to have a significant effect on the absorption
cross section of thermal neutrons, in spite of the low impurity level, caused by a high
value of the absorption cross sections of the elements. It is possible to estimate the
significance of the effect, using the impure beryllium to pure beryllium ratio of the
total macroscopic absorption cross sections, R. Results of calculations of R for
impurities, which are characterized by a high absorption cross section, are presented
in Table 3.

~ Table 3.

The effect of minor impurities on the ratio of macroscopic absorption

cross section of impure to pure beryllium, R.

Composition
Be, % Impurity R
Element Level, ppm

100 --- 0 1.00
99.99 B 5 1.43
99.99 Gd 5 2.78
99.99 Cd 5 1.15
99.99 Li 5 1.06
99.99 Cl 100 1.11
99.99 Co 100 1.08
99.99 Mn 100 1.03
99.99 All the above 320 3.63

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

As an example of the influence of the parasitic absorption in the beryllium
moderator on the tritium production, an estimation of the tritium production rate on
lithium-6, TPR-6, was performed for the pure beryllium assembly, irradiated by D-T

neutrons. The parasitic absorption was simulated by boron at a level of 5 ppm, a

_4_
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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.1. The
parasitic absorption decreases the TPR-6 by about 5% on the surface of assembly (Fig.
1). This effect has a tendency to decrease the TPR-6 to a deeper location, due to
moderation and thermalization of neutrons, as a result of the increasing absorption
cross section, which follows the 1/v-law. Nevertheless, the impurity effect depends on
the blanket design, volumetric ratio of lithium and beryllium, and enrichment of

lithium.
3. Physical Specification of Beryllium Blocks

For integral benchmark experiments, that were performed in the FNS facility,
standard grade beryllium blocks (S-200-F, Brush Wellman Inc.) were used. The
standard grade is to be produced through consoiidation of beryllium powder by
vacuum hot pressing. The blocks are machined from the vacuum hot pressed material.
In total, there are nine types of blocks with different dimensions, listed in Table. 4.

Table 4.

The beryllium blocks which were used for integral benchmark experiments

Dimension, cm Average
Type Overall volume, a b c density,
cm’ g/cm3
Monolithic blocks
I 5.08 5.08 5.08 1.833
I 5.08 5.08 10.16
Il 9.52-10* 5.08 5.08 2.54 1.845
v 10.16 10.16 1.27
\% 9.18:10° 10.16 | 10.16 5.08 1.848
V1 1.44-10° 2.566 7.655 305 1.837
Glued blocks
VII 3.62:10° 2.57 7.62 15.26 1.829
VIII 15.25 15.25 5.14 1.822
IX 5.21-10* 15.23 7.62 5.11 1.832

_5_
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4. Sample Analysis

4.1. Specification Data Provided by the Manufacturing Company

The beryllium material was manufactured in the late 50°s by Brush Wellman

Inc. Specifications obtained from the manufacturing company are shown in Table 5.
The presented beryllium sample was analyzed on January 17", 1984.

Table 5.

Chemical composition of the beryllium sample

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

4.2. ICP-MS Measurements

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 [7]. Results of the analysis are
presented in Table 6. Some of the elements were detected, though their quantities

were not measured absolutely (indicated by symbol “S”).
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Table 6.
Chemical composition of the S-200-F standard grade beryllium measured
with the ICP-MS method

Element Content Element Content
Be, % 97.9+0.8 Ni, ppm 250+30
Li, ppm <1 Zr S

B, ppm <3 Nb S

Mg, ppm 110+5 Mo S

Al, ppm 57050 Cd, ppm <1

Sc S Dy S

Ti S Ta S

\Y% S \' S

Cr S Hg S

Mn, ppm 965 Pb S

Fe, ppm 130070 Th, ppm 1.5+0.1
Co S U, ppm 8243

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 circumstances, for qualification and validation purposes, measurements of the

integral effect seem very useful.

S. Integral Non-Destructive Method for Impurity Analysis

The non-destructive, pulsed neutron method was chosen with the following
constrains in mind. First, it is useful to estimate the total effect of impurities, which

increase the macroscopic absorption cross section of thermal neutrons, since the effect

_7_
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directly affects the tritium breeding ratio on lithium-6. Secondly, it is 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.

Originally, the pulsed neutron method was developed for precise determination
of the neutron diffusion parameters in the moderator media [8]. Since then, it was
used successfully in a variety of applications, including thermal absorption cross

section measurements.

5.1. Basic Principles of the Method

The principle of the neutron pulsed method is described in detail in Ref. [8]. In
essence, the method consists of time behavior observations of the neutron flux,
following the injection of a burst of neutrons into the moderator. Fast neutrons inside
the assembly rapidly slow down to thermal velocities (the slowing-down time in
beryllium ~ 100 psec). When the neutrons approach thermal equilibrium with the
moderator, they continue to leak slowly out of the assembly or can be absorbed. The
thermal neutrons decay according to the law:

(1)
Ot)~e™.
The constant [/« is the effective thermal neutron lifetime. If the geometrical
dimensions of the moderator are characterized by its buckling parameter B® , the
experimentally observed decay constant can be presented the following way:
(2)
a=a,+(D -CB?) B,

_8_
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(3)
oy = v, - (v, ), for 1/v- absorption
where:
o —is the decay constant which would be observed in an infinite medium and

is entirely dependent on absorption entirely dependent on absorption

(Z™(V)=0;°(v)-n™ + > ol(v)-n', o,- cross section, and n' - number

Im purities
of nuclei per unit volume);
D — diffusion coefficient;

Vv, — neutron velocity (2200 m/sec);

The term —“CB*”is a small correction to the diffusion coefficient, which describes the
diffusion cooling. In a finite moderator, the neutron equilibrium temperature lies
below the moderator temperature, due to the fact, that the leakage rate increases with
velocity. Geometrical buckling for the parallelepipedal assembly can be estimated

with the following formula:

4)

where:

a,b,c —“effective dimensions”, @ =a + 1.424,;

a,b,c — actual dimensions;

A, — transport mean free path.

Hence, measurement of the decay constant & of the thermal neutron flux for the fixed
size of the moderating assembly and known diffusion parameters for beryllium, will
permit determination of the absorption cross section. As an example of influence of
the parasitic absorption in the beryllium moderator on the decay constant, an
estimation of the time distribution of the thermal neutrons was completed for the
beryllium cube with a characteristic dimension of 60 cm. The parasitic absorption was
simulated by boron with level of 5 ppm. Calculation results for time dependence of
the thermal neutron density are presented in Fig. 2. As shown, a fundamental
difference is obtained in this case. The decay constant is a sensitive and a precise
parameter from the media absorption property point of view. In favorable cases,

experimental evaluation of time constant can achieve accuracy as high as 0.2%.

_9_
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5.2. Experimental Arrangement

The experimental equipment consists of a pulsed D-T neutron source (FNS
facility, JAERI), a beryllium assembly, a BF; neutron detector, and a time analyzer.
An 80-degree beam line in the first target room of the FNS facility was used for the
present experiment. The first target room provides the good experimental conditions
from the neutron background point of view, due to the large size of the target room
(15x15x12 m). The general setup of the experimental equipment and blocks of

electronic equipment is shown in Fig. 3.

5.2.1. Pulsed Neutron Source and the Beryllium Assemblies

The target of the pulsed neutron source and the beryllium assembly is shown
in Fig. 4. The neutron source pulse mode was configured by the following:
v" D-T neutron burst width - 1 psec;
v' burst repetition time - 5 ms.
The distance between the neutron source and the surface of the assembly was about
50 mm. The pulsed source and the detector were located outside of the beryllium
blocks, in the middle of the adjacent side planes. The shown arrangement minimizes
the amount of higher harmonics contamination of the thermal neutrons decay [8].
Standard grade beryllium blocks (S-200F, Brush Wellman Inc.) were used to
construct ninth prism assemblies. Main dimensions and buckling parameters for the

assemblies are listed in Table 7.
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Table 7

Beryllium assembly parameters used in the pulsed neutron experiment

Assembly Assembly size, cm Buckling
Number A B C parameter, cm’?
Depth Width Height

1 60.96 60.96 55.88 7.892E-3
2 53.34 60.96 55.88 8.620E-3
3 45.72 60.96 55.88 9.723E-3
4 38.10 60.96 55.88 1.151E-2
5 30.48 60.96 55.88 1.469E-2
6 50.80 50.80 50.8 1.057E-2
7 45.72 45.72 45.72 1.293E-2
8 40.64 40.64 40.64 1.619E-2
9 35.56 35.56 35.56 2.084E-2

The buckling parameter was estimated using the equation (4).

5.2.2. Effect of Backscattering Neutrons

Hence, backscattering neutrons can affect determination of the decay constant.

An appropriate study was completed to verify this effect. Backscattering neutrons

represent leakage neutrons from the experimental assembly, which are scattered by

the concrete wall of the experimental room. Some of these neutrons return to the

experimental assembly. The influence of neutrons, returned to the assembly, was

examined by the Monte Carlo calculation. A concrete wall with a thickness of 0.5 m,

was modeled to be 5.5 m apart from the D-T neutron source, which is the minimum

distance from the D-T neutron source to the concrete wall. Figure 5 shows the

reaction rate of the BF; detector ratio with and without the concrete wall. The

influence of neutrons, returned to the assembly, was negligible small for the acquiring

time interval of 1 — 2.5 ms.
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5.3. Measurements

Thermal neutrons diffusing out of the beryllium assembly are detected with a
BF; counter. Signals from the neutron detector are fed into a time analyzer. The decay
curve was accumulated in the 256 channel time analyzer using a 20 psec channel
width. Several hundred thousands of counts were collected for each determination of
the decay curve. Figures 6-8 show the decay curve for three assemblies: one of the

largest, one of the medium and the smallest. Each decay curve was treated off-line.

5.3.1. Decay Rate of the Thermal Neutrons

A precise determination of the decay constant of various beryllium assemblies
must be done with particular attention to the following main points:

v A small background of neutrons is always present, perhaps due to the fact
that the neutron-producing deuterium beam cannot be completely cut off
during the measurement period,;

v'  Faster decays are superposed on the main decay.

In order to eliminate the background of neutrons, the treatment procedure for the
decay curve was adapted. Prior to analysis, the difference between two successive
channel counts was calculated, and the modified decay curve was used for
determination of the decay constant. This procedure eliminates any bias, due to a
constant background.

As stated earlier it is necessary to suppress the higher harmonics. It is evident

(fig. 6-8), that the first channels of the decay curve are off the straight line, due to the
contribution of the faster decays. The contribution of higher harmonics to the
fundamental decay constant was mostly eliminated by proper arrangement of the
neutron source and the detector (as mentioned before), and a proper choice of the
delay time and duration period. The experimental decay curves were analyzed with
different delays and durations in the time interval from 0.4 to 4. 5 msec after the

neutron burst. The analyzed time conditions are listed in Table 8.
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Table 8.
Time intervals for analysis of the decay curve.
Time interval Time interval, msec
number From To Duration, msec
1 04 34 30
2 0.5 34 2.9
3 0.6 34 2.8
4 0.8 34 2.6
5 1.0 34 24
6 1.2 34 2.2
7 1.4 34 2.0
8 1.6 34 1.8
9 1.4 3.0 1.6
10 1.4 32 1.8
11 1.4 3.6 2.2
12 1.4 3.8 24
13 1.4 4.0 2.6
14 1.4 44 3.0
15 1.0 4.5 3.5

Figure 9 illustrates the dependence of the fundamental constant on the time interval
number. Since the decay constants of the higher harmonics are larger than constant of
the fundamental, higher modes will disappear faster than the fundamental mode. Thus,
it is possible to obtain the value of the fundamental mode in the appropriate time
intervals. By analyzing such kind of dependences for other beryllium assemblies,

results of the decay constant were obtained, presented in Table 9.
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Table 9.
Experimental decay constants
Assembly Dimensions, cm Buckling Decay
number A B C parameter, constant,
Depth Width Height cm™ sec’!
1 60.96 60.96 55.88 7.892x107 120444
2 53.34 60.96 55.88 8.620x10~ 1295+5
3 45.72 60.96 55.88 9.723x107 1432+4
4 38.10 60.96 55.88 1.151x10 16368
5 30.48 60.96 55.88 1.469x10% | 198010
6 50.80 50.80 50.80 1.057x107 15138
7 45.72 45.72 45.72 1.293x10% | 180110
8 40.64 40.64 46.64 1.619x107% | 2157x13
9 35.56 35.56 35.56 2.084x107% | 265119

5.3.2. Macroscopic Absorption Cross Section

By analyzing the dependence of the experimental decay constants on
assemblies of various sizes on the geometrical buckling, the total macroscopic
absorption cross section was evaluated. Figure 10 shows a plot of the decay constant
as a function of the geometrical buckling. According to the function (2), a parabola
has been fitted to experimental points by the method of least squares. The diffusion
parameters in beryllium, taken from the reference [8] and used as the coefficients of

this parabola, were the following: D = 1.21x10° cm’/sec; C = 3.68x10° cm/sec. Thus,
the decay constant for an infinite medium was evaluated as ag” = 27825 sec”.

Assuming that the absorption follows the 1/v law, calculation of the macroscopic

absorption cross section with formula (3) gives the value of (1.26+0.11) x107 cm™.
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5.4. MCNP Calculations

Experimental results were calculated by the Monte Carlo Neutral Particle
transport code MCNP-4B with the Japanese Evaluated Nuclear Data Library JENDL-
3.2 and JENDL Dosimetry File. Manufacturer information on major impurities (C, O,
Al and Fe) was taken into account. Figures 11 and 12 show results of calculations for
beryllium assemblies with dimensions of approximately 30x30x30 up to 60x60x60

cm.
5.5. Comparisons of the Calculated and Experimental data

Two independent comparisons were completed, based on the experimental and
calculated results. First of all, the measured decay curves of the thermal neutrons
diffusing out of the beryllium assembly, were compared with the Monte Carlo
calculations. A comparison example for the beryllium assembly with a size of about
60x60x60 cm is shown in Fig. 13. It is evident that the measured decay curve was
faster than the calculated curve. Similar results were obtained for all ninth assemblies,
indicating, that thermal neutrons are absorbed by minor impurities present in
beryllium blocks.

In addition, the experimental macroscopic cross section and the appropriate
calculated value were compared. The calculated value, Z:“' = 9.95x10™ cm", was
based on the absorption cross section data for beryllium and impurity elements taken

from the JENDL -3.3 library [9], and chemical composition of beryllium, provided by

the manufacturing company, Table 4. The experimental value of the Macroscopic

absorption cross section was evaluated as X*= (1.26+0.11)x10” cm™. Comparison

of these values indicates, that the experimental value is about 30% higher than the
value based on the reference data. This result is consistent with the observation for

experimental and calculated decay curves.
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6. Conclusion

Structural beryllium (S-65C, S-200F, S-200E form Brush Wellman Inc.), which
is considered for use in ITER, contains unspecified impurities with a total amount of
less than 400 ppm. The composition of these impurities contains elements, such as Li,
B, Cd and others, which can affect the tritium breeding ratio, due to the parasitic
absorption of thermal neutrons in the beryllium material, even if their content is less
than 10 ppm. The sample and integral analysis were completed in order to gain
information on unspecified impurities. Sample analysis was completed by the ICP-
MS method, and the integral analysis — by the neutron pulsed method. The latter non-
destructive method is very effective and sensitive to impurities, which affect the
evaluation of the tritium breeding ratio. Results obtained in these analyses are in a
reasonably good agreement. Presented measurements demonstrated the effectiveness
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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7. Additional Remarks

Acquiring the impurity information is not only important for evaluétion of the
tritium breeding ratio, it is also significant for studies concerning the activation and
transmutation behavior of beryllium in future fusion power plants. The activation
behavior of beryllium in a fusion reactor depends strongly on the presence of
impurities in the metal, thus affecting the choice of conditioning methods for
beryllium waste from fusion reactors. Estimations [10] show, that the radiotoxicity,
and the actinide inventory of the fusion beryllium waste, are strongly associated with

initial concentrations of uranium and thorium.
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Figure 1. The parasitic absorption effect in the beryllium bulk assembly on the
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Figure 2. The parasitic absorption effect in the beryllium on the time behaviour

of the thermal neutrons, diffusing out of beryllium assembly.
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Figure 4. Beryllium assembly and the neutron target in the first experimental room.
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Figure 9. Dependence of the fundamental decay constant on the time interval number

for beryllium assembly dimensions of 45.72 x 45.72 x 45.72 cm.
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