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A highly sensitive on-line method for measuring the tritium
production rate (TPR) of ®Li was developed using the response
difference of fLi and “Li-glass scintillators in a mixed neutrcn-gamma
radiation field. A fitting method for subtracting the pulse height
spectrum of “Li-glass from that of ®Li-glass was introduced. The
contribution of competing reactions such as 5Li(n,n'd)%He was
estimated by kinematical analyses. An absolute value of the 6L1
content was determined by a chemical analysis.

The thermal flux perturbation due to ®Li-glass of wvarious
thickness and ®Li contents was evaluated by measurment in a thermal
neutron field and calculation by the modified Skyrme theory. A Monte
Carlo calculation of the self-shielding effect was also made. The
dependence of the self-shielding on neutron energy was examined by
this Monte Carlo code,

The edge effect, i.e., distortion of the pulse height spectrum
due to partial energy deposition of the alpha and/or the triton, was
investigated by measurment in a thermal neutron field and by a Monte
Carlo simulation that was based on the scintillation mechanism and
considered Bragg absorption and the ratio of contributions to
luminescence by the alpha and the triton. The dependence of the edge
effect on neutron energy was examined by this Monte Carlo code.

This method was applied to the measurement of TPR distributions
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in simulated fusion blanket assemblies bombarded by D-T neutrons.
Absolute values of the TPR were obtained with an experimental error of
36 %. The measured results were compared with those of conventional
R-counting methods and good agreement was obtained.

An optical fiber system, using miniature lithium-glass scintil-
lators, was fabricated for purpose of microminiaturization of
detector size and adaption to strong electromagunetic field. Applica-

hility of this system to a D-T neutron field was demonstrated.

Keywords: Fusion Reactor Blanket, D-T Neutrons, Tritium Production
Rate, Lithium-Glass Scintillator, Neutron Flux Depression,
Self-Shielding Effect, Edge-Effect, Stopping Power,

Range, Optical Fiber
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1. Introduction
1.1 Background of the Present Study

0f all the proposed thermonuclear fusion reactors, the DT
reactor, fueled with deuterium (D)} and tritium (T}, now seems closest
to realization. As the tritium fuel component does not occur
naturally, it must be reproduced in a lithium-containing blanket that
surrounds the plasma. In the present stage of DT fusion reactor R & D,
efforts are focused on the conceptual design of the next fusion
devices, that is, fusion experimental reactors (FERI), TIBERz), NETB),
ITERA)) as well as the investigation of plasma behavior using Tokamak
type critical plasma testing facilities such as JT-60 and JET. The
design of the blanket is one of the most important parts of reactor
design, because it deals directly with the issues of energy extraction
and fuel breeding. Numerous design studies carried out worldwide have
proposed a large number of design concepts. Two comprehensive design
studies have been made in the United States in order to clarify the

issues and to optimize the R & D strategy : 1) BCSS ( Blanket

3,6) and 2) FINESSE ( Fusion Integral
7.9)

Comparison and Selection Study )
Nuclear Experiments Strategy Study Efforts )
One of the key issues in blanket design is tritium self-suffi-

@)

ciency, that is, achievement of the tritium fuel cycle.1 Therefore,
careful evaluation of the conditions for attaining self-sufficiency is
necessary in order to define blanket design conceptual selecticn
criteria. In the case of the so0lid breeder blanket, the uncertainty of
the tritium breeding ratio {(TBR) is larger than that for liquid
breeder blanket bhecause the tritium breeding capability is reduced by
the presence of non-breeder materials such as coolant and pipes. The
required accuracy for the predicted value of TBR is 34,5 %, however,
the present level of the prediction error is about 10 %_lO) The error
is caused mainly by the uncertainty of the neutronics calculation,
that is, the uncertainty of nuclear data and calculational metheds. In
order to examine the walidity of data and methods, investigation
through integral experiments is necessary, as well as differential
experiments such as cross section measurements. From this point of

view, measurements of the tritium production rate (TPR) in DT neutron

fields have been made since the 1960's. Typical examples of such
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tritium production measurements are listed chronologically in Table

i.1.1.

Technigues for TPR measurement are roughly clasified into two

categories

A

.

Irradiation of samples containing lithium and subsequent
extraction and measurement of tritium g activity,
Detecticn of the charged particles produced in ®Li(n,g)T

reactions.

Category A requires a heavy irradiation because the half life of

tritium is long (12.35 years) and detection efficiency is low. It also

requires special tritium extraction equipment and procedures as well

as tritium counting facilities that provide low background through

shielding and/or coincidence counting. Considerable efforts are needed

for sample preparation, processing and counting. Three methods have

been used for tritium counting.

A-1

1
Proportional counter1 u18)

Lithium metal samples are sncapsulated in copper or
aluminum and irradiated. After extracting the tritium by
heating in a hydrogen atmosphere, the gas is translated
into the preporticnal counter, whereupon the g activity 1s
measured. This method is very cumbersome and require
careful adjustment of the gas gquantity as well as highly
accurate measurement of the pressure, mixing ratic etc. for
each sample.

Liguid scintillation counter19m25)

Lithium metal foils enclosed in aluminum capsules or
sintered pellets of lithium salts (Li,0, Li,C0,, Li0OH) are
used as irradiation samples. After irradiation, tritium is
extracted as HTO by extraction and oxidation or by
appropriate chemical processing. The g activity is measured
by miking the recovered HTO with liquid scintillator.
Corrections for collection yield and detection efficiency
are needed. Very low background is necessary to obtain
acceptable statistics.

Self—irradiation26%28)
In this methed, the tritium g activity produced in the
lithium-containing sample is measured by the sample itself.

So far, this technique has been applied to LiF thermo-
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luminescence dosimeters (TLD) and lithium-glass scintil-
lators. This method is simple, but is not suitable for
absolute measurement with high accuracy because of the
difficulty of the determination of the Li atom number in

the sample as well as low inherent signal-to-noise ratio.

Category B has relatively high detection efficiency and thus

needs no heavy irradiation. Three methods can be distinguished in this

category.

B-1

Sandwiched Counter Method” *>0’

Tritium-producing events due to neutron interaction with

a thin 8LiF film result in g particle and triton emission
in opposite directions. The particles are detected by
surface barrier detectors or ionization chambers. A
coincidence scheme is provided to sort out real events from
single events. This method has the disadvantages that the
detection efficiency depends on the incident angle of the
neutrons and that the size of the detector is rather large.
Nuclear Emulsion method31’32)
g and triton tracks produced in nuclear emulsions by
neutron interactions with 6Li or 7Li are counted. This
scheme demands skill in discrimination of the particle. The
acuuracy limit of this methed is about 10 %.

Solid State Track Detector method33’34)
Lithium compounds are used as the radiator. Corrections
are necessary for the recoil of C, N, 0 atoms, competing
reactions producing charged particles, loss of tracks at

etching. Thus, this method is not suitable for the absolute

measurement with high accuracy.

Methods in category A demand a heavy irradiation, consequently,

a long machine time and activation of the apparatus surrounding the

target,
enough,
neutron

sources

However, the accuracy of measurement may still not be high
especially for deep locations in the assembly, where the
intensity is not sufficient even with the strongest neutron

presently avallable. Methods in category B also demand medium-

heavy irradiation except for method B-1, All methods in both categorie

except B-1 are off-line measurements, and take much time for

preparation and processing of samples. As for the B-1 method, the

sensitive region is relatively large (2.6 cm3),consequently, spatial
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resolution is poor. Flux perturbation also is rather large as a
results of overall detecter size.

For purposes of blanket design, it is necessary to investigate
experimentally the effects of various configurations of the first
wall, neutron multiplier, coolant channels etc. on TPR distribu-
tions.35’36) Examination of the the effect of each component thus
calls for numerous measurements. Such an extensive program is
jeopardized by the problems inherent in heavy irradiation, 1) long
machine time (>1C h/run), 2) consumption of 3T target, 3) activatioen
of the apparatus around the target. Consequently, development of a

highly sensitive on-line method for TPR measurement that does not

require heavy irradiation is desirabie,
1.2 Objectives and Outline of the Present Study

Since, in the blanket configurations examined so far, the TPR of
ELi (Tg) is dominant,as) that measurement is important. In this
thesis, I describe a method of measuring the 6Li tritium production
rate that satisfies the above reguirements and yields absolute
measurements with high accuracy. This method makes use of a pair of
small Li-glass scintillators (Li-glass method), of which cne is
enriched in %Li and the other, in ’Li. The TPR's are obtained from the
response difference of these scintillators in a mixed neutron-gamma
field. T, can be measured by using detectors sensitive to high-energy
neutrons, such as a NE213 liquid scintillation counter.

In the next Chapter, the y-ray background subtraction scheme,
based on adjusting the difference of the y-ray detection efficiencies
and gains of both scintillators, is presented.37’38) The evaluation of
the competing reactions and determination of the 5Li atom number in
the fLi-glass scintillator are described. In Chap. 3, the perturbation
of the neutron flux by the lithium-glass scintillator is investigated
by measurement, supported by theoretical calculations and a Mcnte

ED)

Carlo calculations.3 It is shown that the flux depression is small
compared with the self-shielding effect and that the perturbation can
be neglected by using a very thin and low L1 content scintillator. In
Chap. 4, the edge effect — distortion of the pulse height spectrum
at the low energy side of the thermal peak due to partial energy

deposition of the alpha particle and/or the triton — is examined
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0

experimentally and by a calculation.k Measurements of the pulse
height spectrum in a thermal neutron field were made for five values
of scintillator thickness. A Monte Carleo calculation based on the
scintillation mechanism was also made. The correction factor for edge
effect was shown quantitatively. In Chap. 5, the measurment of the TPR
distribution in simulated fusion blanket assemblies and comparison
with conventional g counting are described.4lm43) In Chap. 6, the
application of optical fiber light guides to the Li-glass method, for
purposes of detector size microminiaturization and adaptation to

strong electromagnetic fields, i1s described. Chap. 7 presents some

general concluding remarks on the results obtained in this thesis.



JAERI-M 89-074

References

1) Tomabechi K., et al. : 9th Conf., on Plasma Physics and Controlled
Fusion Research, Baltimore, (1982), IAEA-CN-41/E-4,

?) Henning C. D., et al. : "A Tokamak Ignition/Burn Experimental
Research Device", Proc. 6th Topical Meeting on Technol. [Fusion
Energy, San Francisco (1985); Fusion Technol., 8, 1351 {(1985).

3) Toschi R. : "Objectives and Main Features of the Next Furopian
Torus Project," Proc. 6th Topical Meeting on Technol. of Fusion
Energy, San Francisco, (1985); Fusion Technol., 8, 291 (1985).

4) Tomabechi K. : "Tnternational Thermonuclear Experimental Reactor,
ITER," Proc. Int. Sympo. Fusion Nucl. Technol., Tokyo (1988).

5) Abdou M. A., et al. : "Blanket comparison and selection study —
Interm. report," ANL/FPP-83-1, (1983).

6) Smith D. L., et al. : ibid. Final report, ANL/¥PP-84-1, {19843,

7) Abdou M. A., et al. : FINESSE; A study of the issues, experiments,
and facilities for fusion nuclear technology research & develop-
ment — Interim report, UCLA-PPG-821, UCLA-ENG-84-30C, (19847,

8) Abdou M. A. : Fusion Technol. 8[11, 1081 (1985).

9) Tillack, M. et al. : ibid. 8[17, 1091 (1985).

10) Abdou M. A, : ibid. 5, 250 (1986).

11) Wyman M. E. : "An integral experiment tc measure the tritium
production from 7Li by 14-MeV neutrons in a lithium deuteride
sphere," LA-2234 (1972).

12) Benjamin P. W., et al. : "A technique for measuring the tritium
content of small samples of irradiated lithium metal,” AWRE
NR/A-2/62 (1962).

13) Spangler P. S. : "Fusion reactor blanket experiment,” Technical
report 437 (1965) MIT, AD 619671

14) Cloth P., et al. : "Studies of the space dependent tritium
production and the fast flux distribution in a lithium blanket
experiment," Proc. 8th symp. on Fusion Technol., Noordwijkerhout,
Netherlands, (1974).

15) Qaim S. M., et al. : J. Radiocanal. Chem., 30, 35 (1976).

16) Hemmendinger A., et al. : "Tritium production in a sphere of 6LiD
irradiated by 14-MeV mneutrons," LA-7310 (1978).

17) Hemmendinger A,, et al. : Nucl. 8ci. Eng. 70, 274 (1979).

18)

Liskien H. : Proc. Int'l Conf. Nucl. data for Sci. Technol., p349

_6_



JAERI-M 89-074

Antwerp, (1982).

19) Dierckx R. : Nucl. Instr. Meth. 107, 397 (1973).

20) Herzing R. : "Erprobung neutronenphsikalischer Rechenverfarren an
Lithiummblanketmodellen fur einen Fusionsreactor,” PhD Thesis,
Aachen, Federal Republic of Germany (1976) ;3 Jul-1357 (1976).

21) Herzing R., et al. : Nucl, S$Sci. Eng. 60, 169 (1976).

22) Herzing R., et al. : ibkbid. 63, 341 (1977).

23) Fritscher U., et al. : Nucl. Instr. Meth. 153, 563 (1978).

24) Bretscher M. 5. : 10th Symp. on Fusion Eng., Philadelphia (1983).

25) Tsuda K., et al. : "A Method for Tritium Production-Rate
Measurement with Sintered Li,0 Pellets and its Application to a 60
cm-Thick Li,0 Slab Assembly,' JAERI-M 84-138, 88 (1984).

26) Maekawa H. : "A method for Obtaining the Tritium Production Rate
Distribution with a LiF Thermoluminescence Dosimeters," JAERI-M
6055 [in Japanese](1975) ; UCRL-TRANS-11196 (1977).

27) Sharabati H,, et al. : Nucl. Instr. Meth. 201, 445 (1982),

28) Gmuer XK., et al. : Int'l Conf. on Nucl. Data for Basic and Appl.
Sci., JC12 ,Santa Fe (1985).

29} Hereold T. R. : Nucl. Instr. Meth. 71, 40 (196%).

30) Joneja 0. P., et al. : ibid. 193, 563 (1982).

31) Rosen L., et al. : Phys. Rev. 126, 1150 (1962).

32) Lisowski P. W., et al. : "Gross sections of Neutron-Induced,
Neutron Producing Reactions in 6Li and “Li at 5.96 and 9.83 MeV,"
LA-8342 (1980).

33) Herzing R., et al. : Nucl. Sci. Eng., 60, 169 (1976).

34) Kuijpers L, J. M. : "Experimental model studies for a fusion
reactor blanket,'" PhD thesis, Eindhoven, The Netherlands (1976) ;
Jul1-1356 (1976}.

35) Nakamura T., et al. : Proc. 7th Topical Meeting on Technol. of
Fusion Energy, Reno, (1986) ; Fusion Technol. 10, 541 (1986};
Trans. Am. Nucl. Sec. 52, 106, (1986).

36) Nakamura T., et al. : Int'l Symp. on Fusion Nucl. Technol., Tokyo,
(1988),

37) Yamaguchi S., et al. : "A method for measuring tritium production
rate by lithium-glass scintillators,"” JAERI-M 85-086 (1985) [in
Japanese].

38) Yamaguchi S., et al. : Nucl. Instr. Meth. A254, 413 (1987).

39) Yamaguchi 8. : Nucl. Tnstr. Meth. A274, 568 (1989).



40)
41)

42)

43)

JAERI-M 89-074

Yamaguchi §. : Nucl. Instr. Meth. A274, 573 (1989).

Yamaguchi S., et al. : Proc,. 7th Topical Meeting on the Technol.
of Fusion Energy; Fusion Techmnol.,1C, 573 (1986); Trans. Am. Nucl.
Sec. , 32, 110 (1986).

Oyama Y., et al. : Proc. Int'l Symp. on Fusion Nucl. Technol.,
Tokyo, (1988); To be published in J. Fusion Eng. Design. (1988).
Oyama Y., et al. : submitted to 8th Topical Meeting on the

Technol. Fusion Energy. (1988).



JAERI-M 8g-074

Tablie 1.1.1 Typical examples of tritium production measurements
date affiliation person technique detection error[%]d) ref,
19583)  LASL M.Wyman L metal ter g-ray sl 11)
1962 AWRE P.Benjamin Lrom cotnter B-ray 4 12)
1965  MIT P.Splangler g%ég?’counter g-ray — 13)
1973 Furatom  gopjerckx 11200 pellet, oy — 19)
1974  Jilich  P.Cloth rometals ter 3-ray — 14)
1975 JAERT H.Maekawa TLD, self dirad. R-ray — 26)
1976  Jilich  R.Herzing T[1& Zcher ®%'  g-ray 36 20n22)
19769)  Jiilich  R.Herzing  SSTD ast — 23)
1976  Jilich  S.Qaim e et e g-ray — 15)
1978 KfK U.Fritscher 114  Zcher °%  g-ray b 33)
197¢  LASL giiZZ?e“_ Eigﬁ_ counter B-ray v 16,17)
1980 LASL P.Lisowski nucl. emulsion a,t 10« 32)
1982¢)  Jiilich O.Joneja sandwich count. o, 15 30)
1982 Jiilich H.Sharabati TLD, self irad. R-ray _— 27)
1983  ANL M.Bretscher %iq?eggiﬁt_ g-ray - 24)
1984  JAERT K.Tsuda 1120 perlet B-ray 5 25)
l9gs  Bviss  K.Gmuer Litglass, = B-ray — 28)
a) for military purpose
b) tritium production rate of ®Li only
¢) tritium ptoduction rate of ®Li only, on-line measurement

d) excluding error of scurce intensity



JAERI-M 89-074

1}

2. Paired Li-Glass Scintillator Subtraction Scheme
2.1 Introduction

Irn the present method, the TPR of €14 is measured by using the
différence between the response of ®Li-glass and that of Li-glass in
a mixed neutron-gamma radiation field. Typical examples of the pulse
height spectra (PHS) of SLi- and ’Li-glass scintillators in a
simulated fusion blanket assembly are shown in Fig. 2.1.1. A sharp
peak caused by the 3Li(n,y)®T reaction appeares on a Comptoen electron
background produced by y-rays in the PHS of ®Li-glass, for "Li-glass,
only the y-ray background is observed. As is shown later, it can he
assumed that the y-ray responses of bhoth scintillators are almost
identical. Consequently, the y-ray background can be rejected by
subtracting the PHS of 7Li-glass from that of ®Li-glass. Figure 2.1.2
shows a typical subtracted spectrum. The total number of counts in the
subtracted spectrum, is equal to the total number of 6Li(n,q)°T events
in the scintillator, is proportiomnal to the tritium production rate of
8L4.

Although it is basic to this scheme that both scintillators have
the same gains and the same y-ray detection efficiencies, there are
usually some differences between scintillators. A method of adjusting
these differences will be described in the following.

In the fast neutron fields as encountered in the fusion blanket,
competing reactions such as elastic scattering of ®Li and 7Li, as well
as ®Li(n,n'd)%He, also occur. The contribution of such competing
reactions was examined by kinematical analyses using a typical
calculated neutron spectrum in a simulated fusion blanket assembly.
Contributions of Si, 0O, Ce and Al are alsc examined.

An accurate knowledge of the ®Li content in the 6Li-glass
scintillator is Tequired tc obtain absolute TPR values, Manufacture's
data of the fLi content are generally unreliable, hence, the 6Li
content was determined by isotopic dillution analysis.

If pulse shape discrimination of neutrons and gaﬁma—rays were
feasible for lithium-gias scintillator, then one could measure the
TPR using only ®Li-glass scintillator. Neutron-gamma discrimination

was thus investigated, as described in section 2.3,
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2.2 Scintillator and Electronic Circuit

Cerium-activated lithium loaded silicate glass scintillators have
been widely used for neutron detection since their development
2013) in the late 1950's because of their large meutron cross section
and a high Q-value (4.78 MeV). At present, several kinds of scintil-
lators of various lithium content and ®Li enrichment (®Li enriched,
depleted and natural) are commercialy available from Nuclear
Enterprise Ltd. and Koch-Light Laboratories Ltd. The characteristics

s . . 1417
of these scintillators were examined systematically by Spowart. )

8)

The first such scintillator made in Japan is NSl51 for ®Li enriched
(in 1980) and BS15 for 7"Li enriched (in 1985) manufactured by the
Nikon Corp. ( Nippon Kogaku Corp.).

From the point view of measurement of the reaction rate in a
certain assembly, it is desirable that the flux perturbation be as
small as possible, implying low ®Li content and small depth. As is
shown in the next chapter, the reaction rate is strongly reduced
by a large °Li content and large glass depth, especially in a soft
neutron spectrum field. On the other hand, it takes much time to
adequate statistics with a thin glass scintillator of low 5Li content.
In the present study, NS15 (6.3 % ®Li) ®Li enriched glass and
the corresponding 7Li enriched glass, BS15, were used with a diameter
and thickness of 10 mm and 0.3 mm, respectively.

The chemical composition, nuclide densities and physical
properties of these glasses are shown in Tables 2.2.1 n, 2.2.3,
respectively. Excitation and emission spectra of NS15 are shown in
Fig. 2.2.1. The wavelength of maximum emission is 3%0 nm.

The scintillators were coupled to 13 mm—diameter photomultiplier
tubes (PMT, Hamamatsu Photonics Corp. R647-01) using quartz light
guides of 10 mm-diameter by 4 mm-thick with silicon gel. On the PMT
face, the scintillators were optically polished, the other face
and on the lateral surface, they were roughened. NE560 reflector was
applied to the surfaces of the scintillators and light guides. The
scintillator, light guide and photomultiplier tube were put into a
magnetic-shield case (see Fig, 2.2.2). A sectional view of the
Li-glass scintillation detector assembly is shown in Fig. 2.2.3. The
outer diameter and total length of the detector assemhly are 19 mm and

175 mm, respectively.
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A schematic diagram of the electric circuit and the data
acquisition system are shown in Fig. 2.2.4. The signal from the ancde
of the photomultiplier tube is fed to the pre-amplifier (ORTEC 113),
hence to the amplifier (ORTEC 571). Amplified and shaped signal pulses
were accumulated in a 1024 channel multichannel pulse height analyzer,
MCA (CANBERRA, series 80) through an analog-to~-digital converter,
(CANBERRA, B8080). The data stored in the MCA were transfered to a
computrt (VAX 11/780) through a mini-computer {PDP 11/34) and

processed.

2.3 Neutron-Gamma Discrimination Characteristics of NE15 SLi-glass

scintillator

The neutron and gamma-ray (n-y) discrimination characteristics

were examined for NS15 ®Li-glass scintillator.

(I) Discrimination by pulse height difference

The larger the /R ratio, i.e., the ratio of the light output per
unit ‘energy of the g and the triton, and that of the electron, the
better the signal-to-noise (S/N} ratio, i.e., the ratie of signal
neutron count rate to gamma-ray background count rate at certain pulse
height. The g/R ratio of the NS15 was determined by measuring the
pulse height for thermal neutrons from an Am-Be source moderated in a
graphite pile (Ey 4 = 4.78 MeV) and for the Compton edges of !27Cs,
57Mn and ??Na y-ray sources (Eg = 0.477, 0.640, 0.341 and 1.062 MeV,
respectively). The relation between the pulse height (channel number
of MCA) and energy is shown in Fig. 2.3.1. Assuming a linear relation
between pulse height and energy for hoth electrons and heavy
particles, two lines can be drawn through the measured points. The
ratio of slopes corresponding to the g/ ratio, comes to 0.27. This
value agrees approximately with that in Ref.[7]. The g/B ratio of
lithium glass is smaller than that of NaT(Tl), ZnS(As) and LilI(T1),
0.6, 2.0 and 0.95, respectively. Thus the n-vy discrimination
performance by pulse height difference is rather poor for Li-glass

scintillator.

{1I) Discrimination by pulse shape difference

9) )

1
Coceva and Winyardzo have examined the pulse shape discrimi-



JAERI-M R9-074

nation capability of &Li glass scintillator, employing anode-dynode
correlation and zero-crossing, respectively. Both methods are based on
the difference of integrated pulse rise times resulting from different
decay times of photomultiplier current pulses. Their results showed
that pulse shape-based techniques yielded inadequate neutron-gamma

21,22) :
examined a neutron-

discrimination for Li-glass. Yamada et al.
gamma discrimination scheme based on the pulse width difference for
neutrons and gamma-rays. Their results alseo indicated poor discrimi-
nation.

In the schemes mentioned so far, n-y discrimation was based on
one parameter analysis, i.e., rise time or pulse width. We tested the
pulse shape discrimination performance ¢f a two parameter scheme using
a RHGC (rise time to height converter) module. The electronics circuit
is shown in Fig., 2.3.2. The rise time distribution, and a two
dimensional map of rise time vs. pulse height are shown in Figs. 2.3.3
and 2.3.4, regpectively. The figures suggest that discrimination,

while somewhat better than for one-parameter schemes, still cannot

effect a clean separation of neutron and gamma-related events.

2.4 Pulse Height Spectrum Fitting

Since it is impractical to achieve a perfect match ¢f the gains
of both detector channels and there is some difference in y-ray
detection efficiencies, i1t 1s necessary to adjust gains (horizontal
axis in PHS) and efficiencies (vertical axis in PHS) of ®Li- and
7Li-glass scintillator pulse height spectra by suitable data
processing. The adjustment is performed by fitting the spectra within
the region below the ®Li(n,y)°T peak which includes only the y-ray
background —— fitting region. The fitting is carried out by a

linear transformation of the 7Li-glass spectrum, as follows :

X' = aX+b, (2.4.].)
Y
Y' = . (2.4.2)
aYe
where
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X ¢ Pulse height of 7Li-glass (before transformation},
X' : Pulse height of 7Li-glass (after transformation),
¥ : Counts of “Li-glass (before transformation),
¥' : Gounts of 7Li-glass (after transformation),
YE : ratio of y-ray detecticn efficiencies between two scintil-~

lators (y-ray detection efficiency of ®Li-glass / y-ray
detection efficiency of "Li-glass).
The adjustable parameters @ and b are determined by least square
fitting. The ratio of y-ray detection efficiencies was experimentally
detemined using a 5 mCi l3765 source {described in detail in next
gection).

Figure 2,4.1 illustrates typical 6Li- and 7Li-glass pulse height
spectra in the fitting region. A chain line, a dashed line and a solid
line represent ’‘Li-glass spectra before and after the transformation
and fLi-glass spectra, respectively. We assume that the linear
transformation moves the point A(1,G{i)) to B. The X-cocrdinate of the
point B is ai+b. Usually ai+b does not exactly correspond to a channel
number, Then, fitting is performed as follows: Let the channel numbers
located at both sides of ai+b be [ai+b] and [ai+b]+l ([ ] is Gauss's
symbol); let points C, D and E be defined as shown in Fig. 2.4.1 (
point E is the intersection of line CD and a line perpendicular to the
base through the point B). Let the counts at points B, C, D and E be
Y

i Ay, By and Xi’ then

Aj = C6([ai+b]), (2.4.3)

B; = C6([ai+b]+1), (2.6.4)

X; = {A;-(A{-Bj)(ai+b-[ai+b])}/Ng, (2.4.5)

Yy = CT(1)/N;/y /2, (2.4.6)
where

C6(i) : counts of ®Li-glass at channel 1,

C7(i) : counts of 7Li-glass at channel i,
Ng : neutron vield during the measurement of 6l.i-glass,
N, : neutron yield during the measurement of ‘Li-glass,

Values of @ and b are determined so as to minimize the guadratic sum
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of residuals of X5 and Yj

RC
S = J(X3-Y3)?2-uy, (2.4.7)
i=IC

where
statistical weight ( = /X;2 + Y32 ),
LC : minimum channel of the fitting region,

RC : maximum channel of the fitting region.

The values of a and P which yields the minimum value of 5 can be found

by successive approximation, from an initial set {(ag,by):
a=1+ ——+ a; {(m=20,1,2,----,2n),

(2.4.8)

Figure 2.4.2 shows the values of S as a function of a and b. Usually,

a 0.20, by = 0,30, n = 40, n' = 15¢. Thus the minimum value of 8§,

0
Sy = S(@pins Pmin) can be determined. Dividing 8, by the atom number
of ®Li in the 8Li-glass scintillator and the total neutron yield, the
tritium production rate per fLi atom per source neutron camn be

obtained

S
TPR = ~———— [T/6Li/source]. (2.4.9)
Ne.Y_

The adjustment of gains and y-ray detection efficiencies was

successfully performed by means of this fitting method.
2.5 Measurement of the y-ray Detection Efficiency Ratio

A small difference between the y-ray detection efficiency of
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61.i-glass and that of 7Li-glass results

from the difference in

compositions and volume. The y-ray detection efficiency ratic of 3Li

to 7Li-glass scintillators, v , was determined experimentally.
£

Discrimination levels were set for each
exceaded the discrimination levels were
gains of the scintillator channels were
discrimination levels alsc were exactly

counts above some arbitrary level would

ADC and only pulses which
accumulated. If amplifier
exactly equal and ADC

equal, the ratio of the sum of

then equal . However,
£

ordinarily gains and discrimination levels do not agree.
The ratio Yo was thus determined as follows :

1}

2)

3)

roughly adjust the gains of both scintillaters,

measure the pulse height spectra for a y-ray source,

calibrate each scintillator before and after the measurement using
a 22Na y-ray source,

4) adjust the gains of both scintillator channels by using the fitting
method described in the previous section. The parameters a and b
were determined on the basis of the differentiated ?ZNa pulse
height spectrum of each scintillator,

5) As the ratio of the sum of counts above the discrimination channel
DC will converge when the discrimination channel approaches zero,

YE is given by

1023
Coe(I)
o A 2.5.1)
£ 1023
DC=0 C7(1)
I=DG
where
C6(I) counts of fLi-glass at channel I,
C7(I) counts of 7Li-glass at channel I,

The arrangement of the measurement is shown in Fig. 2.5.1. The
distance between the y-ray source and each scintillators was 1 m + 1
mm. A 5 mCi '37Cs y-Tay source was used. The measured results of the
pulse height spectra are shown in Fig. 2.5.2. In Fig. 2,5.3, the

comes to

results of measurement is shown. In this example, the
YS YE

0.944,

2.6 Contribution of Competing Reactions
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In the ®Li- and 7Li-glass scintillators, neutron reactions other
than the fLi(n,y)3T reaction — charged particle production reactions
such as ®Li(n,n'd)*He, Al(n,y)2“Na and elastic scattering such as
Si(n,n)3i occur. Charged particles and recoil nuclei producd in those
reactions contribute scintillation pulses. These contributions were
estimated for a typical neutron spectrum in a simulated fusion blanket
assembly described in Chapt. 5. The calculation of the neutron

23
spectrum was made by the two dimensional transpert code DOT3.5 ) and

*

neutron nuclear data libralies JENDL—3T24)’ , JENDL- 3PR125).26) The
calculated neutron spectrum is shown in Pig. 2.6.1.

Here, it is assumed that the scintillation efficiencies for all

charged particles are equal.
2.6.1 Charged Particle Production Reactions

The main charged particle production reactions occuring in the
bLi- and 7Li-glass scintillators placed at 14 MeV neutron field are as
follows (reactions with Mg and Ce were omitted because amounts of
these nuclides presents in the material are small, [see Table 2.2.2]

and cross sections are also small).

Q-value
ELi(n,n'd)4He -1.47 MeV
6Li{n,p) SHe -2.73 MeV
6Li(n,2n)5Li -3.70 MeV
7Li(n,n'g) T ~2.47 MeV
160(n,y)13C -2.22 MeV
283i(n,g)25Mg ~2.65 MeV
283i(n,p)27Al -3.51 MeV
27A1(n,y)24%Na -3.10 MeV

Cross sections for these reactions are shown in Fig. 2.6.,2.

Reactions other than SLi(n,n'd)“He and 7Li{n,n'qy)3T

For an incident neutron energy En’ the energy E of produced

* JENDL-3T is a temporary file for testing the evaluated data for
JENDL~3. The data for JENDL-3T will be partly revised in JENDL-3.
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charged particles is given by :

E = Ey + Q. (2.6.1)
The reaction rates are given by

Rij(En) = NiUij(En)¢(En)! (2.6.2)

where

N number density of nuclei i,

i

0ij(Ey) ¢ cross section for reaction j of nuclei i,

${Ep) ! neutron flux,
i : kind of nucleus,
3 : type of reaction.

Supposing that the energy resolution of the lithium-glass scintillator
were close to zero, then the energy distribution would be equal to the
pulse height distribution and Rij(En) would give the pulse height
spectrum at energy E=En+Q. The resultant pulse height spectra
calculated by Eq. 2.6.2 are shown in Fig. 2.6.3. For all reactions,
the reaction rates rise strongly at 11 - 13 MeV. The reason is that
neutron flux at 14 MeV is very large as is shown in Fig. 2.6.1.
However, contributions of these reactions are fairly small in the
6Li(n,q)?T peak region and the fitting region below the peak.
Moreover, contributions by 0, Si and Al are cancelled through
subtraction of the 7Li spectrum from the 611 gpectrum. It is therefore
concluded that the effect of charged particle production reactions can

be neglected.

€L,i(n,n"'d)"*He and Li{n,n'g)>T reactions

These reactions lead to three products, one of which is a neutron
that largely escapes from the scintillator; hence, only a low-energy
continum should be expected even for moncenergetic incident neutrons.
Assuming that the reaction energy products is invested only in the
charged particles, and that the sum of energies of the two charged
particles (d and ¢, ¢ and t) has a simple rectanglular distributiion
between zero and E5 + E, the reaction rates per unit energy are given

by Rij(En)/E- The overall energy distribution for all incident
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neutrons is found by convolution of these rectangular distributions.
Pulse height spectra calculated by this procedure for the two
reactions are also shown in Fig. 2.6.3. As evident from this plot, the

contribution of these reactions can be neglected.
2.6.2 Elastic Scattering

Here, elasctic scattering of 61,4, 7Li, 0, Si and Al was
considered. Cross sections for these reactions are shown in Fig.
2.6.4. Again assuming that the energy distribution of recoiled nuclei
is rectangular between zero and the maximum energy FE. ., determined by
the mass number A of the nucleus and the incident neutron energy E,.
The value of Egp,x 1s given by

LA
Epax = ———=% * En . (2.6.3)
(A+1)
The reaction rates per unilit energy come to Rij(En)/Emax(En)- Overall
energy distribution vs. incident neutron energy is calculated hy
convolution of these rectanglular distributions. Results are shown in
Fig. 2.6.5. Clearly, the elastic scattering contribution can be

neglected,
. . 6 6, s
2.7 Chemical Analysis of the LI-Content of Li-Glass Scintillator

An accurate knowlege of the ®Li content in the ®Li-glass
scintillateor is required t¢ obtain the TPR in absolute value. For
this, manufacturer's data of the ®Li content cannot be reliable
because of veolatilization loss of ®Li atoms during dissolution.27’28)
Thus, & chemical analysis of the ®Li content of NS15 ®Li-glass
scintillator was made by an isotope dilution analysiszg)

In an isotope dilution analysis, the amount of an element in a
given sample is quantitatively determined as follows:so)

1) add a fixed quantity of "spike" — a compound which has a different
isotope composition than the sample,

2) mix uniformly,

3) calculate the amount of the element in the sample from the change
of isotope composition.

If, ¥ : atom number of Li(=%Li+7Li) in the sample (Li-glass),
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Y : atom number of Li(=8Li+7Li) in the spike (Li,CO,),
a; : atom fraction of °Li in the sample,
a, : atom fraction of 7Li in the sample,
be : atom fraction of ®Li in the spike,
b, : atom fraction of 7Li in the spike,
then, the isotope ratio of ®Li and 7Li in the mixture is given by the

following equation:

Cg agX + bg¥
i} . (2.7.1)
c, a,X + b,¥
Solving this equation for X,
c,bg Ccghy
X = Y
Cgdy ~— Cqap
B-C b,
= — — Y (2.7.2)
C-A a,
where
ag
A = —— : isotope ratio of 8Li and 7Li in the sample,
ay
bg
B = — : isotope ratio of ®Li and “Li in the spike,
b,
Ce
G = —— ¢ isotope ratio of fLi and 7Li in the mixture.
Cq

The isotepe ratics were determined by mass speclrometry.

The samples were four 5 mm x 5 mm X 1 mm pieces of NS15 5Li-glass
scintillator (5 mm x 5 mm x 1 mm) made from the batch the scintillator
used in the TPR measurement was also made from. The spike was a

standard sample of Li,CO,, NBS SRM 924 [°Li content = 3.70; atom
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percent]. The measured results are shown in Table 2.7.l1. The average
value of the ®Li content was 6.63, weight percent (+0.5 %). The

isotopic fractions by weight w, and w, of the isotopes are given by

676
v, = s (2.7.3)
msae + rn7a7
m7a7
Wy = , (2.7.4)
m.a + m,a

where

m, mass of 6Li,

m, mass of 7Li.
Substituting 0.9549 , 0.0450,, 6.0151231) and 7.0160031) for a., a,,
mg and m,, we obtain We = 0.94785. Thus the, ®Li content comes to

6.63, x 0.9478, = 6.28, wt %. This value agree with the manufacturer's
data, 6.3 wt % , indicating that the loss of 8Li atom due to the
volatilization is small. The fLi atom number derived from this wvalue

of 6.284 wt % was used for the calculation of the TPR's.,
2.8 Conclusion

To develop a method of measuring ®Li tritium production rate of
based on the difference between the response of ®Li-glass and that of
/Li-glass in a mixed neutron-gamma radiation field, the following
measuremnts and determinations were made:

(1) The intrinsic neutron-gamma discrimination of fLi-glass scintil-
lator was examined. Discrimination by pulse height and that by
pulse shape individually as well as in combination both were
found inadequate.

{2) A method of fitting pulse height spectra of 8Li and "Li-glass
was developed.

(3) The ratio of y-ray detection efficiencies was measured.

(4) The contributions of competing reactions — charged particle

production reactions and elastic scattering — were evaluated for
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a typical neutron spectrum in a simulated fusion blanket assembly.
It was shown that these contributions can be neglected.

(5) The atom number of ®Li in the 6l,i-glass scintillator was
determined by isotope dilution analysis,
By these various steps, a subtraction method of 8Li and 7Li-glass

scintillators was established.
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Table 2.2.1
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Chemical composition of lithium-glass scintillators

commercial type of weight percent in melt
code lithium $10, Mg0 Al,0; Ce0, Li,0 Li °Li
NS15 61,1 enriched 58 4,0 18.5 4.0 15.4 6.6 6.3
BS15 Li enriched 57 4.0 18 4,0 17 7.9 —

Table 2.2.2

Nuclide densities of lithium-glass scintillators

commercial x 10?% atom/cm’
code bLi i 0 Si Ce Mg Al
NS15 1.59 0.0645 4,77 1.4¢6 0.0366 0.149 0.546
BS15 < 0.002 1.70 4,71 1.40 0.0366 0.149 0.531
Table 2.2.3 Physical properties of lithium-glass
scintiilator (NS15)
refractive index 1.56
Abbe's number 57.8
density 2.5 [g/em?]
coefficient of linear expansion” 99 [x1077/°C]
transition temperature 482 1°¢]
softening temperature 521 [°G]

%) 100%C ~ 300°C

Table 2.7.1 Results on isotopic dilution analysis of

6L1 content

61,1 enrichment 1Li content Li,0 content

No. of piece

[®Li atom %] [wt %] [wt %]
1 95.49,
2 95.49, 6,62, 15.38
3 85.4094 6.63; 15.39
4 95.484 6.63, 15.38
average 95.49, 6.63, 15.38
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2.2.2 Detector Assembly
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3. Flux Perturbation by the Lithium-Glass Scintillatorl)

3.1 Introduction

In simulated fusion blanket assemblies, lithium compounds such as
Li,0, beryllium and graphite are employed as a breeder, neutron
multiplier and reflector, respectively {(see Chap 5). A transport
calculation indicated that the energy region which contributed mainly
to the tritium preduction in Li,0 was near the 250 keV resonance. For
this energy region, the effect of the probe on the local flux —
self-shielding and flux perturbation —— can be neglected for a 0.3 mm
thick scintillator.z) However, for the soft neutron spectrum near &
beryllium or graphite layer, the effect is appreciable for that

2)

thickness. The perturbation o¢f a thermal flux by activation foils

such as gold or indium has been extensively examined by experimental
and theoretical investigations.S%T) On the other hand, very few
reports have considered the flux perturbation effect of enriched fLi
glass scintillators.

The flux perturbation factor G is given by the ratio of the (n,qg)
reaction rate per B8Li atom, R, in the scintillator to that of an
infinitely thin glass, Ry: G=R/R,. In this chapter, thermal flux
measurement of these factors for four thicknesses and three °Li
contents are described. The flux perturbation factors for these
glasses were calculated by a modified Skyrme theory7) to confirm its
applicability to lithium-glass scintillators and te¢ examine the ratio
of flux depression and self-shielding effect. A calculation of the

self-shielding was also performed by a Monte Carlo method to determine

its energy devendence.
3.2 Measurement

The reaction rates of BLi-glasses were obtained by integrating
pulse height spectra measured in a thermal neutron field. Values were
normalized to the number of ®Li atom in each scintillator and to the
neutron flux. The scintillators used included NSlSS), NS3 and NS5i
manufactured by the Nikon Corp. The ®Li content in the melt of these

gcintillators comes to 6.30, 3.14 and 1.03 weight percent, respective-

ly. The chemical compositions of these scintillators are shown in
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Table 3.2.1. The enrichment of ®Li is 95.6 % for all scintillators.
NS1 has the lowest content of ®Li among of currently available
6Li-glass scintillators currently available. All samples had a
diameter of 10 mm. Thicknesses had nominal values of 0.1, 0.3, 0.6 and
1.0 mm for each type. Actual thicknesses were measured by a digital
micrometer with a precision of 510 pym. These measurements are shown
in Table 3.2.2. In the integration of the pulse height spectra, the
"+ail” on the lower energy side of the thermal peak due to the
edge—effectlo) {see Chap. 4) was taken into account because it makes a
considerable contribution for thin scintillators. Each scintillator
wax coupled to a 13 mm diameter photomultiplier tube ( Hamamatsu
Photonics Corp. RE47-01 } using a gquartz light guide with silicon
grease..The electronic circuit was the same as that in Chap. 2, The
gamma-ray background at the thermal peak was negligible because of the
very low level of gamma flux in the graphite pile. The thermal neutron
field was produced by an Am-Be neutron source located at the center of
a graphite pile of l m x 1 m x 0.9 m, scintillators were placed at a
depth of 50 mm from the top of the pile {see Fig. 3.2.1).

The measured perturbation factors are shown in Table 3.2.2 and in
Fig. 3.2.2 as a function of scintillator thickness, t. In Table 3.2.2,
T is the thickness times detector absorption cross section ; 1=Nggt,
where, N the atom density of 67,1 in the scintillator, gy the average
microscopic cross section of the 61i(n,q)3T reaction for a Maxwell
distribution of thermal neutrons (ggz = 833 b ), and t the thickness of
the scintillator. Values of "infinitely thin" reaction rates K,'s were
determined by extrapolating t to zero. The experimental error due to
the uncertainty of the extrapolation is about 2 - 3 %. 1t is shown
that the reaction rate decrease due to the flux perturbation amounts
to 66 % and 3 % for 6.3 wt %, 1.0 mm scintillator (t = 1.37) and 1.0

wt %, 0.1 mm scintillator (T 0.0264), respectively.

3.3 Galculation of the Flux Perturbation by the Modified Skyrme Theory

The theoretical treatment of the local perturbation in a thermal
neutron field due to absorbing detector was originally developed hy
Skyrme3). His theory was modified by Ritchie and Eldridgea) for the
flux depression, an "edge-correction” ,i.e., correction for finite

7
size of the detector was obtained by Hanna ). In this treatment,
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]labelled MS (modified Skyrme theory), the flux perturbation factor for

1/v absorber in a Maxwellian spectrum is given by;

R o 1 + E
G = = . . (3.3.1)
. 21 ligg/?

where
a : spectrum averaged value of g (= l—2f?x"3exp(—Tx)dx),
e U@t/ ) (1-/Fit,/3),
r detector radius,

g ¢ flux depressicon parameter,
1 t product of thickness and detector absorption cross section.

The subscript zero denotes the value at the most prohable
velocity (2200 m/s). For graphite, beryllium and other nonhydrogeneous
moderators, where I << )j¢y (Lransport mean free path), g = O.84r/ks,
according to Meister.ll) g = 0.84r/)g. The values of transport and
scattering mean free path and flux depression parameter for graphite
are ktr = 2.5, As = 2,6 cm and g = 0,18 respectively, Values of G
calculated by the MS theory are shown in Table 3.2.2 and Fig. 3.2.2,
These results agree well with the measurements described in the
foregoing. Values of (&/2;)-(1+E), which account for self-shielding
only, are also shown in Fig. 3.2.2. It 1is evident that phe overall
flux perturbation is mainly caused by self-shielding.

The fact that the flux perturbation factor of fLi-glass in
sraphite was closely predicted by the MS theory suggests that the flux
perturbation factor for arbitrafy thickness and 6Li content can he
calculated by this theory to sufficient accuracy. Accordingly,
calculations of the perturbaticn factors of beryllium werece also
calculated by this theory. The values of the transport and scattering
mean free path and flux depression parameter for beryllium are ktr =
1.5, ls = 1.4 cm and g = 0.30, respectively. The beryllium flux

depression comes out slightly larger than that for graphite.
3.4 Calcuiation of the Self-Shielding Effect by a Meonte Carlo Method

The self-shielding effect was calculated by a Monte Carlo method,

assuming isotropic incidence of neutrons and dominance of absorption
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compared with scattering in the detector. These assumptions are valid
for thermal neutrons in a large graphite pile, For a disk-shaped
detector whose symmetry axis is oriented at angle 6 to a collimated

beam of thermal neutrons, the self-shielding factor G is given hy

1-exp(-),(N)-d(g,r,t))
G(N,t,6,r) = ; (3.4.1)
Yo (N)-d(,r,t)

where Ea(:NUa) = macroscopic absorption cross section, r = incident
point and d = path length of the neutron.
The self-shielding factor for all neutrons of incident angle ¢ is

obtained by averaging over all incident points:
G(N,t,08) = <G(N.t,e,r)>r . (3.4.2)

Since it is cumbersome to abtain G(N,t,8) analytically, the values of
G(N,t,5) were obtained by a Monte Carlo method for several angles.
Assuming isotropic incidence of neutrens, the self-shielding factor is

obtained by averaging over the incident angles :
G(N,t) = <G(N,t,e)>e . (3.4.3)

The calculated results of are shown in Table 3.2.2 and Fig.
3,2.2. They appear to agree fairly well with the measured R/Rg's,
supporting the result of the MS treatment, i.e., self-shielding
dominates the flux perturbation. Since the results of the measurement
agree well with the Monte Carlo calculation, it seems reasonable to
extend the Monte Carlo calculation to other neutron energies, to the
extend to which the assumptions of isotropic incidence of neutrons and
dominance of absorption over scattering are valid. The self-shielding
factors for ©Li-glasses of 0.1, 0.3, 0.6 and 1.0 mm thickness and 1.0,
3.1 and 6.3 weight percent of ®L.i were thus calculated for neutron
energy from thermal to 16 MeV. fLi(n, o) )T cross section from the

JENDL—3T12) library were used. The calculated results are shown in

Fig. 3.4.1, This figure shows that the energy range witin which the

self-shielding effect is significant extends to less than 1 keV.

Since, within that range, the scattering cross section 1is indeed
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negligibly small compared with the absorption cross section, the
latter assumption is valid. Moreover, a transport calculation
indicated that except at the assembly surface, neutrons below 1 keV
were almost isotropic even for anisctropic neutrons. Therefore, the
former assumption is also valid, This suggests that the eXtension of
this Monte Carlo calculation over all the neutron energiles does not
introduce serious errors. In so far as neutrons below 1 keV are
dominant feor tritium production, the self-shielding factor amounts to
a fairly large values. Figure 3.4.1 also shows that the self-shielding
effect at 250 keV should be taken into account in thick and high 6Li
content glass. Neglect of this effect for such a scintillator in the

Li,0 region causes underestimation of the tritium production rate.

3.5 Conclusion

The thermal flux perturbation of ®Li glass scintillators was
measured in a graphite pile over a range of for thicknesses and for
different %Li confents. The measurements revealed a decrease of the
reaction rate per €Li atom ranging from 66 % for 1 mm thick, 6.3 wt %
glass (t=1.37), down to 3 % for 0.l mm thick, 1.0 wt % glass
(1=0.0264). Close agreement between measured and results calculated by
the modified Skyrme theory was obtained leading to the conclusion that
the flux perturbation of fLi-glass scintillators of arbitrary
thickness and ®Li content can be predicted with reasonable accuracy by
this treatment. It was also shown that the overall flux perturbation
is mainly caused by self-shielding and that the contributicn cf the
local flux depression tends to be small compared with self-shielding.
The energy dependence of the self-shielding effect was examined by a
Monte Carlo calculations, which revealed that the effect is negligibly
small above 1 keV while it is large below 1 keV.

Using the modified Skyrme theory or the Monte Carle calculations,
the flux perturbation can be corrected to obtain unperturbed TPR
values. However, comparison between measured and calculated values in
Table 3.2.2 indicates that up to 10 % error in the TPR could be
introduced if scintillators with large T values are used in a soft
spectrum, (66 % correction factor). On the other hand, the correction
is only 3 % for 0.1 mm thik, 1 % ®Li content glass in this neutron

field.
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It is therefore recomended to use small T and large T scintil-
lators in a suitable combination. The former should be applied to
measure the TPR iIn the scft spectrum near beryllium or. graphite
layers, while the latter can be used in the harder spectrum of the
bulk of the Li,0 breeder region where it would take much time for the

small T scintillator to accumulate adequate statistics.
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4. Edge-Effect of Thin Lithium-Glass Scintillatorl)

4,1 Introduction

In the present method, very thin (0.3 mm)} scintillators are heing
used to minimize the self-shielding, which was shown to be large for
thick (3 mm) scintillators (see Chap. 3).2) However, because the
thickness of the scintillator is mot thick enough compared with the

range of the alpha-particle (nv7um) and the triton (w50um), the effect

described as follows the edge effect ———cannct be neglected. In
case that the fLi(n,q)®T reaction takes place near the surface of the
scintillator, a part of the kinetic energy of the alpha and/or the
triton is not given to the scintillator and a significant distortion
of the pulse height spectrum, that is, 4 "tail" appears at the lower
energy part of the thermal peak.

In a soft neutron spectrum, the edge effect 1is especially large
because the fraction of reactions near the surface increases through
self-shielding. Typical pulse height distributions of ELi- and
"Li-glass, exposed in simulated fusion bianket assemblies of hard and
soft neutron spectra, are shown in Fig. £,1,1 (a) and {b), respective-
ly.3) The tall is not to be seen in Fig. 4.1.1(a}, but is observed in
Fig. 4.1.1(b).

A similar effect, caused by the finite size of the detector, is
observed in other radiation detectors, for instance, proton recoil
proportional countersamé). In these counters, the edge effect is
fairly large because of the long range of the produced charged
particles, and is usually taken into account in the calculation of
response matrices. For the Li-glass scintillators, however, the edge
effect has been disregarded. While the edge effect may will be
negligibly small for thick scintillators, it must be dealt with when
one wants to measure the tritium production rate with high accuracy by
using thin scintillators.

In the present work, I measured the response of Li-glass
scintillators of several thicknesses ( from twice to forty times the
triton range ) in a graphite pile to determine the magnitude of the
tail for thermal neutrons. also calculated the scintillater
response by a Monte Carlo method based on the scintillation mechanism.

Neutron energy dependence of the edge effect was also explored through
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this Monte Carlo calculation code.
4.2 Measurement

Measurements were made of the thermal neutron response of ®Li-
and 7Li-glass scintillators of five thicknesses. "Li-glass was
provided for gamma-ray background subtraction as described in chapter

) for fLi-glass and BS15

2, The scintillators used were of type NSlS7
for 7Li-glass, manufactured by the Nikon Corp. ( equivalent to

NE9(05 and NE906, respectively ). The nominal thickness of the
scintillators was C.1, C.3, 0.6, 1.0 and 2.0 mm. Measured values are
shown in Table 4.2.1. Diameter and density of the scintillators were
10 mm and 2.48 g/cm®, respectively. Each scintillator was coupled to
a 13 mm diameter photomultiplier tube ( Hamamatsu Photonics corp.
R647-01) using a quartz light guide of 10 mm diameter by 4 mm
thickness with silicon grease. The electronic circuit was the same as
that in Chap. 2.

The thermal neutron field was produced by an Am-Be neutron source
set at the center of a graphite pile of 1 m x 1 m x 0.9 m. The
scintillators were inserted at a depth of 5 cm from the pile surface.

Fig. 4.2.1 shows the measured and the subtracted pulse height
spectra for 0.3 mm thick ®Li and 7Li-glass scintillators. The y-ray
subtracted responses for all thicknesses are shown in Fig. 4.2.2. The
count rate at the peak is normalized to unity. It is clearly observed
that the proportion of the tail increases with surface-to-volume

ratio.
4.3 Calculation by a Monte Carle Methed
4.3.1 Calculational model

The mechanism of the scintillation is explained gualitatively as

8)

follows ( see Fig. 4.3.1),

{1) when a neutron incident on a scintillator reacts with a %Li atom,
it emits an alpha-triton pair in opposite directions

(2) these charged particles produce ion pairs along their tracks

. 3+ : .
(3) secondary electrons exite Ce to stimulate luminescence.

In the present calculation, we assume that
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(1) neutrons are incident isotropically on a cylindrical scintillator,

{2) neutron flux, ¢, is exponentially attenuates in the scintillator

o(x) = gyexp(-)5%x), (4.3.1)

where,
¢, : incident neutron flux,

Ea : (=NgL) macroscopic absorption cross section of the
6Li(n,y)3T reaction ( N = atom density of ®Li in the
6l,i-glass determined by the chemical analysis as
1.600 X 1022 atoms/cm39), ga = @verage microscopic cross
section of ®Li for thermal neutrons of Maxwell distrivution,
833 b),

(3) the alpha and the triton travel in a straight line over their
entire range, losing their kinetic energy following the Bragg
curve,

(4) scintillation intensity is proportional to the sum of the kinetic

energies of the alpha and the triton.

4.3,2 Ratio of luminescence contributions of the alpha and the

triton

The pulse height of the alpha and the triton, W and wt, can bhe
o

represented by the following equations

W= ko ¢

a PionPCe ion’
t o (4.3.2)
W = . v,
t kp10nDCe ion’
where, pgéﬁ density of ion pairs liberated by the alpha or the
triton,
. £ 3+

Oce density of Ce™
vgén ionization volume for the alpha or the triton,
k ! constant,

The ionization volume is the wvolume of the cylinder that contains the

§)

secondary electrons liberated by the alpha or the triton ( see Fig.
4.3.1 ). According to ref., 8), ion pair densities for the alpha and

the triton are 9.66 x 1018 cm_3 and 2.06 x 1017 cm-B, and the
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15 13

ionization volumes are 8.45 % 10 cm’® and 5.28 x 10 cms,

respectively., From this, the ratio Rt/a of the contributions to _
luminescence of the triton and the alpha comes to 1.33. However, the
ion pair density of the alpha is so high ( fifty times the triton ion
pair densities }, that the contribution of the alpha track to the
scintillation is reduced by recombination of ion pairs. Consequently,
the value of Rt/u will be larger than 1.33. Figure 4.2.2 indicates
that the pulse height is zero at energy less than 20 % of the thermal

peak, This suggests a value of Rt of 80/20 = 4.0 because pulse

/o

height takes the minimum value when only the alpha particle ceontri-

butes to the scintillation.
4.3.3 Rate of energy deposition of the alpha and the triton

The rate of energy deposition along the tracks of the alpha or
the triton is neot uniform, but obeys the Bragg curve. The fact that
the relative counts in the tail region increase with declivity pulse
height, as can be seen in Fig. 4.2.2, reflects on the Bragg curve of
the triton. The stopping power of the @ particle and the triton in the
Li-glass scintillator were calculated by using a semiempirical
formula, which was presented by Sugiyamalo) on the basis of Bethe's
formula and by applying the Bragg's additivity rule.

The Sugivama's formula is expressed as follows:

dE 4me"z? . 2mv?
=W *NZslog— , (4.3.3)
dx mv? I
where
¢ = electron charge,
m = electron mass,
v = velocity of incident particle,
Z1 = charge of incident particle,

Z» = charge of target material,

I, = mean excitation energy of target material,

A
il

atomic density of target material,

Iz{l—exp(—0.7lE*/Iz)},

H
[\
il

. R
E =mE/MM ( M = mass of incident particle),

*
Z2 = Zz{l—exp(—0.64vi/2?)},
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v_o= v/vy,
r
vy = 2ge?/h ( h = Plank constant),
P4 1
no= o+ g {1-exp(-14582)}

g = v/c ( c = light velocity },
k
Z, = Zl{l—exp(—l.35vi/zl)},
k = 0.8L ~ 0.0A{l—exp(—O.Zvr)},

wl-- exp(—3.14vr/Z?'lg)}.

According to Bragg's additivity rule, the effective parameters of

a compound are determined by
NZ =
ZNiZi’ (4.3.4)
i
1 =
NZlogl ;Nizilogli, (4.3.5)

where i represents kind of nucleus.
11
) are shown in Table 4.3.1. The
*
calculated results of the stopping power and effective charge Z, for g

Th parameters, N,, Z, and I,
i i i

(2.05 MeV) and triton (2.73 MeV) in the NSI5 6Li-glass scintillator
are shown in Fig. 4.3.2. In the case of the triton, the Bragg peak is
clearly shown and the rate of energy deposition is in proporticn to
the inverse of the energy. On the other hand, the Bragg peak of the g
is not soc sharp as the triton, because of the decrease of the
effective charge due to the electron capturing effect., Since the tail
shape reflects the triton's Bragg curve as mentioned above, therefore,
we can assume that the stopping power 1s in proportion to the inverse
of energy. Accordingly, in the present work, the stopping power is

assumed to be represented by the following equation { see Fig. 4.3.3 )

N K/ /XX 0 <X < fiX,
T k : leR < X < ZXR (4,3.6)
a-bX : 2XR < X < XR .

where,
K,k,a,b ! constants, determined by the adjustable parameters i,
and f,,

X : ranges of the alpha and the tritomn.
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The parameters, f, and f, were determined by comparing the

1
measured and calculated results.

4.3.4 Alpha Particle and Triton Ranges
Charged-particle ranges in Li-glass were estimad by (1) those
data in ailr and silicon by applying the Bragg-Kleeman rule and by (2)

integration of the inverse stopping power.

(1) Bragg-Kleeman rule

Bragg-Kleeman rule is expressed by the next relation

1] ‘/2
R, Pz f Al\
= | ), (4.3.7)
R, P1 \ Ay /
where,
Ri : range 1n material i,

Py : density of material i,
Ai : effective atomic weight of material i.
The value of Ai is calculated by the following equation :

‘ /E' ‘ ( )
A= YR, 4.3.8
Gty

where,
Aij : atomic weight of element j,
Wij : weight ratio of element j,
5 number of elements in material Ai.
The range of 2.04 MeV alpha particle is 10.3 mm in air (15°C and
769 mmHg)lz) and l.9lx10“3-g/cm2 in siliconl3). The range of the 2.72

4,15) and 1.03x10° 2

1
MeV triton is 60 mm, 57 mm in air (15°C, 760 mmHg)
g/cm? in siliconIB). Applying the Bragg-kleeman rule to these values,
the ranges in fLi-glass of density 2.48 g/cm® come to 5.9 pm and 6.3

pm for the alpha and 33, 35 and 34 ym for the triton, respectively.

(2) Integration of inverse stopping power
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The range data is obtained by numerical in tegration of the

inverse stopping power :
E -1
R = f, (dE/dx) dE. (4.3.9)

The ranges of 2.04 MeV g and 2.72 MeV triton calculated by Egq. (4.3.3)
are 6ym and 33 ym. These data are consistent with those by the results
of the Bragg-Kleeman rule.

The effect of particle ranges on the calculated pulse height
spectra turns out to be very small for the alpha particle but large
for the tritons. The tail increases with triton range. Results
calculated with a triton range of 50 ym agreed well with the measured
pulse height spectra. The value of 6 and 50 pym for the alpha and the

triton range respectively were adopted through this calculation.
4,3.5 Smearing

The statistical line breadening of the scintillator output was
assumed to be subject to a Gaussian energy resolution function (AE/E)?

= a + b/ElG)

. The parameters @ and b are determined from the measured
data. However, the calculated results did not agree with the measured
ones in the lower energy part of the thermal peak as shown in Fig.

4.3.4. This discrepancy was resolved by broadening with an asymmetric

function, that is, the convolution of a Gaussian and an exponential

function

ag/p exp(x/p) : % <0
f(x) = g/p expi(x/pYy + (1-g ) : x =20 (4.3.10)
0 0 x > 0 .

This asymmetry is considered to be caused by the noise, incompleteness

of light collection, etec. Similar low energy distortions are observed

5,17)

in other radiation detectors such as proton recoil counters and

8)

1
Ge(Li) detectors . The adjustable parameters p and ¢ were determined

by comparing measured and calculated results.

4,3.6 Calculated results
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For each thickness, one million neutron histories were processed.
The results of the calculations are shown in Fig, 4.3.5. Calculated
results agree well with the measured results shown in Fig. 4.2.2, for
all thicknesses, both with regard to the shape and the height of the
tail. The pulse height spectrum before smearing is shown in Fig. 4.3.6
for ¢.3 mm thickness. The "gy-edge'" corresponds to ®Li(n,q)®7T reactions
at the surface of the scintillator with emissicn of the alpha imigrate
inward of and the triton outward. The "t-edge" corresponds to the
opposite situation. The "t-edge” cannot be seen when the pulse height

spectrum is smeared.
4.4 Discussion

To indicate the edge effect quantitatively, we define the

"tail-to-total ratio" ;

12
ZC(I)
I=11
Rtail N 13 ’
ZC(I)
I=11

(4.4.1)

where, C(I) = number of counts in pulse height channel T. Channels
I1,I2 and I3 correspond to pulseheights of 20, 65 and 130 ch in Fig.
4.3.4 where the peak has been normalised to unit height at channel
100. In Fig. 4.2.1, experimental values are plotted in a different
scale : peak at channel 266, Il here comes to 20 % of the peak channel
and 12 to 65 %, I3 = 350. The values of the "tail-to-total ratio" are
shown in Table 4.2.1 and Fig. 4.4.1. Close agreement between observed
and calculated values was obtained except for 0.1 mm thickness. For
0.3 mm thickness, the ratio amounts to 4.4 %.

In the D-T fusion blanket, nmeutron energy spectra extend over a
wide range from 14 MeV to thermal. A transport calculation indicated
that the energy range which contributed mainly to the tritium
production was near 250 keV. The energy dependence on the "tail-to-
total ratio" was examined by a Monte GCarloc calculation. The calcu-

. lation was scaled to a cross section of 3.5 b at the 250 keV peak. The

tail-to-total ratios for this case are also listed in Table 1 and
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plotted in Fig 4.,4.1. Evidently, the difference between the tail-to-
total ratios for thermal and fer 250 keV neutrons increases in
proportion to thickness. For 0.3 mm, the difference is very small,
hence, a tail-to-total ratio" of 4.4 % can be assumed for all neutrcn
energies at that thickness. It might be thought that this result is
caused by the fact that the self-shielding effect increases with
scintillator thickness. If the self-shielding effect is small,

the tail-to-total ratio should be proportional to the surface to
volume ratio §/V = 2(r+t)/rt, where t and r are thickness and radius
of the scintillator, respectively. In Fig. 4.4.1, a curve proportional
to the $/V is drawn. This line passes through the tail-to-total ratio
points for g=3.5 b, showing that gelf-shielding is small., For thick
scintillators, tail-to-total ratlo is small, but its neutron energy
dependence is large. This results in a large uncertainty of the
tail-to-total ratio due to the neutron spectrum if a thick scintil-

lator is used in the D-T neutron field.

4.5 Conclusion

A measurement of the pulse height spectra of Li-glass scintil-
lators of several thicknesses was performed for thermal neutrons to
investigate the edge effect of Li-glass scintillator. The tail-to-
total ratio was determined as a function of the scintillator
thickness., A Monte Carle simulation of pulse height spectra based on
rhe scintillation mechanism was carriod out. Agreement between
measured and calculated values was excellent. Using this Monte Carlo
code, the neutron energy dependence on the tail-to-total ratio was
examined. It was shown that the dependence of the edge effect on
neutron energy is very small for 0.3 mm thick scintillator. A
tail-to-total ratio of 4.4 % should be applied to all data obtained

with the 0.3 mm thick scintillator currently used in our measurements.
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Table 4.2.1 Relation between tail-to-total ratio and thickness of

scintillators
thickness [mm] tail-to-tetal ratioc [%]
nominal measured experiment calculation calculation
(g=833 [k]) (g=3.5 [b])
.1 0,096 10.8 12.0 12.6
0.3 0.308 4.36 4.28 4.31
0.6 0.616 2.70 2.33 2.20
1.0 1.026 1.98 1.85 1.51
2.0 2.000 1.50 1.39 0.75

Table 4.3.1 iji-glass parameters used for the stopping power

calculation
atomic density atomic number ionization potential

[/em? ] Lev]
L1 1.59x1022 5 40

7Li 6.45x1021%
0 4.77x1022 8 95
Mg 1.49x1021 12 156
Al 5.46x1021 13 166
Si 1.46x1022 14 173
Ce 3.66x1020 58 523

Li-glass 8.62x1022 . 8.654 118.4
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5. Measurement of Tritium Production Rate Distributions in

Simulated Fusion Blanket Assemblies by the Li-Glass Method
5.1 Introduction

In this chapter, measurements of TPR distributions by the
Li~glass method, performed as a part of the JAERI/USDOE(United States
Department of Energy) Collaborative Experiments, are described. The
Collaborative Experiments are conducted to check the validity of
computational methods and nuclear data bases as well as provide
experimental data in support of hlanket design. So far, three series
%3) prase 11a*

of experiments have been run : Phase I, and Phase

IIB.S) In these series of experiments, neutronic parameters such as
TPR's, reaction rates, neutron spectra and gamma heating rates were
measured at many locations within large blocks of blanket materials.
Three kinds of techniques measurements made use of:

(1) Li-glass and NE213 detector traverse,

(2) Li-metal emplacement (Li-metal method),

(3) Li,0 block emplacement (zonal methoed).
In this chapter, Phase IIA TPR measurements by the Li-glass method are

described and compared with other measuring techniques.
5.2 Assemblies

The experimental system for Phase IIA provide a lithium-oxide
blanket test region (870 mm X 87C mm x 610 mm) within a lithium-
carbonate enclosure (200 mm thick) and pelyethylene buffer (50 mm
thick) that surrounded the neutron source. A cross sectional view and
plane view of the Phase IIA experimental system are shown in Figs.
5.2.1 and 5.2.2, respectively. The assembly is supported by tables
that can be displaced laterally on tracks, sc as to provide access to
the test region and neutron source. The distance between the source
center point and the test region surface was 780 mm. For some runs,
the test region included Be layer in addition to L1,0. The following

three systems were constructed :

(1) Reference system ---—--- 610 mm Li,0
(2) Be front system -------- 50 mm Be + 560 mm Li,0
(3) Be sandwich system —-—- 50 mm Li, 0 + 50 mm Be + 510 mm Li,0
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The Li,0 blocks were cold-pressed to a standard size of 49 mm x
49 mm ® 50 mm and inserted in stainless steel container of 50.6 x 50.6
mm base, 50.6, 203 and 406 mm height(See, Fig. 5.2.3). The cans were
sealed by electron beam welding to protect the LiZO from moisture.

Four experimental channels were incorporated in the test region
to itraverse the Li-glass detctor and NE213 detector or emplace
samples (see Fig. 5.2.4), In addition to a central axial channel,
these included an off-central axial channel, a front radial channel
whose axis was 125 mm from the front surface and a rear radial channel

whose axis was 425 mm from the front surface,.
5.3 Neutron Source and Neutron Yield Monitor
The 14 MeV DT neutrons were generated by the reaction
D + T > n + *He + 17.6 MeV. (5.3.1)

Deuteron beams were accelerated to 310 keV by the Cockroft-Walton type
electrostatic accelerator of the Fusion Neutronics Source facility
(FNS) at JAERI.Y) A plane view of the FNS accelerator system is shown
in Fig. 5.3.1. The beam current for counter traverse was 5 - 200 pA
depending on the detector location and on the experimental systems and
20 mA for sample irradiation. The target was a rotating type tritium-
metal target (see Fig. 5.3.2), loaded with 900 Ci (3.3 x 10" GBg) of
tritium within a 40 g/m?-thick titanium layer evapolated on a 1
mm-thick copper backing that was cooled by water circulation.

The neutron yield at the target was monitored by detecting the

associated alpha particles. The absolute total neutron yield at the

target Y, is given by

4q
Y, = " Cy "Ro(Eq, 8g)s (5.3.2)

AR

where,
AD ¢ solid angle of the target subtended by the detector
aperture,
: g-particles counts,

R, : anisotropy correction factor,
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Z3 : incident deuteron energy,

0y ° angle of y-particle emission.

Figure 5.3.3 shows the alpha detector arrangement. A silicen
surface-barrier detecter (S8D) was used for alpha particle detection.
An aluminum foil of 4.1 g/m? thickness was inserted to stop other
particles, such as protons from the *He{(d,p)*He reaction and from the
D{d,p)3T reaction (*He is formed by R-decay of 3T in the target, and
deuterium is gradually accumulated through irradiation) as shown in
Fig., 5.3.4. The anisotropy correction factor was calculated from
kinematics considering the slowing-down process of deuterons in the

7)

titanium-tritium layer.
5.4 Measurement

TPR distributions were measured alcng the central axis and the
two radial axes for all three systems described in section 5.2.
Behind the detector, blocks with a central channel (20 mm x 20 mm for
Li, 0 block, 20 mm¢ for Li,C0,, Be and polyethylene blocks) were used
for insertion of the detector assembly (sse Fig. 5.4.1). A typical
loading pattern of the blocks in the central drawer is shown in Fig.
5.4,2, for the case of detector position 15 cm. Because only one
detector assembly can be inserted, the measurements of ®Li- and
"Li-glass could not be made simultaneously in the same drawer. For the
axial direction, the measurements were thus carried out by traversing
the ®Li- glass along the central axial drawer and the 7Li-glass along
the off-central axial drawer. The TPR measured in this manner and that
measured separately along the central axial drawer agreed within 1 %.
For the radial direction, measurements were made by traversing the °®Li
and ’Li-glass detectors in turns.

The neutron flux ranged from 10% to 10° neutrons/s/cm?, depending
on the detector locations. The measuring time was 1000 s.

To minimize the gain drift, the anode current of the photomulsi-
plier was kept by adjusting the beam current of the neutron generator

to keep the pulse height spectrum integral constant :

Z I % C{I) = const. (5.4.1)
I
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Readjustment of the beam current was carried out for each run, thus
keeping the gain drift within a few percent during the traverse,.
Imperfect adjustment of the beam current coild lead to 20 o 30 ¥ gain
drift.

Measured results for the axial direction are shown in Figs. 5.4.3
- 5 together with results obtained by other measuring techniques. The

results for the radial traverses are shown in Fig. 5.4.6.

5.5 Experimental Errors

5.5.1 Systematic Errors

Neutron yield

The systematic error of the absolute neutron yield,Y, dincluded
uncertainty of the anisotropy correction factor Ru and that of solid
angle A} subtended by the S5D aperture. The anisotropy correction
factor has the uncertainty of about 1.5 %, mainly due to nonuniformity
of the tritium distribution caused by depletion of tritium by deuteron

8)

beam bombardment, The uncertainty of A} is estimated as 0.85 %. The

overall error in the neutron yield thus comes to

§Y

Il

Y
n

= /1.52 + 0.852 = 1.72 [%]. (5.5.1)

61.i atom number

The fLi atom number in the ®Li-glass scintillator (NS15) was
determined by isotope dillution aznalysis (see Sect. 2.7) within an
uncertainty of +0.5 %.

5.5.2 Random Errors

Neutron counts

The neutron count error, originating in count statistics, was

less than 0.5 %,

Couunts of ®Li{n,y)3T reaction

The random error of ®Li(n,qg)3T reaction counts is subject to
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count statistics. If, I and B are the integrated pulse height spectra
in the 8Li{n,y)3T peak region for ®Li-glass and 7Li-glass, respective-
1y (see Fig. 5.5.1), the error of subtracted integrated pulse height

spectra, C{(=I-B) is,

§C §(I-B) J(pAI1)Z + (AB)2 J/I+B  ,/C+2B

. = = . (5.5.2)
G I-B I-B I-B C
If,
I C + B
Kz = ,
I-C B
then,
5C kel 1
- . . (5.5.3)

In the Phase IIA measurements, C and K are 10000 - 100000 &and 1.7 -

20,5, respectively. Consequently, AC/C = 0.3 - 1.1 %,

Fitting Errcor

Errors of the fitting method described in section 2.4 are

estimated as follows

(1) Calculate the statistical error error_ of S5, = S{a . , b . ).

s min min

Put, 8, = 5; x (l+errorg).

(2) Obtain the set of (a', b'), that satisfies 5(a', b') < S, (see
Fig. 5.5.2).

{(3) The fitting error comes to (S /5,-1)x1G0 [%], where S is

max max

maximum value of S(a', b').

The overall errors for the Lithium-glass method are summarized in
Table 5.5.1. As is shown, the main errors are the systematical error
of the anisotropy correction factor Ra and the random errcor of the

fitting method.
5.6 Comparison with the Other Measuring Techniques

The results of the Li-glass method were compared with those of

9) 13)

the Li-metal method and the zonal method. Since the measuring
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positions for these three methods were different, these comparisons

were made by interpolating the Lithium~glass data to the positions of

Li-metal and zonal data. Zonal data were compared with Li-glass data

averaged over the zones. The interpclation was done by a linear-log

scheme.

The comparisons for the Reference and the Be-sandwiched systems
are shown in Figs. 5.6.1 and 5.6.2, respectively. Only thg Li-glass
method was applied for the Be-front system. The "experimental error of
Li-glass'" in the figures comprises all errors (systematic + random) of
the Li-glass measurements. Li-glass results agree well with the
Li-metal and zonal method within the experimental errors for both
systems, except for locations adjacent to the beryllium layer in
Be-sandwich system. It is believed that the discrepancies are caused
by two factors :

(1) Interpolated values near the Be layer depend sensitively on the
interpolation method because of the steep profile of the TPR
distribution;

{2) Corrections for self-shielding are needed but not provided, for

both the Li-glass and Li-metal results

5.7 Conclusion

The Lithium-glass method was applied to the measurement of
tritium production rate distributions in simulated fusion blanket
assemblies. An estimation of the experimental error was provided. The
total systematic error was *1.93 %; total random error came to
+0.60 - 3.90 %. Measured results were compared with B-counting methods
(Li-metal method and zonal method); agreement was within the

experimental errors except for the region adjacent the beryllium.
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Table 5.5.1 Error estimation of the TPR measurement by the Lithium-

glass method

source of error systematic error [ %] random error [ %]
statistic E— + 0.18n, 0.94
fitting + 0,30~ 2,20
neutron yield + 1.86 + 0.054 0.53
6 L1 atom number + 0.50

total + 1.93 + 0.60n 3.90
overall + 2.56q, 5.86




JAERI-M 89-074

oy . \\ -, \\ \\\\ \\\ \\ AN . ~. '\\ - N \\
g — ——|
~ AT ; [HAN
N e N
o/ [U] o5t soisT N ‘\
N V4 L) b
N FNS ZND TARGET ROOM .
CONCRETE N
\\\ SHIELD WALL™{__"
\\ \\\
N LI;C05 ENCLOSURE N
N POLYETHYLENE / MORTAR ™.
. BUFFER LAYER SUPFORT FRAME(AL) RN
“ - J’ \
\\ - FNS O BEAMLINE N
Llp0 BLANKET || G :
. - . :
, e =
.. EXPERMENTAL .| o J ] .
- CHANNEL ; "sJ e ™
. > SIS o 4T
N I 5] S ]l BEAMLINE
. s ;h_ d - I! SUPFORT _
r = i PRty b '
SUPPORTAS  sUpporTiG TABLEs /! IJ//// ﬁ
PO AN AN
N ZAN EON VAN o :
- ' _‘17{:) l',_:fl TS ‘:'i T i 1 g
v pRATRT 55 Y /J‘ b
- —= : — -\
NN Y YN YN Y e
Fig. 5.2.1 Cross sectional view of the Phase II experimental

arrangement

Poiyethylene Reflector

-

i g

I ! I
ST 1P i) VT -
‘ ///////f 7 Li»C04 Eon/miner% 7 m 7 7 &
I . S | 7 /. ~
,./////{ Source Cavity i 7 7 1
;’/ | <Motor > la& "
s 3 .
//5 Terget \ “
8.0 = %;: 2 !
//?/ //////// ./ 7 : ’;. N
i/ﬁl ﬁ////“ff-*%f 7
7 | N 7
/-,/f/VCC///{;// I, /////'//,f/<>/ A AT ;ﬁ//// 7
e / d /7 rd h /_ rd - ///,
///f/ﬂy/ 7 B/// Ga ///// 5

-

1240

/// Measuring channel
.

|

|

607

|
l

Fig.

[em]

5.2.2 Top view of thge Phase II experimental arrangement



JAERI-M 89-074

various size

™
I
j

nottom  view

I SO_BEmI

10

Fig. 5.2.3 Li,0 blocks

Poivethylene 3urfer laver

LiaCDy Enclosure

Test 2wegl LisCl
Test feglon Li2{0: Enclosure

Test Region

: Polvetnyleane Surfer Layer

" Front Radial Channel

i Rear Radial Channel

1 —
Central Axial Channel ;—

l T ’ i ’ Lo

Dff-Lentral Axial Chanpel ! i

i
i :
i : !
‘ ;

Plang Yiew
Front Yiew

Fig. 5.2.4 Locations of the experimental channels in the test

zZone

— 82—



JAERI-M 89-074

WB1SAS 101eID[IIDE GNJI 1°¢°¢ "3814

3

Ly | - h

- LER

e 5L J3ubky

o \W\/T\m:.;_o:c wﬂmuip

P Loty >

ATy A H

a3hog uo|
Juaany HELH

dwny

mm}a e

;_:um—oxéf:L
- Sl aygeiaasyg

CVR. T awnos | ow-0g

] dany AepvJtey

i §

dn;
2

X

i

| 400g platyg R
_ : eg-dig
:

|

A

0 fepravy N
L qRIJITU] B R
wooy 1ablB puf

: NI
W + adaamg
, j— .u:.; CELUBTTRT-NETER L
1 - ~ ;
o - ! asgeg ajrg
£ 8dng Jamog | o131y I
. —#BERA uh .LSo:_

A
ﬁ 0 : gqma“ww.mm“uJ -~ Ly Kepese s
103231 4230 B, (I .ﬁ.gu! ¥ dung-0ka9
UDLIRAQI2IY-1504 R .
ER [
33468 u01333) Jag \MV

anjep #0Y i

aalep 2179

) L dny Lepeaey

o i

Jayoung | o L5 a|qelsasu] Llquassy
! qabar) Suieyoy

N
"|_|,..|m>_n> yuqunt..m ﬁ | I “

SU37 .f.:n_..:
srodnapenp -

I - 1900 pratus

woay AI0M

Brig pLays 219e3v08 .

TP S5IIDY | Aunnsaag

LEEN P{3tyg

AN

LLIZA pragug
dung ﬂ 1404 |PIuaw)aadyy
AT R33 [ OY-0gak
inat L muu dny Aepeaey

A

LLen plaiysg

MoapqeyLasu]

-

Jathruy
seg [enpps3y

=
ﬁ sudq g

a1odnapenp
An|®L 3199 -
401 1U0W 3( | ouy _.amm\uﬂv dung
3 riniviadug) FEL NS I¥-q40%
Lquassy [ ELS IR T

1264e| paxiy _

TAUTT welE o

S




JAERI-M 80-074

Fig. 5.3.2 Rotating target assembly
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Fig. 5.4.1 The Lithium-glass detector assembly in Li,0 block

with experimental hole

L1,C biock with experimental hoie Liz CO; block with experimental hole PE block with experimental hote
|

|
A O A S A TRaR

: H‘ I | I I I I 1 | I TV te Pre amp.
7 .
Li,C block Lithium - glass scintiilater

Fig. 5.4.2 A loading pattern of Li,0 blocks in an experimental

channel
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6. Application of Optical Fiber Light Guides to the Li-Glass

1
Method )

6.1 Introduction

A system connecting miniature 8Li and “Li-glass scintillators

(1.6 mm x 4.0 mm x 0.3 mm) with photomultiplier tubes (PMT's) using

optical fiber was developed with a view of exploiting the following

possibilities :

1) Simultaneous measurement of the pulse height spectra of 6Li and
’Li-glasses at the same position,

2) Reduction of the flux perturbation due to the insertion of the
detector assembly, especially when the neutron current from PMT
3ide is large,

3) Reduction of gain drift due to local release effect on the PMT
and potential application in high temperature blankets,

4) Measurement in a strong electromagnetic field.

The thermal neutron response of this fiber system was measured, it was

then applied to a TPR measurement in a simulated fusion blanket

assembly irradiated by 14-MeV neutrons. The extraction of scintil-
lation signals using optical fiber light guide in a Tokamak instal-
lation has been proposed by Seiler and Hendelz), Miley and Kislev,3)
and Elevant.a) The TFTR groups) reported @ measurment of tritons
generated by the D-D reaction using ZnS scintillator and a 15 m-long
light guide. The measurement described in this chapter is the first

application of fiber-coupled scintillators in a DT neutron field.
6.2 Structure of the Optical Fiber System

The system included %L.i and "Li-glass scintillators, an optical
fiber light guide and a PMT/voltage divider unit, A photograph of the
whole system is shown in Fig. 6.2.1. The electronic circuit was the

same as that in Chap. 2.

Scintillators

The ®Li and 7“Li-glass scintillators (NS15 and BS15, respectively)
were manufactured from the same batch as described in Chap. 2, in

rectangular pieces of 1.6 mm x 4.0 mm x 0.3 mm size. One side of the
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scintillators was smoothed by optical polishing and the other sides
were foughened. Silicon grease was used to couple the scintillators
to the optical fiber via quartz light guide of 1.6 mm x 4.0 mm x 2.0
mm size. NE560 reflector was applied to the surfaces of the scintil-

laters and light guides.

Optical fiber

The optical fiber was ultraviolet-ray(UV) transmitting type,
manufactured by the Mitsubishi Cable Industries Ltd. The Transmission
characteristics of this optical fiber are shown in Fig. 6.2.2. The
wave length of the NS15 lithium-glass scintiliator which gives
maximum intensity is 0.39 ym as shown in Fig. Z2.2.1. The transmittance
at this wave length is about 0.88. Diameters of the core and clad are
230 ym and 250 ym, respectively (see Fig. 6.2.3). Refractive indices
of the core and clad are 1.49405(n,} and 1.4585(n,) for 0.38 ym wave
length, respectively. The numerical aperture (NA=/§ZErH;3) igs 0.324.
Accordingly, the maximum incident angle (g = sinul(NA)) and the
maximum incident solid angle (AR = 27(l-cosp)) comes to 18.8° and
¢.339, respectively,

Each of the bundle coupling ®Li and “Li-glass pieces is composed
of 121 fibers, and measures 1 m in length. Cross secticnal views of
the fiber are shown in Figs. 6.2.4 {(a) (scintillator side) and 6.2.4
{(c) (PMT side). The diameter of the bundle at the PMT side is 3.0 mm.
A teflon plate was inserted between the two bundles (see Fig. 6.2.4
(a)) at the scintillator end in order to avoid the interference of
light from both scintillators. The aluminum cap (see Fig. 6.2.4 (b))

was manufactured by discharge processing.

PMT/voltage divider unit

Plane and crosssectional views of the PMT/wvoltage divider unit
are shown in Fig. 6.2.4, The PMT's were R647-01 (Hamamatsu Photonics
Corp.) The optical fibers were coupled to the faces of the PMT's by

pressure, using a spring in the PMT case and that in connectors.

6.3 Characteristics of the Optical Fiber System

The response of the optical fiber system to thermal neutrons was

inferred from measurements with and without optical fiber. The thermal
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neutron field was produced by an Am-Be neutron scurce moderated in a
graphite pile (see Chap 3). Measured responses are shown in Fig.
6.3.1. Different amplifier gains were used. The optical fiber reduced
output pulse height by a factor of 28. Energy resolution was 68.1 %
and 12.6 %, respectively with and without the optical fiber system.
Decrease of the light output by the use of optical fiber light
guide can be estimated as follows {see Table 6.3.1). Total trans-
mission efficiencies for with and without optical fiber light guide,

Nis Ne are given by:

N1 = g X i (6.3.1)
Me = B X a8 XS X g X gy X €35, (6.3.2)

where
g : geometrical factor, that is, the ratio of scintiliator cross

section (scintillator is connecting to light guide on this
surface) to its surface area,
a : light incidence efficiency, AR/27,
s : effective cross section ratio, that is, the ratio of total
cross section of cores to the scintillator cross section,
g, + transmission efficiency of optical fiker light guide,
£, ! transmission efficiency between scintillator and coptical
fiber light guide,
g3 ¢ transmission efficiency between optical fiber light guide
and PMT,
g, ! transmission efficiency between scintillator and PMT.
The values of ¢,, ¢; and g, are calculated by Fresnel's law. The
values of n; and pn, come to 0.396 and 0.0147, respectively. Decrease
of light output, therefore, comes to 0.0147/0.396 = 0.0372 = 1/27.
This value approximately agrees with the observed value of 1/28. It is
shown that the dominant factor for the decrease of light intensity is
the light incidence efficiency, a. In order to alleviate the light
intensity decrease, it is necessary to develop an UV-transmitting
optical fiber with large maximum solid angle, or in other words, with

large numerical aperture.

6.4 Application of the Optical TFiber System



JAERI-M 89-074

The optical fiber system was applied to the measurement of the
TPR distribution in a simulated fusion blanket assembly located in a
DT neutron field. The assembly was the "Phase IIA Be sandwiched
system” described in Chap. 5. Li,0 blocks with an experimental hole of
7 mm by 7 mm were used (see Fig. 6.4.1). Typical pulse height spectra
and the subtracted spectrum are shown in Fig. 6.4.2. As is shown in
this figure, the ®Li(n,q)°T peak still featured a large signal-to-
noise (S/N) ratic even in a DT neutron field. However, the S/N ratioc
was somewhat worse at the lower energy side of the peak, and the
subtraction error thus became fairly large. In the present study, the
TPR's were calculated by multiplying a factor k by the integral over
the subtracted spectrum abeove the peak. The factor k, obtained from
the spectrum including the edge-effect described in Chap. 4, came to
2.49. TPR distribution measured with and without the optical fiber
system are shown in Fig. 6.4.3. The data at deeper locations were not
obtained because of poor S/N ratios, in the front, however, good
agreement was obtained. The discrepancy of TPR's between with and
without optical fiber system may be caused by fitting error due to low
S/N ratio for optical fiber system. This discrepancy should be
improved if large S/N ratio is obtained by development of optical
fiber with large numerical aperture and alleviation of light intensity

decrease,

6.5 Conclusion

A TPR measuring system using optical fiber light transmission was
designed and fablicated. Measurement of the thermal neutron response,
indicated that the output pulse height is reduced by a factor of 27
while the energy resolution increases from 12.6 % to 68.1 % Dby using
the optical fiber system. This system was applied tc a fusion blanket
assembly TPR measurement in a DT neutron field. The measured
distribution agreed well with conventional metheds. Important
advantages that can be claimed for an optical fiber system include :
1) capability of simultaneocus measurement of 6Li and “Li-glasses, 2)
small perturbation of the neutron flux, 3) high temperature insensi-
tivity and 4) magnetic field compatibility. Disadvantages of the
system are low pulse height and large energy resolution, Thus an

optical fiber system would be useful for a survey experiment,
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conducted in a high temperature, high electromagnetic field envi-
ronment when high accuracy is not reguired. To apply this optical
fiber system to actual fusion environment, however, radiation effects
on scintillator response, transmittance of optical fiber light guide

and background noise should be investigated.
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Table 6.3.1 Transmission efficiency of the optical fiber system

without fiber with fiber
geometrical factor, g 0.396 0.396
light incidence efficiency, a _ 0.0339
effective cross section ratio, s —_ 0.785
¢, (fiber) 0.88%
gy(scinti. - fiber) —_— 0.999%
¢;(fiber - PMT) — 1.000"
¢, (scinti. - PMT) 1.000%
total efficiency 0.396 = n, 0.0147 = n,

T

transmission efficiency of optical fiber

€; ¢

g, ' transmission efficiency between scintillator and optical fiber
gz ¢ transmission efficiency between optical fiber and PMT

g, ' transmission efficiency between scintillator and PMT

for wave length of 380 nm

Fig. 6.2.1 Photograph of the optical fiber

system
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7. Conclusions

A high-sensitive on-line method for measuring the tritium
production rate of ®Li with a pair of small-sized ®Li- and “Li-glass
scintillators (lOmm-diameter by 0.3 mm-thickness each) is presented.
In this method, the TPR of fLi is measured by using the difference
between the response of %Li-glass and that of 7Li-glass scintillator
in a mixed neutron-gamma radiation field. Differences in the gamma-ray
detection efficiency and in the gain between the two detector channels
are taken into acount. Contributions of competing reactions were
evaluated by an analytical method. The atom number of °Li in the
®Li-glass scintillator was determined by isotope dilution analysis.,

The thermal flux perturbation of °Li enriched lithium-glass
scintillators was investigated by experiment and calculation. {(m,q)
reaction rates were measured for glass scintillators having four
different thicknesses and three different ®Li contents. It was shown
that the decrease of the reaction rate due to the flux perturbation
comes to 66 % for 1 mm thick ®Li-glass of 6.3 % ®Li content, and to 3
% for 0.1 mm thick ®Li-glass of 1.0 % ®Li content. A calculation of
the flux perturbation was performed by the modified Skyrme thecry and
close agreement with measurement was obtained. The self-shielding
effect and its dependence on energy was alsc calculated hy a Monte

Carlo method.

The edge effect of thin lithium-glass scintillators the
distortion of pulse height spectrum at low energy side of the thermal
peak due to the partial energy deposition of the alpha particle and/or
the triton —— was examined. The pulse height spectra of the
scintillators of various thickness were measured for thermal neutrons.
It was shown that the "tail-to-total ratio" is 1.5 % for 2.0 mm thick
scintillator and 10 ¥ for 0.1 mm thick one. A Monte Carlo simulation
of the pulse height spectra was also made. The results of the
simulation explained well the specific features of measured spectra.
The neutron energy dependence on the value of "tail-to-total ratio"
was examined by this Monte Carlo code and it was shown that the
dependence is very small for 0.3 mm thick scintillator.

The Lithium-glass method was applied to the measurement of the
TPR distribution in assemblies simulating a fusion blanket. The

results were compared with those of the B-counting methods with good

— 106~
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agreement, The data obtained by the Li-glass method were used as a
benchmark to validate neutronics calculations.lm3)

A TPR measuring system using optical fiber was developed and
applied to the measurement of the TPR distribution in a DT neutron
field. The possibility of simulataneous measurement of 6Li and
’Li-glasses was demonstrated. The optical fiber system can be used in

high temperature and strong electromagnetic field environments.
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