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Abstract

Research and development of technologies for the safe handling of high-level tritium are
indispensable for realization of a thermonuclear fusion reactor, and trittum measurement
techniques play an important role in this subject. More than 35 years have been spent for the
studies in this field at the Hydrogen Isotope Research Center (HRC), University of Toyama.
Nuclear fusion systems need new measurement techniques that work in the limited range of
conditions with high tritium level, as well as at the environmental level, because nearly pure
tritium is used as fuel particles in the fusion system. Therefore, new measurement techniques
have been investigated so far at HRC, and some of them have already played a certain role in
the research on tritium-material interactions, but they are not enough yet. Further studies on
measurement techniques will be required to establish the ability for precise control of

concentration, amount, and/or distribution of tritium under various conditions.



INIIEES

1. [FLC&HIC

U F T ANEHRFICHEET D Z EDRHERINTH LR 80 Tl Lz, — ., Fh
EZ R U F 7 AR TIA Sz DIE45 15 59 H/1D 1956 4 11 H T, = ORI HBHBIXIA
IR« ST b e C O LRI 81T D ROCHE ORI 5 b L—H—
FIACTH -7, L, YFRFERAEIZIE MY T U AHEHAOHERD R LW TH Y | 5
HIZROBAR N BIAE 72X 9 TH D 1, HICPER 2N L7z 1980 4EtH, 4R RS
7 A WZEFTZ BV THIERT O H S URFRETEIE LT R FULEZRICH E L THWDEEK
IS T A< WFFeEE GBFR, REHE) PRI, U F U LAREFERWEIRAFE L 725
TV, F72, 1985 FFTIEY 2 2 —TIZB W T Thil Kk Y BIREEIZB W T L —H VKt
HE AT a THLE L O TERG =X —FEALO - OEER IR EE S, B
TEMEATH O E B R A E5R Y (ITER FHE) O ~EDRNR > TS, ZHAUTEY NI FT
LADEREIFRRELE L CBISERZ B, MU F U ADOREMEMR L OE 2R HOBLER XY .
EIRENORE N Y F U LOFHUEIR DML AR R &g > TET,

BILRFICET D M) F U LGOI ERIE X, Bl 2 —0Ri&F THL ) F UL
Bty 22— a2 B LIo@RE»OKE N F 7 A ORI O RN
ZHEE LT 1980 FITERE SAVTRR, 4 H & T 35 FRifken L TR MR L TE
MR D — D> Th D, MEERBE LIS UNE N L —Y— L ~L &gl L7 U F U A8
EEDOHRTH ST, BUETIHERE L VD BIEE L)L MY F 0 AREE CTRIEN A
RRERoTWND, LLinb, BEFEREICEWT N F U A3~ OFRHESH CTFEE
THZENARETH Y, Elotax b PR OWBEAREEEZ R 5570, ZivE TITHFE
B SN HIFO A TR TORREIZHIET D Z EIIRER+DTHY . FRHUE - LB L
& HICHHHEHEDBIRICE D A MFNMETH D,

%D Y F U LFHEAN OB T A AERET DITHZ0 . N F U LD
& & BITHEPERIN ILHE Th D 2 & OERN 72 ST EHLFIZHE H 40T 5 3l o
BHEEZEZDOY o H =285 ZETO MU F U LFHIEMN OBF IR L O % DREIC
DWW T 5,

2. M)FHLOEREZOREE

1931 4EKIC Urey HIZ ko THEAEDHR Y STk, ZHKEORBIVE BOIIES
FHFFEEZ AN T IO D MY F 0 MIEKFEDOFELIZHAR TS TN 2
&L BEKROPRRMEA RS OMEH L7238 E ORER R FIT LV ZDREIZITIE L R o T,
Lor L, BEAKRSRDFE A ST HAENEF4 T Lozier X° Selwood B K - THEME L 72 EHAKHIZ
WMEO —HKER &2 ETeKRD TBRFET D2 EEEEBEONE TR LY, N U F o AGHIIC
B 2 B3 &2 B 7=, = HEAKFE 2 Tritium(H?)” & W 9 KRB TZOHFEELZ R LD
Selwood DM TH A 9, F7=. Alvarez HIE b U F 7 ADIFEL & HIT T DKFFRNARIA
LEWE (REEWE) ThDZ L Z2BHMIC I 2HETRL O R 10 F£LLETH
HELE, ZhURE, U TFUAOFERE, BBMOTRLF =AY Fb, ), &



N U F U LEHAEA O R &A% O RS

Table 1. Historical change of half-life of tritium.

Year |Half-life, Years References
1940 [0.41+0.11 L.W. Alvarez and R. Cornog, Phys. Rev., 57 (1940) 248.
1940 |>10 L.W. Alvarez and R. Cornog, Phys. Rev., 58 (1940) 197.
1940 [31£8 R.D. O'Neal and M. Goldhaber, Phys. Rev., 58 (1940) 574.
1947 [12.1+0.5 A. Novick, Phys. Rev., 72 (1947) 972.
1947 110.7£2.0 M. Goldblatt, E.S. Robinson and R.W. Spence, Phys. Rev., 72 (1947)973.
1949 [12.46+0.2 G.H. Jenks, J.A. Ghormley and F.H. Sweeton, Phys. Rev., 75 (1949) 701.
1950 |12.46+0.1 G.H. Jenks, F.H. Sweeton and J.A. Ghormley, Phys. Rev., 80 (1950) 990.
1951 [12.41+0.04 W.M. Jones, Phys. Rev., 83 (1951) 537.
1955 [12.262+0.004 W.M. Jones, Phys. Rev., 100 (1955) 124.
M.M. Powy, I. V. Gagarinskii, M.D. Senin, I.P. Mikhalenko and I.M. Morozoy,
1958 |12.58+0.18 Atomnaya Energiya, 4 (1958) 296.
J.F. Eichelberger, G.R. Grove and L.V. Jones, USAEC Report MLM-1160,
1963 [12.355£0.010  |\16und Laboratory, (1963).
J.F. Eichelberger, G.R. Grove and L.V. Jones, USAEC Report MLM-11786,
1963 112.355+0.010 Mound Laboratory, (1963).
1966 [12.31+0.13 J.S. Merritt and J.G.V. Taylor, Report AECL-2510, Chalk River Lab., 1966.
K.C. Jordan, B.C. Blanke and W.A. Dudley, J. Inorg. Nucl. Chem., 29 (1967
1967 [12.346£0.002 |70 ¥» J. fnorg (1967)
1967 112.25+0.08 P.M.S. Jones, J. Nucl. Mater., 21 (1967) 239.
C.R. Rudy and K.C. Jordan, Progress Report MLM-2458, US DOE, Mound Lab.,
1977 |12.32320.004 [ gress ep
M.P. Unterweger B.M. Coursey, F.J. Schima, and W.B. Mann, Int. J. Appl.
1980 [12.43+0.05 Radiat. Isot., 31 (1980) 611.
1987 [12.29+0.10 B. Budic and H. Lin, Bull. Am. Phys. Soc., 32 (1987) 1063.
1987 [12.38+0.03 B.M. Oliver, H. Farrar IV and M.M. Bretscher, Appl. Radiat. Isot., 38 (1987) 959.
1987 112.32+0.03 J.J. Simpson, Phys. Rev. C, 35 (1987) 752.
Y.A. Akulov, B.A. Mamyrin, L.V. Khabarin, V.S. Yudenich and N.N.
1988 112.279+0.033 Ryazantseva, Pis'ma Zh. Tekh. Fiz.,14 (1988) 940.
1991 |12.31+0.03 B. Budic, J. Chen and H. Lin, Phys. Rev. Lett., 67 (1991) 2630.
2000 [12.33+0.03 M.P. Unterweger and L.L. Lucas, Appl. Radiat. Isot., 52 (2000) 527.
2000 4500+7 days L.L. Lucas and M.P. Unterweger, J. Res. Natl. Inst.Stand. Technol., 105 (2000)
(12.32+0.02 y) 541.
2004 112.264+0.018 Yu.A. Akulovand B.A. Mamyrin, Phys. Letters B, 600 (2004) 41.
+
2006 44974 days Desmond MacMahon, Appl. Radiat. Isot., 64 (2006) 1417.

(12.3120.01 y)
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Table 2. A list of methods and techniques available for tritium measurement.

) ) physical state Real-time

Method / Device Common Working Range gas quid p— Measurement Remark
Volumetry ~ above 370 MBq @] - - - requirement of purity data
Gravimetry ~ above 3.7 GBq - A A - requirement of purity data
Calorimeter ~ above 3.7 GBq O (@] (@] - large amount of tritium
Mass Spectrometer ~ below 10-3 Pa O A processing of exhaust gases
Gas Chromatography ~ below 37 GBq O processing of effluent gases
Infrared Absorp. Spectrom. ~ above 1 Pa - (@) A A stability of infrared beam intensity
Laser Raman Spectrometer ~ above 100 Pa (@) A A stability of laser beam intensity
Electron Multiplier ~ below 10-3 Pa O A A processing of exhaust gases
lonization Chamber 37 mBg/cm? - carrier free (@) A depending on chamber volume
Proportional Counter ~ below 370 kBq (@) A A requirement of quenching gas
Inorg. Scinti. Counter ~ above 10 kPa O A contamination of scintillator
Liquid Scintillation Counter ~ below 370 kBq - (@] A -— processing of liquid waste
Plastic Scintillation Counter ~ below 370 kBq - (@] A A contamination of scintillator

Others: Autoradiography, Gas Flow Counter, Nuclear Magnetic Resonance, Nuclear Reaction, Electret Dosimeter, and so on.
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Table 4. Measurement methods of tritium retained on surface of materials.

Sensitivity

Detector 2 Remark

Bg " cm
>30 Radiation Monitoring Devices-APD
>10 PIN diode

Semiconductor

Air-flowing proportional

>2 P
counter rototype
Plastic scintillator >1 Hugh Whitlock Ltd. VSC 5000 Vacuum Scintillation Counter
>1.5 Harwell Instruments-Tritium Smear Monitor 9212-1

Gas-flowing proportional -
>0.4 Berthold-LB1210 with LB6225 probe

counter

>(0.08 Nuclear Measurement Corp. PC-55(smear)
Smear/LSC >(.02 Assuming 10% removal
Nd: YAG laser/LSC >().02 Removal efficiency:65-95%
Windowless ionization o . .

>78 lonization surface activity monitor

chamber
B-ray-induced X-rays/Nal >50 Characteristic/bremsstralung X-rays induced by B-rays

ENREEL 72D, ZOXI AT —IROZEZRET H7-0121E, NI FULEHESF
WAE LWL D 2B 2 BRFE T2 2 SUEAE L CHELHITHEET 5 & 5 72t 2 250 3 5
DM D IFIE L2, L, BIED X 5 7Rtk 2B 3 M EOTRR IS TIHNEE T H
D, BEOHEIED SDE2HFR, BEOHFED—2& LTKIRT 7 ONAHZ L D
b LB D EHE 2RI L= HEN ZEDIC L » TIRE SN, T OARMENHERE Sl 39,
ZORRRRIEICINZ T, Fig. 3 {R Lo X9 i@ O EHEE CldMtasNo U F 7 A
BORRLTRIEL NI A—F L RDGENRS D, FFlZ, NIFUAVH ATV AT AT
IERKELU T ORERECTEILRISND VAT ANEL RDHTHAH, EoT, ZDLXHRE
BEMHOGAEIZIE, 2FEFPOOT —42% ) F UL T «— KXy 7 L, EJESF
PEEFIET 2 TRBMNEL D,

(4) W& - W b U F 0 L0575

INFETHERL MU F U LEHEREEESE LTRERED M) FULEZRERNRETDHHD
ThHoTeh, BRETFMEIOG RS 2 VIR &0 5 BLED DTS TEM O RIS H 5
VMINERIC TSR L72IRRED R U F 0 L5l b IFEF ICEHE L 2D, b U F U LIRS E
KEIITWA N FULNERET D, RECWERERET L5 M) FULEZMETLHIEE L
TIiX, Table 4

CET LS Table 5. Measurement methods of the tritium amount/depth profile in materials.
(- 45 il L
Method Detectable depth c?wer' . Remark
D e H detection limit
e Calorimeter | = ------ ~10 mCi |Non-destructive, Large amount
‘%E ‘ Chemical etching |  ------ ~1 pCi Loss of a sample, Choice of electoryte
e Ik Nucler reaction ~2 pum ~10 ppm |Large device
N b D Backscattering ~0.1 um ~10*" ¢m™ |Large device
3537 = B-ray-induced X- 100~1000 um | uCi/om® Non-destructive, in-situ measurement
ray spectrometry H HEEM o mount and depth profile

b
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Fig. 9 Photo of a B-ray detector for tritium
measurement. Thin membrane of the entrance

window is 0.15 mg/cm? in thickness.

1.4

A TE ST DMK R AR R B 7 1 [Aramcstes]

Ar(Ko)

O BRIFHIIIZ 1T XIT 5,

HYR LA 2 O THIET 2 72D ORMEIHYE
=2 — & U TR 72 Wi 28 2 B 0 A1 72 Bl R K
Brita e TR —% 7 VRO RIE e D
IZXoTHFEENA D, fIlREN TS, RHEFHOE
HO— % Fig. 9 \TRT, B MRAFEOBIRIL 0.15
mg/em?® EMED CTHWIZDEBID A o 2 [T FF
LU CHEBBREE &2 EIF T2 28 BHIHRIC IR kA
RFT < PPENITITEE LT ET 5,

D& G g A A TR & L FHEOMIZ, T
EEMEZ S HOoMBIORE & NEBICHFIET ol R e o
L8V F U LR L CTRFEELZIET DL ¢z 4 Zne;y’g/k::v 1ot
LCVEF LN LI BREFEE X #REHINE
(BIXS: B-ray-Induced X-ray Spectrometry)” 73
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Fig. 10 X-ray spectrum observed for a
trittum-containing SS316 sample in Ar
atmosphere. The SS316 sample was prepared
by ion irradiation of tritium at 593 K.
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Fig. 11 Measurement of X-rays emitted Fig. 12 Tritium depth profile estimated from

from a trittum-containing  tungsten the X-ray spectrum, which was observed for

sample in Ar atmosphere. The tungsten an SS316 sample irradiated with tritium ions

sample was prepared by ion irradiation of at 593 K.

tritium at room temperature.
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Fig. 13 Cross-sectional view of high sensitivity calorimeter used

for performance tests.
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Fig. 14 An example of changes in the output
due to temperature difference between sample
and reference-cell holders. The applied voltage

to standard resistance was set at 36.93 mV.
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Fig. 16 Photo of the sample and reference cells
for solid material absorbed tritium: A is before

assembly, and B is after construction.

Table 6. Measurement examples of change in the activity of tritium

loaded with metallic material.

rUF ‘7 N %@Y)ﬁ% High-level sample Low-level sample
BEFE S TN, Measuring| Elapsed Tritium activity / GBq Elapsed Tritium activity / GBq
Table 2 |28 S AL MH date fime fime
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NI 3 2004/4/20 0 33.0 (from IC)
B |
R D TR S 2004/5/21 0 3.49 (from IC)
5 YT LEEE [2006/3/30 709]  29.6 28.8
oo . 2006/5/20 729 3.12 3.08
BEHZ L2 TRO L Hooriane 1104] 278 274
nE=rUF o AEIT 2007/5/27 1101 2.95 2.95
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TND I ERGMD, 2009/3/16 1790 25.0 24.9
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Abstract

In fusion devices with plasma-facing components manufactured from
carbon-based materials, co-deposition of hydrogen isotopes and carbon takes place in
regions where sputtering rate is relatively small. Fuel retention and recycling depend on
properties of those deposits. Glow-discharge optical emission spectroscopy (GDOES) is
one of attractive techniques to analyze chemical composition and thickness of these
deposition layers. However, influence of hydrogen content on sputtering of these layers
by glow-discharge plasma is not fully understood. In this study, two different types of

carbon layer with quite different hydrogen content were deposited on stainless steel
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substrate, and sputtering rate during the GDOES measurement was examined for better

interpretation of results obtained.

1. Introduction

Carbon materials such as isotropic graphite and carbon fiber composite have
been used as plasma-facing materials in fusion device because of various preferable
properties of carbon that includes high thermal conductivity, high thermal shock
resistance and low efficiency of radiation cooling of plasma due to small atomic number
of carbon. However, interaction of hydrogen isotope plasma with carbon-based
plasma-facing materials results in sputtering erosion. Eroded particles emitted from the
plasma facing materials will form re-deposited carbon layers in areas where deposition
rate is larger than erosion rate. These deposition layers in general contain a large
amount of hydrogen isotopes and consequently have strong influences on tritium
inventory and fuel recycling. In addition, the deposition layers degrade reflectivity of
mirrors for plasma diagnostics. It is therefore important to reveal properties of the
carbon deposition layers such as thickness, density, contents of hydrogen isotopes, etc.

Glow discharge optical emission spectroscopy (GDOES) is a technique to
measure depth profiles of constituent elements in a solid specimen by detecting
emissions from atoms accommodated in plasma by sputtering of a specimen surface
[1,2]. This technique allows very quick measurements with relatively high depth
resolution (a few nanometers) because ultra-high vacuum is not necessary. Besides,
large-sized specimens are acceptable in the GDOES measurements. In addition, isotopic
analysis of hydrogen and He detection are also possible [3]. These features of the

GDOES technique are in general suitable for analysis of carbon deposition layers
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formed in fusion devices. Indeed, Akiyama et al. [4] analysed the corner cube mirrors
used in the Large Helical Device (LHD) and found that a thick carbon deposition layer
was formed during the hydrogen glow discharge cleaning before the main plasma
discharge.

There are, however, still several issues to be solved for detailed analysis of
carbon deposition layers. One of those is influence of hydrogen content on sputtering
rate. Sputtering rate is an essential parameter in depth profile measurements to convert
sputtering time to the depth. In addition, signal intensity in GDOES measurements is
proportional to sputtering rate. Carbon deposition layers formed in fusion devices
contains hydrogen isotopes in various concentration levels, but the correlation between
sputtering rate of the carbon deposition layers and hydrogen isotope content has not
been examined. Another issue is change in sputtering rate at interface between the
deposition layer and substrate material. In the depth profile reported by Akiyama et al.
[4], intensity of carbon signal increases at the interface between the deposition layer and
substrate stainless steel and then decreases with increase in depth in the substrate. One
of the possible explanations for the observed increase in carbon intensity at the interface
is the increase in sputtering rate at the interface. However, this idea has not been
confirmed.

In this study, two types of diamond-like carbon films with different hydrogen
contents were deposited on the stainless steel substrate and analyzed using the GDOES
technique. Additionally, sputtering rates of these films and substrates were examined
using a surface profiler. The influence of hydrogen content on the sputtering rate was
discussed as well as the mechanisms underlying the increase in carbon intensity at the

interface.

23



24

W2 B ETR - {5t

2. Experimental

Plates of type-304 stainless steel (SS304) (50%20x1 mm) were used as substrates.
These SS304 plates were mirror-finished and then heated in vacuum (107 Pa) at 1073 K
for 4 hours to remove hydrogen being present in the plates as an impurity. Two different
types of diamond-like carbon films were deposited on the steel plates in Hokunetsu Co.,
Ltd., Toyama, Japan. The first type was a conventional diamond-like carbon film
fabricated using a technique of unbalanced magnetron sputtering. The source of carbon
was a solid target and CHa gas. In what follows, this film will be denoted as the DLC
film. The second type was a tetrahedral amorphous carbon film prepared using an arc
ion plating technique with a solid carbon target, denoted hereafter as the DLC-i film.
According to the manufacturer, the mass densities of the DLC and DLC-i films are 2.2
and 3.2 g cm™, respectively.

The hydrogen contents in the DLC and DLC-i films were measured using thermal
desorption spectroscopy (TDS). The samples were heated up to 1273 K at a ramp rate of
0.5 K s'. The films were analyzed using GDOES apparatus (Horiba GD-Profiler2)
operated with Ar plasma at 650 Pa and 35 W. The depth of craters formed by Ar
sputtering was measured using a surface profiler (Tokyo Seimitsu SURFCOM 1500DX).
All these measurements were performed at the Center for Research and Development in

Natural Sciences, University of Toyama.

3. Results
Thermal desorption spectra of H: released from the DLC and DLC-i films are
shown in Fig. 1. For the DLC film, the H2 desorption started at about 530 K, whereas

for the DLC-i film this temperature was shifted to about 830 K. The amount of H:
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desorbed from the DLC film was 1.5 X 10%> m 2, whereas for the DLC-i film this value
was 2.3 X 10%° m 2. Note that the H content in the DLC film was higher by a factor of 65
than that in the DLC-i film because of use of CH4 gas in the fabrication process.

Depth profiles of C and Fe, the main constituent elements in the DLC specimen
(i.e., in the DLC film deposited on the SS304 steel substrate), as measured by the
GDOES technique, are shown in Fig. 2a. The interface between the deposited carbon
layer and the steel substrate appears after sputtering for about 100 s. To determine
sputtering rates of the diamond-like carbon deposition layer and the steel substrate,
several different areas on the DLC specimen surface were subjected to sputtering for 30,
60, 98 (the interface) and 210 s, and depths of sputtering-formed craters were measured

using the surface profiler.
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Fig. 1 Thermal desorption spectra of H: released from a conventional
diamond-like carbon film fabricated using a technique of unbalanced magnetron

sputtering (DLC) and a tetrahedral amorphous carbon film prepared using an arc

ion plating technique (DLC-i).
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Fig. 2b shows the depth profiles of C and Fe in the DLC-1 specimen, in which the
interface is observed at the sputtering time of 13 s. For this DLC-i specimen, the crater

depth was measured after the sputtering for 8, 13 (the interface) and 100 s. The
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Fig. 2. Depth profiles of C and Fe in the DLC (a) and DLC-i (b) films, as measured
by the GDOES technique. The crater depth was measured after sputtering for time

period indicated by arrows. Results of the measurements are summarized in Table 1.
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sputtering for 4 s was also performed, but accurate measurement of the crater depth was
impossible due to too small depth.

Average sputtering rates and C signal intensities for the DLC and DLC-i
specimens are summarized in Table 1. According to data summarized in Table 1, a
thickness of the DLC and DLC-i films was 1600+60 and 240+40 nm, respectively.
From these values of the layer thickness and the above-mentioned mass density and
hydrogen retention, the average hydrogen concentration in the DLC film was evaluated
to be [H]/[C] = 0.17, whereas in the DLC-1 film the value [H]/[C] = 0.01; i.e., the
average hydrogen concentration in the DLC-i film was lower by a factor of 17 than that
in the DLC film. In this evaluation, the hydrogen concentration in the substrate was
assumed to be negligibly small.

After beginning of sputtering, the C signal intensity (expressed in arbitrary units,

a.u.) for the DLC film (~62 a.u.) was comparable with that for the DLC-i film (~65 a.u.).

Table 1 Results of depth profiling of the DLC (Fig. 2a) and DLC-i (Fig. 2b) films.

. Sputtering Average sputtering C siggal
Specimen time (s) Depth (nm) rate, Say (nm s 1) intensity
o (arb. units)
25 180+30 742 66
60 610+60 10=£1 78
DLC
98 1,600+£60 16.3+£0.6 288
210 10,000+£800 48+4 —
4 — — 67
8 90+20 11£3 77
DLC-1
13 240+40 18+3 130
100 5,600+£560 56+6 —




28

W2 B ETR - {5t

This C signal intensity increased with an increase in the crater depth and reached
310 a.u. for the DLC specimen and 140 a.u. for the DLC-i specimen at the interface, as
shown in Figs. 2 (a) and (b). It should be noted that the average sputtering rate, Sav, also
increased with an increase in the depth (Table 1). In other words, the sputtering rate of
the diamond-like carbon deposition layers was clearly smaller than that of the steel

substrate.

4. Discussion
In GDOES measurements, the signal intensity of element i, /;, is
li=a Wi+b, (1)
where a is the sensitivity factor of element i, Wi is the mass of element i sputtered per
unit area in unit time (g-cm >-s '), and b is the background. Here,
Wi=Ci-pS, 2)
where C; is the mass fraction of element i in a sample, p is the mass density of the
sample (g-cm ) and S is the sputtering rate (cm-s ').
Therefore,
li=aCi-p-S+b. 3)

As described above, the C signal intensity at the interface was significantly
higher than that at the near-surface region of the DLC and DLC-i films. In addition, the
sputtering rate increased with increase in the crater depth. As indicated by Eq. (3), the C
signal intensity is proportional to the sputtering rate. In the case of the DLC film, the C
signal intensity at the interface (after sputtering for 98 s) was 288 a.u., and larger than
that in the deposition layer (66 a.u. after sputtering for 25 s) by a factor of 4.4. On the

other hand, the average sputtering rate, Sav, during sputtering at 0-25 s was 7+2 nm's !
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(Table 1), whereas for sputtering at 60-98 s the value of Sav was evaluated to be

26+2 nm-s '; the latter value was larger than the former one by a factor of 3.7. Thus, the

differences in the C signal intensity and sputtering rate were comparable with each other.

Hence, it is appropriate to consider that the increase in the C signal intensity at the
interface was due to increase in the sputtering rate. It was impossible to perform the
similar comparison for DLC-i film since the crater depth after sputtering for 4 s could
not be measured, as mentioned above. Further investigation on the interface
microstructure (mixing of C and metal atoms, carbide formation, etc) is necessary to
understand the mechanisms underlying the enhanced sputtering at the interface.

The C signal intensities for the DLC and DLC-i films immediately after
beginning of sputtering were comparable. This observation suggests that, for the DLC
and DLC-i films, the masses of C sputtered per unit area in unit time were also
comparable (see Eq. (1)) despite the significantly different hydrogen concentration
([H}/[C] = 0.17 in the DLC film and [H]/[C] = 0.01 in the DLC-i1 film). It means that the
C signal intensity in the GDOES measurement was insensitive to hydrogen content in
deposited diamond-like carbon film. On the other hand, because the mass density of the
DLC-i film (3.2 g-cm®) was higher than that of the DLC film (2.2 g-cm™), the
sputtering rate (nm's ! or cm's ') of the DLC-i film should be smaller than that of the

DLC film (see Eq. (3)).

5. Summary
Two different types of diamond-like carbon films were deposited on type 304
stainless steel substrate and examined using the GDOES technique operated with Ar

plasma. The first carbon film was characterized by the mass density of 2.2 g-cm > and
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hydrogen concentration of [H]/[C]~0.17. For the second carbon film, the corresponding
parameters were 3.2 gem® and [H]/[C]~0.01, respectively. In the GDOES
measurements, the C signal intensities for these two films were comparable in a value
despite the significant difference in the hydrogen concentration. This observation
suggested that the amount of C sputtered per unit area and unit time was insensitive to
hydrogen content. The C signal intensity markedly increased at the interface between
the deposited film and stainless steel substrate. This increase in the C intensity was

ascribed to an increase in the sputtering rate at the interface.
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Abstract

Effects of the angle of the target plate on particle surface modification by the polygonal barrel-sputtering

method were investigated by preparing TiOz-supported Ru (Ru/TiO;) samples. The sputtering with Ru was

conducted at the target angles of 0, 20, and 45°. The results showed that the Ru nanoparticles deposited on

the TiO; particles had small and uniform sizes of ca. 2—4 nm, regardless of the target angle. However, the

amount of Ru deposited gradually decreased with the change in the target angle from 0° to 20 and 45°. On

the other hand, our sputtering system was redesigned by closing one side of the polygonal barrel and

attaching a stainless-steel spring cap to the target holder located on the opposite side of the barrel, in order

to avoid the spillage of particles. As a result, we succeeded in an increase in the sample yield (over 90 %),

which will be useful for the practical application of the polygonal barrel-sputtering method.
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Figure 2 Typical TEM images of the Ru/TiO, samples prepared by the sputtering with Ru at the target
angles of (A) 0°, (B) 20°, and (C) 45°.
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Figure 4 (A) Photograph of the polygonal barrel
and (B) schematic figure of the polygonal
barrel-sputtering system.
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Figure 5 Schematic figure of the redesigned
polygonal barrel-sputtering system and photographs
of its components.
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Abstract

The thermodynamic properties of the TiFeooCoo—H system and its magnetic properties with
various hydrogen contents were examined. The pressure-composition isotherm curves showed a
plateau region, and the change in the enthalpy with monohydride formation was similar to that of
TiFe. From the conventional magnetic properties examinations, TiFe9Coo.1 was found to show no
magnetic transition down to 10 K. The magnetic susceptibility of TiFey9Coo.1 increased with
hydrogen uptake, but no ferromagnetic behavior was observed up to the hydrogen content of
TiFeo9Coo.1Ho6 at room temperature. The change in magnetic susceptibility with hydrogen uptake

could be explained qualitatively by the band structure calculation.

1. Introduction

TiFe is a candidate for hydrogen storage material consisting of abundantly existing,
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inexpensive elements [1]. This intermetallic compound is also expected to be a
magnetic material because of its iron-rich composition, and to be a functional material
applied to hydrogen sensing. However, no magnetic order has been found to occur in
TiFe down to 4.2 K [2]. It was reported that TiFeo.74Coo.26 with the partial substitution of
Co for Fe showed ferromagnetic behavior at the temperature of 36 K [2,3]. A problem
with this substitution is that Co is an expensive element, and the use of Co results in a
cost increase.

The appearance of the magnetic transition of TiFeo74Coo26 was caused by the
addition of an electron to the intermetallic compound; the substitution of Co for Fe
introduces one more electron per atom without changing the electronic band structure.
Hydrogen also contributes to the addition of electrons [4]. A synergistic effect on
magnetic properties can, therefore, be expected with only modest substitution of Co
atoms. Although TiFei—Co, absorbs hydrogen under high hydrogen gas pressure [5,6],
it quickly releases hydrogen under normal pressure. Therefore, the magnetic properties
of hydrogenated TiFe1-,Coy must be examined in-situ under high hydrogen pressure.

The aim of this paper is to report the results of preliminary examination on
hydrogen-induced large magnetic moments in TiFei,Co, compounds. The magnetic
susceptibility of TiFeo9oCoo: under high hydrogen pressure and the
pressure-composition isotherm curves were measured. The relationship between

hydrogenation and magnetic properties were also discussed.

2. Experimental
Ti, Fe and Co grains, the initial materials used for preparing TiFeosCoo.1, were

purchased from Kojyundo Kagaku Co. Ltd. All these materials had 99.9% purity.
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Stoichiometric amounts of the grains were weighed out, and melted together in an arc
furnace under an argon atmosphere. To obtain a homogeneous sample, the ingot was
turned upside down and melted again, and this process was repeated 5 times. After the
arc melting, the surface of the ingot was grinded to remove any impurities on the
surface. The TiFeo9Coo.1 ingot thus obtained was mechanically crushed into powder.
X-ray diffraction (XRD) measurement for the prepared powder was performed using an
X’part system (Panalytical). In the measurements, crystallized Si powder was added to
the sample powder for diffraction angle calibration.

Pressure-composition isotherm curve measurements were performed using an
automated measurement system (Suzuki Syokan Co. Ltd.). Approximately 1 g of
TiFeo.9Coo.1 powder was placed in a stainless steel vessel, which was attached to the
system. The powdered sample was activated in the following procedure. First, the
sample was heated up to 673 K for 2 hours in a vacuum given by an oil-sealed rotary
pump. Then, hydrogen gas was introduced stepwise up to 4 MPa (40 atm) at room
temperature, and the hydrogen gas was evacuated at 473 K. The hydrogenation process
was repeated 5 times to stabilize hydrogen absorption characteristics. The amount of
absorbed hydrogen was estimated as follows. In closed system, the hydrogen pressure
decreased when the sample contacted to hydrogen gas. The consumption of hydrogen
gas by contacting the sample was regarded as the amount of hydrogen in the sample,
which was calculated by applying the pressure difference, temperature, and a volume in
the closed system to ideal gas law.

The magnetization measurement of TiFeo9Coo1 was performed by SQUID
magnetometer MPMS-7 (Quantum design) at temperatures from 10 to 300 K under the

magnetic field up to 7 T. The alternating-current magnetic susceptibility of
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TiFeo.9Coo.1Hx was measured by using a system specially prepared for the measurements

of magnetic susceptibility under high hydrogen pressure. The detail of the system are

described elsewhere [4,7].

3. Results and Discussion

Figure 1 shows the XRD pattern of the prepared powder sample without hydrogen.

The diffraction peaks from crystallized Si powder are labeled by “Si” in this figure. The

diffraction angles of the observed peaks almost exactly corresponded to those of TiFe,

which has a CsCl type crystal structure (JCPDS
database no. 01-083-1653). The lattice constant
of TiFe0.9Coo.1 was calculated to be 0.2978 nm,
which was also the same as that of TiFe
reported elsewhere (0.2975 nm). No other
peaks were detected in this measurement,
indicating that Co atoms formed a complete
solid solution with Fe and the crystal structure
remained unchanged after substitution of Co for

Fe [6].
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Figure 1. X-ray powder diffraction
pattern of TiFeo9Coo.1. The label
“Si” means the diffraction peaks
from crystallized Si powder.

The temperature dependence of the magnetization for TiFeo9Coo.1 was measured

under the external magnetic field of 0.1 T. The result is shown in Figure 2(a).

Magnetization decreased steeply with increase in temperature up to about 30 K, and its

temperature dependence was far weaker above 30 K. It seemed that the magnetization

was in inverse proportion to temperature, but it did not obey exactly the Curie-Weiss

law. No magnetic phase transition appeared in the measurement. The magnetic field
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Figure 2. Magnetic properties of TiFeo9Coo1 measured by using SQUID
magnetometer.

dependence of magnetization at 10 K and 300 K is shown in Figure 2(b). The
magnetization at 300 K increased linearly with the magnetic field. The magnetization at
10 K showed the saturation behavior, but did not reach the saturated value up to 7 T. In
addition, no metamagnetic transition was observed, suggesting that TiFeo.9Coo.1 showed
paramagnetic behavior at 10 K. From these results, we confirmed that TiFeo.9Coo.1 has a
non-magnetic ground state [3].

Figure 3 shows the pressure-composition isotherms for TiFeo9Coo1—H system at

different temperatures. The isotherm at each

temperature showed a plateau region, which

—
(=]
N

shifted upwards in pressure and shrunk in

width with the increase in temperature. The

single B phase (monohydride phase) appeared

Equilibrium pressure, P/ Pa
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pressure-composition isotherm curves at 303 [H)/[TiFe, Co, I.x/-

K and 313 K showed slight swelling at Figure 3. Pressure-composition
isotherm curves for the
0.60 and 0.55, TiFeo9Coo.1—H system.

R

[H]/[TiFe0.9Co0.1]
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respectively (indicated by allows in figure 3). The swelling probably reflected the
appearance of a dihydride phase as reported for TiFe [1]. The changes in standard
enthalpy (Moa-g) and entropy (ASoa-g) for monohydride formation were estimated by
the van’t Hoff plot using the plateau pressures at [H]/[TiFeo9Coo.1] = 0.2; the AHO(X_B
and ASOa-B were -25 kJ/molH2 and -95 J/K-molHz, respectively. The obtained value for
AHO(X-B was in a range of scattering of reported values for TiFe (from -22 — -28
kJ/molH2) [1,5,6,8].

Figure 4 shows the magnetic susceptibility of hydrogenated TiFeo.sCoo.1 at room
temperature. The output voltage on the y-axis in the figure is theoretically proportional
to the magnetic susceptibility, but the conversion of this voltage to magnetic
susceptibility is difficult because of the unknown proportional coefficient and the
background signals from the stainless steel vessel. The magnetic susceptibility increased
linearly with hydrogen content, but the hydride (TiFeo9Coo.1Ho.s) showed only two
times as large magnetic susceptibility as TiFeo9Coo.1. It was suggested that TiFeo.9Coo.1

monohydride showed paramagnetic behavior

0'7 1 1 1 1 1 1
at room temperature, and no large magnetic - o .
Z o06h ° %]
moments appeared by hydrogenation. If the = i 7 o]
) o’
& 05} _
band structure of TiFeosCoo.: could be the ¢ i L
same as that of TiFe, the enhancement of § 041 T
ti tibility by hyd ti 15} S S—
magnetic susceptibility by hydrogenation ; o ) o
. . /[Ti Co 1,x/-
could be explained by the electronic band (HVITFe Cop o x
Figure 4. Alternating-current
structure of TiFe calculated earlier [9,10]. The = magnetic susceptibility of

hydrogenated  TiFeo9Coo.1.  The
results of electronic band structure calculation dashed line indicates the result of

linear fitting by the least-squares
of TiFe indicated that the Fermi energy was method.



TiFeo.9Coo. 17K 2 L) DRGSR

positioned near the trough. The density of states rose sharply to reach the peak at an
energy level slightly higher than the Fermi energy. Hydrogen provided the doping
electrons and lifted the Fermi energy. As a result, the density of states at the Fermi
energy increased and the magnetic susceptibility also increased by hydrogenation. To
investigate magnetic properties in the ground state, it is necessary to examine the

magnetic properties at low temperature under high hydrogen gas pressure.

4. Conclusions

The magnetic susceptibility of hydrogenated TiFeo9Coo.1 was investigated. The
hydrogen absorption properties were similar to those of TiFe. TiFeo9Coo1 had a
paramagnetic ground state. The magnetic susceptibility of hydrogenated TiFeo.9Coo.1
increased with hydrogen uptake but no large magnetic moments appeared at room
temperature by hydrogen uptake. The change in the susceptibility with hydrogen uptake
was qualitatively explained by the electronic band structure of TiFe. Consequently, large
magnetic moments could not be induced by hydrogenation up to [H]/[TiFeo.9Coo.1] =

0.60 for TiFeo.9Coo.1 at room temperature.
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Abstract

Repeated washing with ethanol and hexane of polyvinylpyrrolidone (PVP)-capped Pt nanocolloid could
generate an uncovered Pt surface. Pt dispersion was significantly improved by this washing as compared to
unwashed Pt. IR spectrometry revealed that PVP-free Pt supported on SiO; could be obtained by calcination
at 200 °C, while unwashed Pt required more than 250 °C.

Research note
Polyvinylpyrrolidone (PVP) is one of the most commonly used polymeric capping agents
for metal nanoparticle preparation [1,2]. The PVP used during synthesis is usually removed

before or after deposition on a catalyst support. While UV-ozone treatment [3] and oxygen

45



46

HE - RIAST « KILER

plasma treatment [4] are interesting methods for PVP removal, thermal treatment is the most
common method for this purpose. Free PVP starts to decompose at about 280 °C in the presence
of O2 [5]. Metal nanoparticles enhance the combustion of PVP and decrease the PVP
decomposition temperature to 180 °C. However, about 380 °C is needed for the full combustion
of PVP [5]. Thus, the removal of PVP under mild conditions is still a challenging issue.
Recently, washing by ethanol-hexane cycles has been found to remove PVP from Pt surface
[6,7]. Although PVP partially remained on metal nanoparticles, the metal even in this condition
was effective in catalyzing ethylene hydrogenation [5,6] and the ring opening reaction of
benzocyclopentane [8].

We investigated the PVP removal from Pt nanocolloid using ethanol/hexane washing and
calcination. Pt nanocolloid with and without PVP washing were supported on SiO: by
impregnation, followed by calcination at different temperatures. The solvent washing was
found to be effective for catalytic combustion of PVP. The changes in infrared spectra and Pt
dispersion of the obtained SiO2 supported Pt nanoparticles are reported.

Commercially available SiO2 beads (CARIACT Q-50, Fuji Silysia Chemical Ltd.; surface
area 76.2 m?/g [9]) was ground to powder and used in this study. PVP-capped Pt nanocolloid
(Pt diameter of about 2 nm, 0.195 wt% in H2O/ethanol) was purchased from Wako Pure
Chemical Industries, Ltd. An incipient wetness impregnation method, where the loading
amount of Pt was controlled to 2.0 wt%, was carried out for preparation of SiO2 supported Pt
samples as follows. The as-received PVP-capped Pt nanocolloid solution was concentrated by
evacuation. Then, the obtained solution was re-dispersed in an adequate amount of methanol
(typically, 1.66 mL for 1.00 g of SiO2). After impregnation this methanol solution into SiO2,
the sample was dried under vacuum, and subsequently at 60 °C in an oven overnight. The

obtained catalyst was denoted as Pt-PVP (Table 1). Portions of the Pt-PVP were then calcined
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at 250 °C or 400 °C for 8 h. These are denoted  Table 1 Sample designations and Pt dispersion
Calcination

Sample Pt dispersion

as Pt-250 and Pt-400, respectively (Table 1). temperature
Pt-PVP - 0.23
Solvent washing was carried out as  Pt-250 250°C 1.92
Pt-400 400 °C 8.13
: o : , Pt(wsh) - 0.98
described in literature with a slight Pt(wsh)-200 200 °C 433
o Pt(wsh)-400 400 °C 9.36
modification [6]. An adequate amount of the Sio, - n.d.

PVP-capped Pt nanoparticle solution was

diluted with acetone (1/9 in volume) and centrifuged at 5,000 rpm for 10 min. The obtained
black oily phase was dispersed into ethanol under ultrasonication (5 min). Then, hexane was
added into ethanol solution (1/3 of ethanol/hexane in volume), followed by ultrasonication and
centrifugagion again. The dispersion and centrifugation were repeated 3 times. Finally, the oily
phase was dispersed in methanol and used for impregnation in the same manner as mentioned
above. The sample obtained after drying was denoted Pt(wsh) (Table 1). Portions of Pt(wsh)
was then calcined at 200 and 400 °C for 8 h and denoted as Pt(wsh)-200 and Pt(wsh)-400,
respectively, as summarized in Table 1.

The FT-IR spectra were recorded on a Spectrum 100 instrument (Perkin Elmer). Self-
supported wafers were prepared by pressing, and the spectra were obtained with a resolution of
4 cm™!. Pt dispersion was measured by CO chemisorption using a pulse-flow reactor system.
About 0.1 g of the sample was reduced in advance under an H2 (50%)/N2 (balance) gas flow
(50 cm*/min) at 200 °C for 1 h. A CO (2.0 %)/He (balance) gas mixture in 0.5 cm® was injected
into the sample at 0 °C. The concentration of CO in the outflow was monitored by an on-lined
thermal conductivity detector (TCD) in the gas-chromatograph (GC-8A, Shimadzu). Pt
dispersion was calculated using the following equation:

Number of CO molecules adsorbed

Pt dispersion = x 100
Ispersion Number of Pt atoms loaded
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The CO sorption into SiO2 was below the TCD detection limit, and hence was neglected.

The IR spectrum of SiO2 is shown in Fig. 1. A broad absorption band around 3750—3000
cm’! is in the hydroxyl-group region, possibly assignable to the asymmetric OH stretching (V)
vibration (abbreviated to VOH) of vSi-OH, adsorbed H20 and structural hydrogen-bonded OH
[10]. The signals around 1990 and 1874 cm™ are vSi-O-Si. A signal around 1635 cm™ is
attributed to the OH bending (8) band (30H). A steep increase around 1250 cm™ is due to the
vSi-O-Si framework. Impregnation with PVP-capped Pt gave the IR spectrum labeled Pt-PVP
in Fig. 1, which had new bands around 3000—2800, 1525—-1360 and 1660 cm™" attributable to
the stretching bands of the PVP framework (VPVP), the bending bands of the PVP framework
(0PVP), and the strong carbonyl group (vC=0) band, respectively. Also, an enlargement of the
VOH band was observed in the Pt-PVP spectrum, reflecting the hydrophilic nature of PVP.

Calcination at 250 °C (Fig. 1, Pt-250) lowered the signal intensities of vPVP, 6PVP and
vC=0 in the IR spectrum. CO chemisorption study revealed that the active Pt surface on
nanoparticles was 1.92 (Table 1). Further
calcination at 400 °C (Fig. 1, Pt-400) resulted

in the disappearance of PVP framework Pt-400

bands, suggesting a full combustion of PVP. Pt-250

This increased Pt dispersion to 8.13. PLPVP

Pt(wsh)-400
Pt(wsh)-200
Pt(wsh)

In contrast, when ethanol/hexane-

washed Pt was loaded onto SiO2 (Fig. 1,
Sio,

Absorbance /a.u.

Pt(wsh)) , the IR spectrum showed

o ) 4000 3500 3000 2500 2000 1500 1000
significantly smaller absorption bands of Wavenumber / cm!

vPVP, 8PVP and vC=0, suggesting virtually Fig. 1 FT-IR spectra of SiO,-supported Pt calcined at
different temperatures after preparation from washed

complete removal of PVP. Actually, the Pt and unwashed PVP-capped Pt nanocolloid.
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dispersion was evaluated to be 0.98, a value larger than that obtained with Pt-PVP (Table 1).
This indicates that ethanol/hexane washing generated uncovered Pt surfaces. Furthermore,
subsequent calcination at 200 °C (Fig. 1, Pt(wsh)-200) led to a completely PVP-free IR
spectrum. The Pt dispersion of Pt(wsh)-200 increased to 4.83, showing remarkable
improvement over Pt-250. The attainment of this large Pt dispersion at a lower calcination
temperature suggests enhanced catalytic decomposition of PVP, since the ethanol/hexane-
washed Pt nanoparticles had PVP-uncapped Pt on their surfaces.

Also, as expected, Pt(wsh)-400 showed an IR spectrum similar to those of Pt-400 and SiOx.
The Pt dispersion was evaluated to be 9.36, which was comparable to that of Pt-400. The Pt
dispersion considerably smaller than the expected level of more than 50 based on the particle
diameter of 2 nm was probably attributable to the aggregation of nanoparticles during
impregnation or thermal treatment. Indeed, Pt dispersion of Pt(wsh)-400 after Hz pretreatment
at 400 °C was of 8.59. Therefore, another impregnation method other than the incipient wetness
method would be required to prevent the aggregation. On the other hand, the low Pt dispersion
on Pt(wsh)-200 as compared to Pt(wsh)-400 is not ignorable. This low Pt dispersion of Pt(wsh)-
200 suggests the presence of some IR invisible species, such as partially decomposed PVP [5,6].
However, the Pt nanoparticles prepared in the same washing and thermal conditions with
Pt(wsh)-200 showed good activities in hydrogen oxidation and hydrogen isotope exchange
reactions [11], indicating that not fully cleaned Pt was required in these catalyses. The details
of these catalyses will be reported elsewhere.

In conclusion, our experiments demonstrated the removal of PVP from Pt nanocolloid
supported on SiO2 by direct combustion and the effect of solvent washing. As evidenced by IR
spectroscopic and CO chemisorption studies, the ethanol/hexane washing prior to impregnation

effectively decreased the burn out temperature of PVP to as low as 200 °C, while 250 °C was
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insufficient for the conventionally impregnated sample. This lowering of calcination
temperature is expected to expand the application of PVP-capped Pt for catalysts with relatively

low thermal resistance [11].
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Abstract

A conventional liquid scintillation analyzer is typically equipped with two
photomultiplier tubes to distinguish the signals of disintegration events from the noise
of photomultipliers. However, commercially available liquid scintillation analyzers are
not designed to provide signal output from each individual photomultiplier.
Considering this limitation, the liquid scintillation analyzer was assembled with NIM
modules so that it could generate a bifunctional scintillation spectrum from the two
photomultipliers. The pulse height of the bifunctional spectrum obtained increased
with decreasing the quenching. This change was consistent with the principles of the

liquid scintillation counting.
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Table 1. LSA components

Name Product
Scintillation probe
(PMT, Pre-amplifier) OKEN SP-200
Linear amplifier OKEN 704-4B
Timing single channel analyzer OKEN 706-2B
Universal coincidence OKEN 708-3
Scaler and Timer OKEN 711-7
Spectroscopy amplifier 1 Canberra Model 2021
Spectroscopy amplifier 2 Canberra Model 2025
Digital oscilloscope Tektronix DPO3014
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