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Abstract

To further strengthen our high pressure tech-
nique and to generate the highest pressure in the
world, High Pressure Station has been continuously
carrying out development of large volume high
pressure apparatus and development of static and
dynamic ultra-high pressure apparatuses and these
in-situ measurement techniques. The former is the
development of a belt-type high pressure apparatus
to realize pressures above 10 GPa with large sam-
ple volume for material synthesis. The latter is
aiming the development of DAC/laser, two stage
light gas gun and laser driven gun apparatuses to
generate the pressures for the sub-tera pascal to
tera pascal region. In this report are summarized
the experimental results obtained in the 5th period
from 1995 to 1999.

In the development of large volume high pres-
sure apparatus, two kinds of belt-type high pres-
sure apparatuses were used for the generation of
pressure above 10 GPa. The pressure above 12 GPa
at room temperature is successfully generated with
sample length of 11 mm. High pressure techniques
for a routine HP & HT experiment in the 10 GPa
region were also developed. Several interesting
experimental results such as synthesis of diamond
using the catalyst of C-O-H fluids, which was
thought to be an important contribution for the
genesis of natural diamond.

A high pressure gas loading system has been

constructed for the DAC, which offers a way to use
gas media like He as a hydrostatic pressure
medium. Structural change of elemental metals
such as Cs(V) under high pressure has been inves-
tigated with the angle-dispersive powder x-ray
diffraction method. To perform a reproducible HP
& HT experiments using DAC/laser apparatus,
measurement system for high pressure and high
temperature was developed. Several interesting
materials such as nano-tube of BN were success-
fully synthesized using reaction between elements
and super critical fluid of N, under HP & HT
conditions.

High pressure techniques for a two stage light
gas gun using hygrogen as the drive gas was devel-
oped for the determination of equation of state of
materials. Impact velocity 6.55 km/sec was realized
using the gun. To generate higher pressures in the
TPa region, a laser driven shock wave generator
was designed and installed, which was used for
some preliminary experiments such as accelerating
a small flyer made of thin metal foil. To investigate
vibrational structural change of sample under
shock loading using powder gun, laser Raman
spectroscopy system was construcuted and used for
measurement of Raman spectra such as benzene.
Some interesting materials such as cubic Si;N, was

successfully synthesized using the powder gun.
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Fig.2.1.1 Center part of FB30H apparatus where (1) NaCl
pressure medium, (2) graphite heater, (3) steel ring,
(4) pyrophyllite sleeve, (5) zirconia plate, (6) steel
ring for electrode, (7) pyrophyllite innner gasket, (8)

powder compact outer gasket and (9) rubber ring.
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Fig.2.1.2 FEM calculation of tangential stresses at the center of

inner wall of cylinder core of FB30H apparatus with

the variation of sample length Ls.
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Table 2.1.1Basic parameters of FB30H and FB40H apparatus

FB30H FB40H

anvil top diameter: Da(mm) 26 36
cylinder bore diameter: De(mm) 32 44
length between anvils: La(mm) 34 48
precompressed stress at

. . 4.6 4.3
cylinder inner wall: o, (GPa)
gasket diameter x thickness (mm) 65x9 90x12

2. 2 10GPa B DENRERE

2. 2.1 FB3OHBRRBIZLD2ENREE

FERFEERRE, EESE (Bi: 2.55, 7.7GPa,
T1: 3.68GPa, Ba: 5.5, 12.3GPa, Sn: 9.4GPa)?%
FES 8RR LI B &, B X Li=12mm TfT o7z,
FOFER, Sn HD9.4GPa 2HEFE L 72, Table 2.2.1 17,
BEEHNETCMELEEDTVATHE, FVAX b
u—7 (=7 YENVEOEMFER), MEROERREED
WAER, L,=16, 20mm OESE L HIERT,
Fig.2.2.1 12, BEF P & 7V AHEF OBGE
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WENIBFEE L IcDOBSNE, Yy —a7iik-
T 7 VARESIDLZWEER ARG/ E L %Y,
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Table 2.21Results of pressure generation in FB30H apparatus

Ls Ls/D Max. Pressure | Press Load |Press Stroke | Decrease of Sample
c
(mm) (GPa) (ton) (mm) Length (mm)
12 | 0.38 9.4 1313 11.34 3.8 (32%)
16 | 0.50 7.7 1011 9.95 3.5 (22%)
20 | 0.63 5.5 715 9.09 3.5 (18%)
100 T T " P I
4 ’ ’
FB30H (Dc=32 mm) ) /

Pressure (GPa)

. 1 : !

0 400 800

Press load (ton)

1200

Fig.2.2.1 Relation between sample pressure and press load with
the variation of sample length Ls in FB30H apparatus,
where dotted lines show the pressure generation effi-

ciency.
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FB30H & T1T > 7z L AR, B ERWHE % LS

1.0F T T T EN

FB30OH (Dc=32 mm)

0.8}

o
o))
T

0.4

Relative Stroke AlL/Ls

A 5 S

Decrease of sample length
after compression

0.0 | ! ] 1]
0 2 4 6 8 10

Pressure (GPa)

Fig.2.2.2 Relation between relative stroke and sample pressure
with the variation of sample length Ls in FB30H

apparatus.
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OFEE, Lo=16mm T Sn 5 2R L, B L,=11mm
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Table 2.22Results of pressure generation in FB40H apparatus

Ls Ly/De Max. Pressure | Press Load | Press Stroke | Decrease of Sampie
(mm) (GPa) (ton) (mmy) Length (mm)

11 | 0.25 12.3 3098 17.89 | e

16 | 0.36 9.4 2703 16.18 3.8 (24%)

23 | 0.52 7.7 2397 15.19 4.8 (21%)

31 1 0.70 5.5 1867 13.78 3.5 (11%)

£ I T T 1 I T

12+ FB40H (Dc=44 mm)

10+~

0]
1

Pressure (GPa)
[#]
I

Ls=11 mm
A Ls=16 mm
O Ls=23 mm

O Ls=31mm
{ | I 1 1 =
1000 1500 2000 2500 3000
Press Load (ton)

0 500

Fig.2.2.3 Relation between sample pressure and press load with
the variation of sample length Ls in FB40H apparatus,
where dotted lines show the pressure generation effi-

ciency.
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FB40H (Dc=44 mm)

141

— —
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T f

Relative Stroke AL/Ls
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T

Decrease of sample length
after compression

0.0 |# | ! I ! ! -
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Pressure (GPa)

Fig.2.2.4 Relation between relative stroke and sample pressure
with the variation of sample length Ls in FB40H

apparatus.
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Fig.2.3.1 Sample assembly for synthesis of stishovite where 1:
pyrophyllite sleeve, 2: steel ring, 3: graphite heater, 4:
Pt capsule, 5: Si0, powder, 6: NaCl, 7: NaCl-10 wt%
ZrQ,, and 8: NaCl-20 wt%Zr0,.
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Fig.2.3.2 X-ray diffraction pattern of SiO, sample obtained at 9 GPa and 1110°C for 1 hr, which was assigned to coesite and stishovite.
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Fig.2.3.3 Sample assembly for temperature measurement using the cylindrical heater made of TiC where 1: pyrophyllite sleeve, 2:
alumina tube, 3: W5%Re-W26%Re thermocouple, 4: NaCl-20 wt%ZrO,, 5: semisintered ZrO,, 6: steel ring, 7: TiC, 8: hBN-20

wt%ZrO,, 9: semisintered MgO, and 10: sample.
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Fig.3.1.1 Sample assembly for synthesis of diamond using C-O
-H fluids, where 1: pyrophyllite sleeve, 2: steel ring, 3:
Ta foil capsule, 4: outer Mo capsule, 5: inner Mo
capsule, 6: NaCl-10 wt9%Zr02, 7: NaCl-20 wt%Zr02, 8:
graphite capsule, 9: oxalic acid dihydrate and 10:
graphite heater.
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Fig.3.1.2 X-ray diffraction pattern of as-synthesized sample
using a Pt sealed capsule at 7.7 GPa and 1500°C for 88
hr, where €: diamond, A: Pt, B: tungsten carbide®.
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Fig.3.1.3 SEM photograph of as-synthesized diamond crystals
obtained from the same sample as that shown in Fig.3.
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Fig.3.1.4 Mass spectrum of the released fluid from graphite
-oxalic acid dihydrate system treated at 7.7 GPa and
1500°C for 24 hr, where background air is subtracted.
All the small peaks without notation are fragments of

H,0 and CO,.
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Fig.3.2.1 X-ray diffraction pattern of a composite synthesized
from diamond-TiC,, powder mixtureat 6.5 GPa and

1800°C?.
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Fig.3.2.2 SEM photograph of the fractured surfaceof a compos-
ite synthesized synthesized from diamond-TiC,s pow-
der mixtureat 6.5 GPa and 1800°C?.

Fig.3.2.3 BEI photograph of the ground surface of a composite
synthesized synthesized from diamond-TiC,s powder
mixtureat 6.5 GPa and 1800°C?. Lighter areas corre-

spond to TiC, and darker areas correspond to diamond.
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Fig.4.2.1 cBN single crystals grown by spontaneous nucleation.
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(a)

Fig.4.2.2 Optical photograph of ¢cBN single crystal for Hall
measurement. Growing condition: 5.5GPa,1600°C, 44hr,
S doped. Solvent: Li;BN, (a): transmitted light view,

(b): foramation of Ti electrodes.
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Fig.4.2.3 Electrical resistivity of ¢cBN single crystals as a func-
tion of temperature. -@&- S doped crystal, =2 un-inten-

tional doped crystal.
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Fig.4.2.4 Carrier concentration of ¢cBN single crystals as a func-
tion of temperature. -@- S doped crystal, -4 un-inten-

tional doped crystal.
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Fig.4.2.5 Hall Mobilityy of ¢cBN single crystals as a function of
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Fig.4.2.6 X-ray rocking curve of S doped cBN single crystal.
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Fig.5.1.1 Laser-heated diamond anvil cell.
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Fig.5.2.1 Optical system for pressure and temperature measure-

ments in a DAC.
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Fig.5.2.2 Radiation spectra from the sample in a laser-heated
DAC.
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Fig.5.3.1 Calculated temperature distributions in a platinum
sample heated by a laser. (a) Radial distributions of
temperature at the sample surface. Circles, triangles,
and squares correspond to the anvil gap of 45, 25, and
15um, respectively. (b) The temperature distributions

along the Y axis.
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Fig.5.3.2 Calculated cooling speeds of laser-heated sample in a
DAC.
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Fig.5.4.1 (a) Photomicrograph of cubic boron nitride at 8.4 GPa
in a DAC with a transmitted light before laser heating.
(b) The sample irradiated by a CO, laser. (c) The

sample after heating. The heated area change into fine

particles.
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Fig.5.4.2 HRTEM image of representative polygonal nanotube
in the laser-heated BN at a nitrogen pressure of 10.1
GPa and typical core electron K-shell EELS spectra
from the nanotube area (b) and the base of nanotube
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Fig.5.5.1 Sample assembly of the laser heated DAC.
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Fig.5.5.2 (a) Photomicrograph of a boron sample at 15 GPa in a
DAC before heating. (b) The sample after heating
with a CO, laser. Graphite changes into a transparent

phase.
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Fig.5.5.3 Comparison of the surface of the samples. (a) Boron as

a starting sample. (b) After the reaction with nitrogen,

the boron changes into a sintered cubic BN.
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Fig.5.5.4 X-ray diffraction pattern of the quenched product from
the reaction of boron with nitrogen. Peaks can be

assigned to the cubic BN phase.
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Fig.5.5.5 FE-SEM photograph of the GaN crystals produced by
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%2 EDBARICEEZE I NS, BRENMEIEAERED S W
ETIRD & DB L FERES AL —ATHS, Th
SIELT VY AORGEBBREIIBWT, HVUA
D—EERWETICER L%, BTl Tws 2t
ERLTW3 EEDNRE, ZhiX, FEIdOEILFYE
D, BEAERVREDEREFZTHWTRIGT S L
W TH 2 L w2z, BEFERNENDBFEED,
TR E O TKIBIZERLZEERLTNSEENVZ B,

5. 5. 4 BIEPWE=_"ILDER

g7 nvi=y LT, Nd YLF v —%—T
A, FEFEREBLWRRARKICBE U, D729,
10GPa OS] TIRE ZHF T3000K A LwzEL, 2~
bo— VIR E ko, BTV =T ADEE
ZA) VL LR ZOREKE Y — > (Fig5.5.
6) 5, BREFMHERERTIRGET2bDEHEZON
%, bIDEHHEOKIGT, Z0&5BHEAELVE
BRI —UBRT 5 2 ik, HETTOEERERS X
VEFOEFHLIEEIEN I EERLTVRE LWV B,
E7z, BT~ v A7 v (Fig5.5.7) 3 A& &k 23/
EVHELLST, Yy —TRE—IBRERLTEB
D, BEESRBVIEERELTWS, £, BTV
SV ARBELT Y VA LRKROBAREEREZR T
w3, £oT, HEAFEEEMCTNE, ZOFHE
W& D GaAIN EDRADERMBATRETH B0 b Liniz
(2%

FEHEEZE

ER S EREF R OYE OB E B & URIG
TAIWEE, FRIZFEZSERWRT, FoEL s
MERNDIGHEFIE v, BEERICEL T, B
FUE R RHRTIE, RIS OFEROIEIIL L % F

RD D, SIFGEEF VRO Z Z DB & § 5 X



ERMETRIEREE $£1115

1)
2)
3)

4)
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the reaction of aluminum with nitrogen 5)
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Fig.5.,5.7 Raman spectra of the AIN crystals.
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Fig.6.2.2 NIRIM pulse laser equipment for generation of strong shock waves.
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calculated from the PMT data.
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Table 1 Soda-lime glass Hugoniot data.

Run No. Impact velocity Ug up Density Pressure Temperature Emissivity
(km/s) (km/s) (km/s) (g/cm®) (GPa) (K)

T-45 (SUS) 4,75(1) 6.95(7) 3.53(H) 5.12(7) 61.8(5) 3300(200) 0.37(12)

T-47 (SUS) 5.06(1) 7.30(5) 3.73(1) 5.16(5) 68.7(4) 3650(150) 0.34(11)

T-55 (W) 5.07(1) 8.21(10) 4.19(1) 5.15(8) 86.7(9) 4550(200) 0.18(5)

T-57 (W) 4,92(1) 7.97(9) 4.08(1) 5.16(7) 81.9(8) 4500(200) 0.23(7)

T-62 (W) 4.94(1) 7.98(9) 4.10(1) 5.18(7) 82.4(8) 4450(200) 0.37(11)

T-64 (SUS) 4.40(1) 6.55(20) 3.29(2) 5.06(19) 54.3(13) 2800(100) 0.37(9)

T-66 (SUS) 5.27(1) 7.54(9) 3.87(1) 5.18(8) 73.6(7) 4150(200) 0.20(7)

T-71 (SUS) 5.76(1) 8.10(8) 4.19(1) 5.22(7) 85.6(7) 4600(200) 0.35(9)

T-73 (SUS) 4.81(1) 7.0(7) 3.57(1) 5.13(7) 63.0(5) 3100(100) 0.67(20)

T-78 (W) 5.74(1) 9.26(10) 4.68(1) 5.09(7) 109.1(10) 5700(300) 0.48(18)
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Fig.6.4.1 Shock velocity (Us) versus particle velocity (up) of the
shock compressed SiC. Solid curve PL1 is in the field of
compression of 4-fold-coordinated SiC and solid line
PL2 is in the field of 6-fold-coordinated SiC. The
values of longitudinal and bulk sound velocities, CL
and CB, are calculated from the elastic modulus and

the bulk modulus, respectively.
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Fig.6.4.2 Compression curves of SiC. Solid curve is Hugoniot for
the present study (solid circles, see Fig.6.4.2), compar-
ed with the previous studies. For static compression
data, broken curve and dot-broken curve are shown
and Y1 and Y2 bars indicate a transition from 3C SiC
to rock salt structure. C1 and C2 bars indicate ab initio

pseudo-potential calculation results.
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Fig.6.4.3 An HRTEM image of the post-shock carbon nanotube,
exhibiting a few broken outer shells, imperfect gra-
phitic layers within the walls and diffused core struc-

ture.

Fig.6.44 An HRTEM image showing nanocrystals of diamond

in the post-shock sample, in which carbon polyhedral
particles were absent after shock compression. The
inset is a higher magnification of the region marked by

the solid arrow.
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Fig.7.1.1 Powder x-ray diffraction patterns of Cd at high pres-
sures. The x-ray energy was 18.00 keV. Diffraction

peaks from the gasket material (Re) are labeled G.
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Fig.7.1.2 The change in the axial ratio of Zn and Cd as a func-

tion of pressure.
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Fig.7.1.3 The change in the axial ratio of Zn and Cd as a func-

tion of the relatine volume.
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Fig.7.1.4 The pressure-volume relationship of Cd. The solid
curve shows a fit with the Birch-Murnaghan equation
of state with B,=42 GPa and By=6.5.
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Fig.7.1.5 The change in the axial ratio of Zn as a function of the
relative volume. The solid circles (triangles) show the
data on increasing (decreasing) pressure with the He
pressure medium. The open circles are the data on
increasing pressure with the methanol-ethanol-water

(MEW) pressure medium.

TV 2= EKOESWENFE (ERELT2x 5/
—) Xy i k=16: 3 ! 1) iZ814.5GPa &
TEIEE T, BRESFELNSE ERMES LT WB9, Z
NHS10GPa fHLI B & h 2 Bgh OBt O BH 13 IEER K



BEmENRERMORMSE LM ET 259

50D 0.

d/d,

P (GPa)
Fig.7.1.6 The change in the d spacings (top) and lattice parame-
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ings are normalized to the values at atmospheric
pressure do. The solid circles are with the He pressure
medium, and the open circles are the data with the
methanol-ethanol-water (MEW) pressure medium.
Note the different scale for the a and ¢ axes in the

bottom panel.
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Fig.7.1.7 Deformation of a crystal compressed uniaxially in a
diamond anvil cell. Lattice planes lying perpendicular
to the compression axis (left) are more compressed
compared with the hydrostatic case, whereas those
lying parallel to the compression axis (right) are
relatively expanded. Incident x rays are diffracted
only by the planes lying nearly parallel to the compres-

sion axis in the present diffraction geometry.
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Fig.7.1.8 The change in the c/a axial ratio of bct-Ga(IIl) as a
function of pressure. The solid circles indicate the
present experimental result, and the open diamonds
are the data by Schulte and Holzapfel (1997). The fcc
-Ga is stabilized above 120 GPa. The open circles
indicate the ¢/a ratios at T=0 K calculated with the
FLAPW method by Arai (see text).
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Fig.7.1.9 The total energy of bct-Ga as a function of the c/a
ratio at different volumes calculated with the FLAPW
method by Arai. For each curve, from top to bottom,
the volume per atom is fixed to 9.7, 10.2, 10.7, 11.2, 11.
7,12.2,12.7,13.3, 13.8, 14.4, and 15.0 Arespectively. The
dashed line indicates the position for the fcc structure.
The curves are arbitrarily shifted in the vertical direc-

tion for clarity.

FEEBIC LRI BEBFHBELLTHIGL Ty Y A0
ERE R Wb 2121319 2O T10GPa L E
Thobh sty A S5HIT s-d BEFERIZIZK
TU/BREIHG L THB D, LBIOWFED & 70GPa
¥ THREWHEET B I EB8bno Tuiz W,y A5
5ARIEME R XEREHT Sy — v R 52, & XZ O
R EhoR )y 7ridnsFicb Enl-MHAIlogE
D Lib, LETOBZE T 3 DDOEE T 7 VDRI &
NTIEWELOD, BraBiEEIRESNTHR
WIS S, B L WERFEREAAE DY CREOET
Ny —vERHEL, v LS HOBREEEEEHS
DI LT, EBOHRAEUTO3IATH S,
1) VY Y LHOZFMEECEFTY v 7 2EE
WZhilzo THIZEL 2,
2) HBEPLELTIATYELYFRLEZDSLD
BEIRE 5 I TEHL OfMMICET 2R &
¥, EEEE O % H T 72,
(3) FA¥EYREABISCCIMEL TREOVT
LEED, SEEOEVER Y — > 2B,



EBEIRERMOMSE L FIM BT 275

Fig.7.1.10 1212GPa TOEHT/$F = £ Z DY — F X
VNEROBRER T, BafE s h & TERME
Cmca, BB TCRIMEDEF &L, Fig7.1.11
EREE TR, COBERESHEZBRKEL, &
v ADFETFABEIZIIEMEZ L TWw3 0 (Cs-1)
L10EIE L TWw3 b D (Cs-2) D2EENH B, &
vy AEE 4 FHIE 8 BRAIREE Y, T0GPa LA 6 fH28
LRGSR LB B2 EZ 5L, vy Y ABSHIR
HFEOEMEZLTWEEWZE, BBIDEY T AE
S5HHERUESEEESY Y a > OBEEM B64) 1
BROND ZEDBIDEREWTHO L ER ST,
YY) avEHIIEBEBREBCH S, YV aridids
d BFEEPEFEELLZVOT, ZOREMBER s-dET
BERBICEBEREY, ©L2BETOSBHICEEN:
EEEHEOOEDE LTHEINS,

7. 1.5 BEFAFTEEENHRE

~NY T LIEER, 11.5GPa TREET 328, B
REICBWTHLTIRb oLV IDIITAYESRT
vENMEN (DAC) OFENEGE L U TEEBRNREKE
HBERHED®, ANV 7 ARLWEEGE CEHTHY,
XEROBELRE /NS L, REEERPXBREIFTERIC D
U SR WAY 7 A% DAC FIZH AT 3121,
BRIRTHEALT 2 FkL, BERTERES AL LTHAT
BREDSIOBH D, BEOHTEC L 2EES AR
AEBRTTCRAETILLFELRL TS, L L HA
ENTEAE - RT3 CEEES ARELEC & 58
BHD, INETHEAEZT b DREELE» ST,
SHEbhbNEZ, BUD TEEN AFELREDFRLZ

L]t St T S S S St M M Mty I et N S S B S e B B B SR M S|

P=12.0 GPa A=45.8 pm

400

=3
&
&
o
oy
-a

300

200

Intensity (arb. units)

100

15 '20””25“”30
2 Theta (deg)

Fig.7.1.10 Powder x-ray diffraction pattern of Cs-V at 12 GPa.
The inset show expanded portions of the data. The
curve marked R represents the difference between data

and the refined profile for the Cmca structure.
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Fig.7.1.11 The crystal structure of Cs-V.
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Fig.7.1.12 Schematic diagram of the the high-pressure gas-load-

ing system. AC: air compressor; EV: electric valve; RP:
rotary pump; GM: geared motor; RE: regulator; DG-PI:

digital pressure indicator.
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