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Heat capacity measurements between 2 and 22K have been made on
SrFZ, vielding a limiting value of Debye temperature GD(D)=385K. A

"brief review is then given, for various fluoride compounds XE2

{x=
Ba, Ca, Cd, Mn, Pb and ér), on the general agreement between théif.
OD(O) values as determined from caloriimetric measurements and thqse
from elastic constant measurements, as-well as on the general trend

of deviations of their lattice heat capacity from a simple Debye

behavior.=

Ty

This article describes low temperature héat éapacity of Ser, simitar to those
previously reported on several other f]uqride compounds ; Can, (]).Han, (2) Csz, (3)
BaFZ, (4) and PbF2 (5). ‘Discussions center around their deviations from a simple Debye
behavior, as well as the general agreement between the limiting values of Debye temperature

@D(O) as obtained from calorimetric and elastic constant measurements.

The 72-g, single crystal Sr‘F2 sample was obtained from the Harshaw Chemical
Company. Heat capacity measurements by standard adiabatic calormimetry were made between

2 and 22K. Sample temperature determinations were based on the electrical resistance of
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a precalibrated germanium thermometer. Pulsed Joule heating was obtained by passing a current
through & manganin wire which, alona with the thermometer, was thermally anchored to the
sample. The heat capacity of the thermometer-heater assembly was separately measured for

addenda corrections, ranging from 10 to 30% of the total measured heat capacity at 22 to 2K.

Figure 1 shows experfimental data in the formatof C/T3 versus 12 They can be well

fitted as

= 102313 + .9599x10747% + .3577x10777

- .2086x10°%17 + .2325x1071 271! )

Such a least-square fit is typical for the lattice heat capacity of solids at low tempera-
tures. (6) The coefficient of the dominating T3 -term is proportional to eD(o)'3; in this
case 0 (0) is thus obtained as 385 K. Another conventional way of representing the same
set of heat capacity data is shown in Figure 2 in terms of temperature -dependent OD values
based on the Debye function: 7)

- 384.8 - .12297% + .6856x10747%

+ .1503x10787% - .1618x107%7B | (2)

Since the Debye madel only predicts relatively'small deviations from a constant C/T3 or By
value at reasohably low temperatures {e.g., TceD(O)/TU), for most solids higher order terms
in both equations have no easily identifiable physica]ISignificance. They are basically
associated with dispersion in the phonon spectrnm. However, recent experiments on a number
of materials indicated that their more substantial deviations from the Debye behavior can

be explained with add1t1ona1 Einstein type contributions. (8) The latter has an exponential
temperature dependence, yielding a maximum in C/T at about OEIB, where B¢ is the character-
istic Einstein temperature {a fitting parameter}. Since most of these materials are para-,
ferrg- or antiferroelectrics, Law1ess(8) suggested that the somewhat unexpected Einstein
contributions were associated with the presence of soft phonon modes . Among the six
fluoride compounds being considered here, only BaF2(4) and o- and B-PbFz(s’B) have been
reported to exhibit C/T3 peaks. These peaks were suggested to be associated with zone
boundary transverse acoustic modes in BaF (4) and B- PbFZ, and a Raman-active mode (A 1g

(9)

) involving Tead atoms in a-PbF,. However, these suggestions await (Tow-temperature)

exper1menta1 confirmations. A]so the alternative interpretation of Burns(10) for the C/T
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peaks should not be ignored.

While the lack of direct observations of low lying modes at low temperatures in thes:
materials makes the interpretationuncertain, it is of further interest to realize that both
BaF2 and Pbf, involve heavier elements. Pederson and Brewer(]1) recently pointed‘ouy a linear
relationship between GD(O) and the reduced mass p = HXHF/(MX + ZMF) for cubic fluoride
compounds. Consequently, one would expect a more meaningful comparison by scaling the
temperature with individual GD(O) values. Such a comparison is shown in Figure 3, along with
a curve representing the Debye function. There are clearly different degrees of deviations
from the Debye behavior, but one feature is apparent: For compounds without known C/T3.peaks,
the heat capacity data cover relatively small reduced.femperature T/GD(D) ranges. [n this
respect, one can not rule out the possibility of having a C/T3 peak for SrF2 at higher tem-

peratures not covered by the experiment.

Finally, Table 1 shows comparisons between GD(O) values as calculated from cal-
orimetric and elastic constant data. Excellent agreement prevails in all six fluoride
compounds, inc]uding the non-cubic r-'anF2 and ﬁbFz. In this respect, Figure 3 also supports
the generally applied approximation in assuming the lattice heat capacity to have a simple
T3 dependence at temperatures below about GD(U)/SO. Even, for Ser, such an assumpfion
would introduce an erreor in OD(O) of less than 2%. However, precautions should stili be

taken when dealing with much more complicated situations for very anisotropic éolids.(18)

Acknowledgment: The authors would 1ike to thank Dr. John J. Fontanella of US Naval Academy

for providing the Srf, sample and for helpful discussions.
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Figure 1. C/T3 versus G for Srf,. The solid line represents least square

fit of the data to Equation (1)}.
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Figure 2. Temperature dependence of OD'for SrF2 based on the same set of

heat capacity data in Figure 1 and the Debye function.
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Figure 3. Lattice heat capacities of various fluoride compounds -- deviations

from a constant T3 -dependence as a function of reduced temperature.
Maximum temperature of data represented for each compound is given

in parentheses.
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NONLINEARLY COUPLED OSCILGATORS:
DYNAMICS AND STATISTICAL MECHANICS

Ta-You Wu
Institute of Physics, Academia Sinica

Nankang, Taipei -

_ In connection with the principle of equipartition of
energy,-tpe distinction between étrict dynamics and statistical theory
is illustrated by an example ofltwo oscillators coupled by anharmonic
potentials., Instead of solving an-initial value problem in dynamics
{such as in the work of Fermi-Pasta-Ulam), an element of randomness
is introduced by the use of two independent time scaies, a fést time
for the oscilla;ions and a slow time for the energy transfer due to the
non-linear coupling. The non-linear equations of motions hgve been
solved by numefical_integratign. The result is that an initial state

of excitatin does not recur as in Fermi-pasta-Ulam's work, but approaches

asymptoﬁicélly (logarithmically) a redistributed state.

I, SYSTEMS GOVERNED BY DYNAMICS

In the classic study of Fermi, Pasta and U1am(]), it is foundAfrom a computer cal-
culation tﬁat the motion from an initial state of excitation of a linear chain of 64 particles
coupled by anharmonic forces does not tend to an equipartition of energy among the various
modes of motion, but exhibits a recurrence (i.é., periodic) behavfor.- This result was
unexpected and therefore exciting sfnce it has been generally thought that even in dynamics,
any nonlinear coupling will cause any iﬁitia1 mode of excitation to redistribute its energy
into other modes of oscillation. In a more learned parlance, the implication of the Fermi-
Pasta-Ulam result is as follows. In.classical dynamics, a system of harmonic osciilators
is a “cump1e£e1y integrable system" and the motion is {multiply) periodic. It was believed
that when the oscillators are nonlinearly (i.e., anharmonica]ly) coupled, the motion will in

general have no more first integrals other than the energy integral and the system will become
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jodic, It is the recurrence (soliton) behavior of Fermi-Pasta~Ulam's solutign that was
>ught to be "unexpected®, ‘This result has since excited extensive studies from the point

view of solitons by many authors,

Since the late 1950's and the early 1960's, there have been great advances in -the
idies of classical dynamical systems. It was shown by Ko]mogorbv(z), Arnold(3) and Moser(4)
st under certain conditions of "small" perturbations (nonlinearity), the multip1y periodic
cion of the original'complete1y integrable system remains “stab]é“, i.e., will not become
j0dic. On_thebasiSOf this §o~ca11ed KAM Theorem, the recurrence behavior shqwn in Fermi-

sta-Ulam's work is then understandable.

It remains then to bridge an apparent "gap" bétweén this nonergodic behavior of
system of nonlinearly coupled oscillators and the principle of equipértition of energy in

atistical mechanics.

11. INTRODUCTION OF STATISTICAL ELEMENTS

Let us recall that in statistical mechanics, one arrives at the principle of
ipartition of enérgy not from dynamics, but through statistical methods, such as that of
ensemb1e(5). Had the ergodic hypothesis of Maxwell and Boltzmann been va1id; then,
only then, could the equipartition of energy be considgred a‘consequgnce‘of classical
amics (through the theorem that shows the equa]ify of the "long time average" of the
tem and the "ensemble average"). But Qhen a system is not ergodic (on the Kolmogorov-
old-Moser theorem), one cannct hope to arrive at the equipartition principle on dynamics
ne. The derivation of the equipartition principle by the use of the ensemble comes

ut only because of the statistical element of the ensemble concept.

From this point of view, we propose, in the present work, to introduce an element
randomness in a dynamical system through an artifice other than that of the ensemble

hod, namely, the method of -independent muitiple time scales.

(6)

The method of independent t{melsca1es originates with Krylov and Bogoliubov
treating the ndn1in;ar problems of systéms having complicated time behavior. It was adopted
Frieman and by Sandri in the kipetic thepry of gases_(and_P]asmas)(T). The characterfstic
e scales are short "time ofla collision" between two molecules, the long "time between two

cessive collisions" and the still longer time of relaxation of the gas to equitibrium. On
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assuming these time scales to be independent, the description of the complicated motion of a
gas is successively reduced from the Lﬁouvi]]e equation, to the Boltzmann equation and finally

to the hydrodynamical equations.

IT1. NONLINEARLY COUPLED QSCILLATORS:
INDEPENDENT TIME SCALES

To test the effect of independent time scales as an element of randomness into
a dynamical system on the long-time behavior of the system, we shall start with therimp]est
of systems, namely, two nonlinearly coupled oscillators. Let two harmonic oscillators of
freﬁuencies wr and w, be coupled by weak anharmonic potentials. This weak coupling causes
a transfer of excitation between the two oscillators, in a time scale 1, which is very
long compared with thg time scale 1, defined by the frequencies w; and w,. Now an element
of randomness is introduced by assuming the two time scales 1, and t; to be independent,
théreby changing the nature of the system from strict dynamicaT to praobabilistic. Of course,
for a system consisting of only two oscillators, a probabilistic theory does not have meaning.
We are to undefstand the assumption of two ihdependent time scales in the following senée:
we are viewing the average behaving of a 1arg§ cbliecticn (ensemble} of systems each con-

sisting of two oscillators.

Let a system of two harmonic oscillators be linearly coupled,

e

_ (M)
2V=Ay—2+}\y2+28_y '
o~ "M 22 Y152

The normal vibrations are given by a.transformation to the normal corrdinates X1, Xy
( cos8é -$ind ) 2)
Yys Yol = (X5, %) ( 2
172 e 5iné cos®
where
cos8 _
}zl“* 2N g
- 2
sing < , (AE A]) + 482
into

- 2.~
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) Y- -2
2T = X] + x2 , {3)
2V, = Wik + ngg ,
with
w3 1 Ay Ay E /(XZ—A1}2 + 4B2
wi J 2
/ cosunt - Coswat ()
XL = A - , X, = A { a4
1 1 . sinut 2 2 sinwat

On introducing the anharmonic potential V, to (3),

vy = c(x2x, + X

2 3 3 ,2,2 3
1t ]XZ) + F(XIX, + -X1X2 + X1*2) . {5)

172 2

the equations of motion are the nonlinear equations

. e 2y 2 2 3
Xy = - le1 C(ZX]X2 +-X2) F(3X1X2 + 3X]X2 + XZ) s

(6)
X

> 3
1l

- w;ky 2)

2.
- C(X1 + 2)(1

. ;‘._ 2 2
- F(XT-«i-.BxTx? + 3X1X2) .

whose solutions are of course not given by (4) or any linear combinations of )(.I and X2 in

(4). But we may make the Ansatz that the solutions of (6} is of the form

Ey = cosb X] + sine Xz

N

£, = -sind X1 + Cc0s6 Xz
where 8 = 8(t) is a function of time and

ccs28 + sin2e = 1

Then substitution of £, & for x1, X2 in (6) will lead to two nonlinear equations for ¢ = c0S8,

s = sind in a strictly dynamical treatment of the coupled oscillators.

e shall assume that the X1, x2 in {2) are functions in the fast time scale To

of-l— . E}" while cos8, sing are functions in a slow time scale T, determined by the
2

wi

nonlinear coupling C, F in (5), i.e.,

£1(Tq, T1) = C(Tl)x1(fu) + S(Tx)xz(Tu) ’ (7a)

[

e e i 1 = R s
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Nonlinearly Coupled Oscillators
E2(to, T1) = 'S(TL)XI(TO) + C(Tl)xz(qo) ;
where
c(t1) = cosb(t1) , s{ty) = sind(ty) .

The assumption of two time scales To, T2 is expressed by

d . d 4
dt ~ dte + () dt1 ° (&)

where £ is of the order of the ratio (V1/V°) << 1. ke shall point out that this weakness of
anharmonic coupling is assumed to assure a vast difference in the timescales To, T1 SO that
the assumption of their being independent may be more reasonable. In the following, no

perturbation based on the smallness of € is made.

Substitution of (7) and (&) into the equations of motion (6) leads to the following

pair
Lex + g% 2 G%j-ﬁ&%j—ff— - s(w} - w1)X
= -C [(-2¢cs + sz)xi + 2(c? - 52 - cs)¥X,y + {2cs + cé)XZ&
-F [(-3c2s + 3cs? - 53)X? + 3{¢c3 - 2c?s - cs? + 53)X%X2
+ 3{c? + ¢%s - 2¢cs? - sa)X]XZ + (c? + 3c3s + 3csz)X§} 7 (%a)
d2c d2s ds dX1 de dx2

. 2. 2
S w2 g e ) sl e

N -C [(-2cs + cz)X; +2(c? - 52 + cs)X{X2 + (2¢cs + 52)x;]'
o -F [(c® - 3¢3%s + 3C52)X? + 3(c? - ¢?s - 2cs? + 53)X?X2
+ 3(c3 + 2¢c%s - cs? - sa)x1x; + (3c?s + 3cs? + s3)XZ] {9b)

-d2X dzX
The terms invo]ving-?ﬁjL s dT? drop out by virtue of equations (3).

We shall now introduce a random element into the system by assuming the two time
scales to be independent, in the sense that the fast time scale for the oscillations has
arbitrary oriain independent of that of slow time scale for the transfer of excitation. In

studyine the transfer of excitation between the two oscillators, we may average
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Z_TT’T 32_.,I¥

o 2.7 Thus we shall average equatinns (9a), (Sb)

over the fast oscillations T] =

respectively over the periods T2 and Tj. This averaging at the same time removes the second
d2s

derivatives J:z 1n both equations, as well as the Tinear term X, in {Sa) and Xy in {9b).
1
2
From the two equations, we can eliminate %E%-, and obtain a first order differential equation

1
in c.

For generality, X], X2 in {7a) may be taken to. be
X1 = A] CPS (wlTD + 51) ) xz = Az cos (MZTD + 62)

where §;, 6; are functions of the slow time 1,. But on averaging over the fast time T4,
only the relative phase §:-8; is relevant, and during the short time T1 or‘Tz, the relative

-phase is "constant". Hence

Xy = A cos waTg 5 X2 = AZ cos (wyty -~ &) (10)

where & is constant but arbitrary. It must be noted that an averaging over tﬁe arbitrary ¢
is not to be carried out, for then almost everything will vanishk fromequations (). We:

have carried out the calculations for two special values of 8§, namely § =0 and§ = % .

i x length, we take

For- the amplitudes AI and A2, which are of dimension mass
(w1A1)2 = (szz)z - (IOa)‘
to .insure energy conétancy, and for the frequencies w;, ws , to avoid rescnance, we take

2 2
‘”2"2“’1

For the anharmonic potentials, let

FAT
- = -k, k>0, c <0 (10b)
'and
CA1
- —-u—)f_ = E -

We shall omit all the lengthy details which are elementary and give the resulting

equation for &{t,) from (%) and (9hH):-

. T
For & = ? .

- 5 -
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o é%%—é £[9.971 c2 - 3.976 cs - 2.160 s2

- k(5.180 c2s + 1.669 cs2 - 1.806 ¢ + 0.150 53)]

o = - 1.653 _ (1)

w1

For 6 =0 ,
a é%% = ¢[4.6234 c2 - 3.6175 cs + 0.4775 s2

- k(0.5044 c2s + 0.5171 cs? - 0.2767 c® + 0.8396 s3)]

. . 3.183
o ™ (12)
A numerical integration shows that for both (11) and {12), the angle B(ty)
approaches {logarithmically) asymptotically a constant €. as 7, + =, namely
-= L LT : ='|T
B 45°25 in the case 6§ =%, -
(13)
g = 47°¢" in the case § =4,

The solution of (11) is shown in curve {a) in the accompanying figure. In this case,

the system asymptdtica]ly approaches, as 1, + =, the state

it

£, = 0.702 A] coswyty + 0.712 A2 Sinw,Ty

i

- Ea -0.712 A-l €oswy Ty + 0.702 Az $inwaTy

That in both cases the asymptotic state almost corresponds tb a state of equipartition of
energy is rather accidental, as the above result obviously depends on the model (guch as the
numerical values in (1ba) and (10b)). The noteworthy feature of the result of the present.
work is that the introduction of a non-dynémica] element (independent time scales in (7a))
has removeq the recurring feature of a strictly dynamical treatmeni (Fermi-Pasta-Ulam})

and Ted to an asymptotic approach to mixed state.

The nature of the asymptotic (instead of the recurring) behavior may be made
clear by the following analytical treatment of the above problem simplified by taking only
the cubic anharmonicities in (5) i.e., k = 0 in (11). [In that case, the equation (11) can

be integrated analytically, by noting

-6 -
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2 — : (14)
9.9713 ¢c2? - 3,9758 cs - 2.1598 s?
A :
_0.14035  0.69687
a]c + b1s azc + bzs
where
ay = 1.4171, by = -1,
a2 = 7.03645 , b2 = 2.1598 ,
and
<ds tan(% + 62°38")
J_f" = 0.14035 gn { } (15)
1.9320 '
tan 126°28'

+ 0.66687 2n { ) }
tan(§-+ 126°28")

The first integral diverges logarithmically as
5+ 54°44'

while the'sec0nd diverggs logarithmically as
8 + 107°4"

O0f course the first limit 8 = 54°44! prevénts the system from ever reaChing the second es’
unless the initial conditions are changed. The result (15) is shown in curve (b), in the

figure.

~ From (14) and (15), it is seen that each limiting es-corresponds to a zero of the

expression f = 0 in (14). This applies also to (11)-(12).

To compare the above result, name1y, of an asymptotic state with that of a strict
dynamical treatment of the motion, we start with equs. (6) and again the Ansatz (7). but

with only one time variable i.e., X;, X,, & are all functions of the same time t. From

equation (9a) and (9b), with 1o = 1,, and

cz +s2 =1,



Nonlinearly Coupled Oscillators

we obtain a first-order equation in g%u To simplify notation, let t be the dimensionless

time t = wy1o, S0 that, corresponding to the model (10a) and (11),
X % xy =cost, Y % =1 sin vZ t
: ve
¢ = cosd , ' s = sing ,
~ withk = 1,

(2 + y2) (D2 - 2(x Y - y I =

- = - {2xyc + (y2 - x2)s} s

+

el3xy(x + y)e3 - 3(x? + 2x2y - 2xy - y3) c2s

+ 3(x3 - 2x%y - 2xy2? + y3)cs? + 3xy{x - y)s3

2(2x2 + 3xy + 2y2)xyc® + 4(x* + 3x3y - 3xy? - y*)c3s

6(x* - 4x2yZ + y*)c2s2 + 4(x* - 3x2y + 3xy? - y*)cs3
+ 2(2x2 - 3xy + 2y?)xy s} -7 (16)

The initial condition} is

W
(o= ]

e=1, s=0, (E=0yatt

Integration of equ. (16) with the aid of a computer shows that, for € = 107%, 1072 uwp to

t = 10*, 10%, 8 oscillates and does not show the asymptotic behavior of the figure.

The author wishes to thank Professor C. S. Hsue of the Physics Department,
National Tsinghua University, for performing the computer calcuations of equation {16);
and Professor Y. C. Lee, of the Physics Department, State Un1vers1ty of New York at Buffalo,

for h1s 1nterest and d1scu551ons
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FERROMAGNETIC MULTIFILAMENTARY COMPOSITES PRODUCED
BY COLD POWDER METALLURGY PROCESSING

Y. . Yao
Institute of Physics, Academia Sinica
Taipei, Taiwan, R.0O.C.
and
5. Foner
Francis Bitter Natiqnal Magnet Laboratory,
Massachusetts Institute of Technology,

Cambridge, MA 02139 U.S.A.

Powder-metallurgy-processed multifilamentary Cu-Fe, Cu-Ni and Nb-Ni
ferromagnetic compdsite wires were fabricated with a relatively high
coercive field, Hc, at room temperature. Compacts of Cu-36 wt.% Fe,
Cu-36 wt.% Ni and Nb-36 wt.% Ni powders were reduced in cross section
to produce ferromagnetic multifilamentary materials. Areal reduction
ratios of 10® for Cu-36 wt.$ Fe and 10* for Nb-36 wt.% Ni and Cu-36
wt.% Ni resulted in values of H; " 195 Oe, 24 Oe aﬁd 77 Qe respectively.
A final 300° C anneal of the Cu-36 wt.% Fe composite gave Hc " 460 Oe.
The average ferromagnetic fiber diameters are estimated to be 100 ; to

o-
1,000 A for the Fe fibers and are about 1 U for the Ni fibers.

The technology for cold powder metallurgy processing of ultrafine fiber multi-

filamentary superconduhting materials was pioneered at the National Magnet Laboratory,

MIT in recent years(]'B). In this letter we present results for powder metallurgy processed

multifilamentary Cu-Fe, Cu-Mi and Nb-Ni ferromagnetic composites with a relatively high

coercive field, Hc' The values of Hc at room temperature of Cu-Fe samples are comparable

to those made by multifilamentary composites of Cu-Fe made by the In Situ process and

reported recently

(4’5). In order to achieve the multifilamentary ferromagnetic structure

the In Situ process requires that the ferromagnetic phase precipitate out of the melt.
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Thus the particular composites are limited by the phase diagram of the starting alloys. As

indicated in the super conductor development(]'3)

, the powder process avoids the limitations
of the phase diagram because tﬁe-powders are physically mixed and processed at low tempera-
tures. Thus multifilamentary materials can be produced over a wide ragne of compositions
and there is considerable flexibility of choice of the matrix {which also may be magnetic).
The present results show that powder metallurgy processing may be used to fabricate novel
magnetic (and non-magnetic) fine fiber composites. In addition, this process can be used

for materials which cannot be fabricated by the In Situ process, for example, for Cu-Ni

composites.

The procedure we employed followed that developed for superconducting materia1£1'3}.
Ductile powders of say Cu and a ferromagnetic metal were compacted in a copper tube, and
the cross section of the compact was reduced by swaging, rolling, and wire-drawing to produce

(6).

Tong submicron ferromagnetic fibers in the Cu-matrix Starting with 40 um diameter
ferromagnetic powders, an areal reduction ratio of 10% would yield elongated ferromagnetic
fibers with average diameters of = 400 E. The fibers are protected from external oxidation
by the matrix. An essential requirement is that the powders be ductile. The fabrication
approach parallels much of the technology developed for superconducting materials. From

a basic. point of view this approach permits fabrication of a high density of nearly one-
dimensional conductors. ({They need not be ferromagnetic or superconducting.) In principle
the 1imits are set by the deformability of the elemental powders. The composition. is

determined by physical mixing and is not influenced by any phase diagrams of an alloy unless

high temperature heat treatments are carried out during the areal reduction.

Copper tubes_with n 12.7 mm o.d. and ~ 11.1 mm i.d. were used as an external jacket
to contain the powders. The mixed powders were tapped into the Cu tube, the tube was
evacuated, and then the compact was swaged and wire drawn to final size. Using ~ 100 um Wi
and ~ 60 um Nb or Cu powders, we have made a series of powder metallurgy processed filamen-
tary ferromagnetic Cu-Ni and Nb-Ni materials both containing 36 wt.% Ni. Swaging techniques
were used for the preliminary elongation, and the remaining deformation to a wire with a
final outer diameter of ~ 0.125 mm was made by wire drawing. Nominal areal reduction ratios,

R,of 10% were obtained without any intermediate anneals.

Muttiple bundlino of = 80 um Fe powders was used to produce very fine Fe fibers.

- 19 -
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The first compact of Cu-36 wt.% Fe was swaged in a 12.7 nm o.d. Cu tube down to a 2.5 mm o.d.
strand which was then heat treated at 800° C for 2 hours. 14 of these 2.5 mm o.d. strands
were bundled in another 12.7 mm o.d. copper tube and swaged to 4 mm o.d. Again an 800° C
heat treatment was applied. The copper outside was then etched away. Six of these strands
were bundled in a 12.7 mm o.d. copper tube and swaged to 2.5 mm o.d. and heat treated. A
4th and 5th bundling, of 14 strands, reduction to 2.5 mm o.d., and heat treatment was again
employed. Finally, the 6th bundling of 14 strands was swaged and wire drawn to 0.125 mm
0.d.. The final nominal areal reduction was R = 4 x 10*%. However, due to the vacancies
between the powders in the first compact copper-tube aﬁd between the stands of the multiple
bundling, we estimated the actual area reduction ratio to be R~ 108.

The starting Fe and Ni powders were spherical and made by rotating electrode
processing. The Nb matrix was chosen to better match the mechanical properties of Ni..
The ‘increase in hardness with areal reduction ratio was examined for each powder {i.e. Cu,
Nb, Ni and Fe). To do this, each of the powders were compacted in a separate Cu tube and
processed by swaging and drawing. Measurements of the Vickers microhardness HV versus |
areal reduction ratio show systematic differences between each element (see Fig. 1). The

Fe, Ni and Mb exhibit rapid increase for Hv for areal reductions of 100 or more.

(7)

Magnetic measurements were made with a vibrating sample magnetometer at room
temperature with the field along the fiber axis. A maximum field of 5000 Je was applied.
Cu-Fe composites with an érea] reduction ratio of about 10° resulted in Hc v 165 Oe,
whereas pure Fe has an Hc ~ 0.8 De. Based on the areal reduction, average Fe fiber
diameters of about 100 R are calculated. However, comparing the observed value of HC

(4,5)

with In Situ processed Cu-Fe data of Dublon et.al. We estimate Fe fiber diameters

of 100 to 1000 A.

Nb-Mi and Cu-Ni composite wires with an areal reduction ratio of about 10*
resulited in,Hc ~ 94 Qe and 77 Oe, respectively, whereas pure Ni has an HC v 0.7 Qe.
Estimates based on the nominal areal reductions suggest Ni average fiber diameters of

about 1 um.

Plots of HC versus areal reduction ratio are given in Fig. 2. These data show
that the coercive force increases with increasing areal reduction ratio. Fig. 2{a) shows

data for Cu-Ni and Nb-Ni. For a same areal reduction, Hc,of Nb-Ni is higher than that

- 20 -
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of Cu-Ni. This may be due to the fact that Nb is harder than Cu and more nearly matches the
the hardness of the Ni powder so that more effective elongation occurs. Areal reduction ratios
higher than 5-104 were not achieved for the Nb-Ni or Cy-Ni composite wires without breakage.
Fig. 2(b} shows Hc as a function of areal reduction ratio for Cu-Fe composite wires, HC is
small for nominal areal reduction ratios lower than 10*. However, a rapid increase of HC
occurs for R > 10° and an areal reduction rgtio of about 10° resulted Hc in the order or

" 200 Qe.

Hysteresis curves of Cu-36 wt.% Fe with R = 10° are shown in Fig. 3. Fiqg. 3a
shows the relative magnetization versus magnetizing field, H, prior to the low temperature
anneal and Fig. 3b shows the increased Hc when annealed at 300° C for 1 hour. Again this
is consistent with the results reported earlier by Dublon et.a].(4’5) who obtained an
increase on HC for In Situ processed Cu-Fe after anneaiing at 300°C. The microstructure
of the cross section of a final-compacted as-drawn Cu-Fe .25 mm diameter composite wire

is shown in Fig. 4{a) and (b).

The present results show that the powder metallurgy processing technology
(originally developed for fabrication of high performance fine fiber superconductors)
can be adapted for fabrication of fine fiber composites, particularly permanent magnet
materials with high coercive fields. The final results for Fe in Cu are comparable with
that of the In Situ process developed eaf]ier(4’5), but the powder process is not
limited by the phase diagram so that various composites can be made of magnetic or
nonmagnetic constituents. Examples of Nb-Ni and Cu-Ni are given here. However, the
components of the powder process must be ductile. Although extremely large areal
reductions were used for the Cu-Fe materials, smaller starting particle sizes would

require smaller areal reductions for the same fipal fiber size.

Comments -— Due to the time limitation, the final form of this repert did not
sent to Dr. S. Foner for approval. Therefore, if any mistake happens, Yao will take the

responsibility.

Acknowledgment — The Francis Bitter National Magnet Laboratory is supported
by the National Science Foundation. One of us, Y.D. Yao is grateful to the National

Science Council of R.0.C. for partial financial support of this work.
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Ferromagnetic Multifilamentary Composites Produced by Cold Powder Metallurgy Processii

Fig. 2 Coercive force H_ versus areal reduction, R:
a) Cu-36 wt.% afid Mb-36 wt.% Ni composites.

H. (Oe)

0S|

0
o O
|

Ol
< 00!

50!
|

v/°v =Y
Ol

- 24 -



Annual Report of the Institute of Physics, Academia Sinica, Vol. 12, 1982

Fig. 2 Coercive force H_ versus areal reduction, R:
b) Cu-36 wt.% F& composite.
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Fig. 3 Relative magnetization versus magnetizing field, H, for
Cu-36 wt.% Fe powder processed composite (Fig. 2b, R = 10%):
a) without lTow temperature final anneal.
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Fig. 3 Relative magnetization versus magnetizing field, H, for
Cu-36 wt.% Fe powder processed composite (Fig. 2b, R = 10%):
b) with an additional anneal at 300°C for 1 hour showing
increase in HC to 460 Qe. -
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Fig. 4 Micrograph of polished cross section of an as-drawn Cu-Fe
0.25 mm diam. composite wire (a) 500 x

Fig. 4 Micrograph of polished cross section ¢of an as-drawn Cu-Fe
0.25 mm diam. composite wire {b) 1,000 x




ON THE STABILITY, SWITCHING VOLTAGE AND TRANSIENT
ON-CHARACTERISTICS OF AMORPHOUS THIN FILMS

Chun Chiang
Institute of Physics
Academia Sinica
Nankang, Taipei, Taiwan,

R. 0. .C.

By propesing that two types of reversible configurations co-existing
in the film, that the ratio of two configurations is detdrmined by current
accdrding to the law of méss action and the electronic energy. trangfer,
that the difference of configurations may be due to phase, bonding state,
filament formation, valence glternation pair, etc., mathematical equations
can be derived to explain the threshold switching, the time dependence
of the threshold voltage, transient ON characteristics and the non-

linearity of the conductande.

Switching phenomenon(]) is a very interesting and important phenomenon. Many
{2-10)

theories have peen proposed for its exp1ainatihg . most of them are qualitative and

(1, 12) hich is able

with 1imited success. Recently, Chiang proposes a-switching theory
to explain the S-1ike curve of voltage vs. current, and the time delay phenomena. However,
the basic excitation mechanism has rot been fully explored. The purpose of this letter is
to further discuss this basic excitation mechanism and its related properties such as

threshold voltage, nature of switching ON and switching QOFF, transient ON characteristiés,

non-linearity in conductance, etc..

Assuming that there are two configurations (I and II) coexisting in the film
which can be transformed to each other by current excitation through a barrier. The

mechanisms that the current may excite the configurations are as follows:

- 29 -
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{a) The electrons may react with configurations such that
n e + Configuration I +———— Confiouration Il

The direction of the reaction and its transformation is determined by the electron
density p according to the law of mass action. The electrons may either be consumed, in this
case, there is charge storage effect as claimed by Haberland and stieg]er(7), or the electrons

may simply act as catalysis and are not consumed. in the process.

{(b) The energy of impact from the electons may excite the configuration.

energy ‘
Configuration I : -+ Configuration II

-- The energy of impact is related to alectron velocity v but may not be a simple

~relationship, since the impact process of electrons in thin films may be quite complicated.

" The- abave two reactions are reversible, decreasing the electron density or its
-ye1ocity will reverse the direction of the reactions. For generality, we may use f(I)
to represent the extent of the above two transformation processes induced by current
(remembering5that I = pv). The difference between the two configurations may be dUe‘to
positional displacement, bonding state (for example, polymer-monomer conversion(12)),

(17, 18)

valence alternation pair(16); crystalline state, filament formation » phase

transformation(21), or a combination of these.

Let.n]

tively (n.I *n, = 1), we may write the kinetic equations as follows:

and n, be the percentage of configuration I and II per unit area respec-

L - Ay e BT OIKT g, o TuErk P (DK

- | M)
d o
-;5 = Ay e [u-Ey-ky F (DK | g g, e [u-Ep=kpf{1I/KT

where A, .k1, k2 are constant, E1 and E2 represent the energy of ‘configuration I and II, u
the barrier, Llet 9 and 9, represent the conductivity of configurations I and II, and since

they are in parallel, the total conductance G is the mixture of these two conductances thus

= a 2 =2 a2 .
G—n1dg1+“2d92 dgl+n2d(92 9]) (2)
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where a is the area and d is the thickness, The above equation applies to the case of filamer
formatfon, since mathematically, we can imagine to divide the filament to many pieces and mix
it homogenecusly with the sukrounding configuration. When the local current density in some
area of the film matrix reaches certain value, the matrix is excited to configuration II form
and rearranged'to form the filament, so that a higher current density may be sustained. Thus
the increased current increases the size of the filament, whereas the current density in the
filament may not increase much as e#idenced by Henisch and Pryor(14) and Perterson and Ad]er(“
It should also be roted that the filament formation is reversible and thus may or may not be

readily observable. Sinﬁe
Uo = IR + 1/G (3)
(2) and (3) may be transformed to be
R2 (9,-9,) (Ua-IR) R 2 (g,-g.)
d ‘w27H1/ e d 2

Differentiating (4), .we obtain

_d'12_.= UD gl | - (5)
s (-9, ) (Uo=IR)2 IE

From (1), (4) and (5), we obtain

E,+k,F, (1)
Ly . A
- ﬁ%'e 5" (e - IR) ([Uo - g, & (L +R 9, P1le b
E,+ky (1)
+ gy §-0+RrRg H1le % } (6)

This is the dynamic differential switching equation for amorphous thin films. In the

equilibrium state, %% = 0, we have

E,+y 3 (1) Eytkyf, (1)
C(eRgy He BT s (i g, Jle KbT
Vo = By T3 () T A6 R (7a)
T s
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This is the equilibrium switching equation in terms of the applied voltage U, and the current

In terms of voltage U across the sampte and the current, we have

Ergf (D Eprhl)
U R e B e B I (76)
= U0 - IR =
E‘+k]f](1) Ez+k2f2(I)

If there is contact resistance, then U should be replaced by U-Vb, where Vb is the electrode
contact voltage. (7b) may be ploted as the heavy line in Fig. (1) with the parameter that
(E2 - ET)/KbT =8, (k, - k})/KbT ==3 x 103 ev/A, ag1/d =5 x 107" ev/A, agy/d = 1.7 x 1073
o and Vy = 1 volt. For simpiicity, f(I) is assumed to be |1}. (7b) shows three parts,
curve I represents the OFF state, curve II represents the ON state and cruve III represents

mixture state.

The threshold Voltage is the minimum voltage requiréd such that the film can be
transformation to the ON state and -such that a large current can flow. This threshold
voltage may be calculated by differentiating (7b} and let %% = 0. The calculation is

tedeuous, however, the threshold voltage Uth may easily be found from Fig. 1 to be 17.29
[
volt (Uth = 18.29 volt).

If the film is in the ON state and then is interupted for a period of t during
which no current passing through the film, then ny may be solved from (1) with the initial

conditions that ny (t =0)=0and I{ t = 0) = 0 to be

E U-E:l LI-EZ
2 - ——— - —
2 T T
eKbT [he D +pe DIt
n.o=—& . {1-e T (8)
17T, E,
T KT
e b + e b

From (2), the film now at time t has the conductance

E2 u-E1 i u-E2
< TR T K.T
2 a ST fhe P othAe Pt
G(t) = 3%t 3(91 - 92)-—51——3—1 f1-e } {9
T K. T
e b 4 e b
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On the Stability, Switching Voltage and Transient ON-Characteristics of Amorphous Thin Film:
since G = I/U, and assuming f(I) = I, the threshold current at t can be obtained by combining

(9) and (7b) to be

" a
- KbT a‘ gz - G(t) ET - E2 .
Li(8) = In i 'K, K (10
2 1 G(t) - 1 91 2 1
thus
a
Lep(t) KT q 9 = Gep(t) 5 -& (11)

u. (t) = = In -
th Gth(t) (kz-k1)Gthﬂt) Gth(t) _ %_91 (kz-k1)Gth(t)

Equation (11) together with equation (9) may be ploted in Fig. 2 with the parameter

~(u-E/KT L 070

that A = 10%sec ‘and e =10

It might be more instructive to find the threshold vo]tage_Uth(t) and threshold
current’Ith(t)‘graphicé11y. This may be done by finding the intersection point of the

equilibrium switching curve of (7b) and conductance curve G(t) (equation (9)).

In ﬁig. 2, thé caléua1ted voltage drops at a latter time, this is so pecause
G{t) intersecté with curve I in Fig.1 at’a smaTjer voltage. However, once the film switches
to curvé I state, it requires the.normal threshold voltage which is 17.29 volt and is
indicated as dot line in‘ng?fé. Similarly, at early time G(t) intersect with curve II and
the voltage increases at a_shorter fimé However, once the film is in curve II state,
it only requires VNON to stay in ON state as 1nd1cated by dot 11ne The VMON in this case

is 2.28 volt (V 3 28 vole).

MON = Vion * Yy

In Fig. 1, the crossed area is the switching ared. If the state of the film
initially belongs to this area, then thE'fi1h will eventually switches to the_stab]e ON
state indicated as curve II in Fig. 1. fhe-route of switching is determined by the Toad
resistance and the voltage. The dot afea~is also the switching area, however, if the
state of the film initially belongs to this area, then the film will eventually switches
to the stable OFF state indicated as curve I in Fig. 1. Curve III is the boundary between

these two areas and may be termed metastable state. The other areas are forbiddened areas.

Henish et. aT.(B) have observed some intersting result that if a fast pulse is
applied in a ON state, a transient ON characteristics (TONC) is observed; if the applied

voltage is within certain minimum vaiue Vps then only very small current exists. This
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state is different from the OFF state in the sense that the film can readily be in ON state
without going through the switching. They term this as the block ON state. These phenomena
can now be explained with the present theory as follows: If the pulse is very fast such that
the film is fixed practically in configuration IT from and has no time to switch back te
configuration I form, then the I-V curve reveals the characteristic properties of configura-
tion 11 {curve II and the dot line in Fig. 1). The reason that the current is very small
when voltage is smaller then Vb is due to the contact resistance and the electric barrier
between the electrode and the thin film. Thus when the voltage is small, only very small
quantity of current can tunnel through. However the film still consists of entirely
configuration IT form, thus the film can readiT; be in ON state without going through the
switchiﬁg process by applying a minimum threshold voitage VMth’ this VMth may also be termed
minimum CM voltage VMON’ below which no "stable" ON state can exist. When the applied

pulse reverses the direction, the current alse reverses. The I-V curve in negative direction
is similar to the I-V curve in positive direction and may have some asymmetry if the
electrodes are different. This asymmetry is due to the different electrode contact

resistance.

Other fast pulse experiment(Ig) reveals the highly non-linear conductance region
around the normal threshold veltage. This can be explained as due to the reason that with
the fast pulse, the film is fixed at certain mixture of configurations, thus the conductance
js non-linear (region between curve I and curve II in Fig. 1). The conductance in the
region between curve II and curve III shoyld also be non-linear under similar conditions,

this is indeed revealed by Popescu and Croitoru{zo).

The above discussion concerns with threshold switching, namely, the reversible
conversion of configuration [ and configuration II is mediated by current; by withdrawing
the current, the film reverses to the OFF state. However, if the energys of configurations
are changed due to environmental change during the switchina process, then the equilibrium
point is shift such that the film may return to OFF state through another route or remain
in the ON state even if the mediated current is complete]y reduced to zero, then this is
the memory switching. Also, for simplicity, f(I) is assumed to be I in the present cdl-
cutation. However, if tﬁere is cnarce storage effect, f(I) should be JIdt; if there is
power consumption, f(I) should be ledt. Thus threshold switching with slightly different

process as well as memory switching can all be incorporated in the same theroretical
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frame-work,

In conclusion, by proposing two physically reasonable catagories. of configurations
co-existing in a film, methematical equations can be derived to explain the threshold
switching, time dependence of threshold vb]tage, block on state, non-Ttinearity in [-V
curve, non-symmetry in transient OM characteristics, etc.. The memory switching can also
be incorporated within this theory by assuming a change of energy of configurations in

switching.
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MOLTIDYON SOLUTIONS IN SU(2) GANGE GROUP
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Recently, Prasad describe a systematic framework for the construc-
tion of, axially symmetric multimonopele solution of arbitrary topeological
charge. We found £hat these solutions can be transformed into axially
symmetric multidyon solutions easily. We write down the mﬁltidycn

solutions in Yang's K-gauge also.

I. INTRODUCTION

Since 'tHooft and Polyakov(1) discovered the solution of one monopole, it has
become an interesting problem among physicist whether the solutions of multimonopole exis-
or not, it is not only a mathematical problem, but alsoc may be related to the origin of t
cosmos(z). Recently the existenﬁe of multimonopole solution of arbitrary charge was prov
by Taubes(a). And the explicit form of multimonopole has been written independently by

M. K. Prasad(4) and P. Forgacs(s) et. al..

Prasad et. al. consider the solutions of mangpole in the limit of vanishing Hig:
potential as a static self-dual Yang-Mills field in 4-dimensional Euclidean space which
satisfy the appropriate boundary condition, so that they can use the method of the constr
tion of multi-instanton to solve multimonopole problem. In fact, Manton is the first one
who uses this method from the CFHW (Corrigan-FAIRLiF-'tHooft-Hi]czek) ansAtz to rederive
the one-monopole solution. This solution is in complex form,‘but it can be transfomed to

real form by a complex gauge transformation. However Manton did not find any new solutio

»FREAFEA (BN SR ESRAEERRMIFAIHEE D
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which can be made real by a complex gauge transformatign.

Based on the "twistor" approach to self-dual Yang-Mills fields developed by Hard(7;
Atiyah and ward(g) proposed a hierarchy of ansdtz An, n =1, 2, --- , for the construction
of ;1] instanton solution. The first ansatz A] is the (CFHW) ansatz which is given in terms
of spin zero massless free field, i.e., a solution of four dimensional Laplace equation.
The ansatz An can be described by certain spin (n-1) massless fields. Atiyah and Ward use
£he language and technigues of analytic and algebraic geometry. Moreover they did not
give any explicit forms beyond the A2 ansatz. Corrigén, Fairlie, Goddard and Yates(g)
gave an explicit construction of all the ansdtze Ag, 2 =1, 2, .-+ , which takes a particu-
larly simple form in Yang's(TO) R gauge. In R-gauge, the self-dual potentials are described
by three functions satisfying a system of second order (non-1inear) differential equations.
Moreover, Corrigan et. al. have shown that in R-gauge, successive AW ansitze are related by
a.Backlund transformation, which we call BT, for Yang's Equations. For our purpose, a
Bicklund transforamtion is a transformation, usually given by a system of first order
differential equations, which generate locally "new" sobutions of self-duality equations
from old ones. Corrigan et. al., then integrate this BT, to give an independent "elementary"
proof that the Aeiyah-Ward ansdtze does indeed give ;o}utions of the self-duality equations,
and, of course, this give ah explicit construction of the Atiyah-Ward ansitze. But Backlund
transformation operate on real function can generate a complex one, so that it became a big

problem in construction of multimonopole solutions by means of Bicklund transformation.

Prasad et..aJ.(T1) found that they can construct a complex gauge transformation
such that the solutions become real. Especially, after a properly choosing asymptotic
behavior (or boundary condition) they found a systematic framework for generating multi-

monopole solutions.

After the disco§ery of multimonopole solutions, it is natufa11y to looking for
the solutions of multidyon, we found that thé static multidyon solutions can be constructed
very easily from the étatic'multimonopo1e solutions. Juét the same as the Julia-Zee(]z)
dyon soTution can be inferred from Bdgomotny—Prasad(13) cne monopole solution. That is,

if the solution ofmultimonopole can be stated as follows:
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then the following substitutions

A? = A? A2 = sinhy ¢ 2
: (1-2
¢a = coshy ¢ a
where sinhy = —-% coshy = —5?55—

and qle) is the magnetic (electric) charge of the dyon, is the multidyon solution.

In this report, we review the self-dual gauge fields theory such as the self-
duality egs. in Yang's R gauge, Bidcklund transformation of those eguations and Atiyah-Ward
An ansatz in Section II. In section III, we outline the framework for generating multi<
monopole solutions, and write down the gauge potential of n-monopole in Yang's K(10) gauge.
Finally, we show that the static multidyon problem is equivalent to static multiMDnopole

problem.

11. SELF-DUAL GAUGE FIELDS AND R-GAUGE

{I1-A) Self-Dual Equations in Complex Space:
In this report, we restrict ourselves to SU(2) gauge theory, and we use‘matrix

notation for gauge potential etc. defined as

A =2 %28 w=1,2,3,4, a=1,2,3 (2-1
U B

w2

where o are the usual Pauli matrices and g 1s the coupling constant. Then

a ‘ .
o’ra ) ol
Fuv CA TR T auAv 'avAu + [Au’ Aul : (2-2

when the gauge potentials Ai are real, then the matrix Au is traceless and antihermitian
However, if the gauge potential Az'are complex, the matrix Au is traceless but not anti-

hermitian.

Consider an-analytic continuation of A}_l into complex space where Xys Xgs X3 and Xy

are complex. The self-duality equations in Euclidean space

2] -
Fuv" 7 Suvoo Fpo (2

are valid also in complex space. Define
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Zy=xg +tix, /?37=x1-ix2
Z2=2%x3-1% /ZE=x3+ix4
/EAy=A1-_iA2 . /’ZA)-(=A1+1'A2
/2Az=‘A3+1'A4 s /2'A2=A3-1'A4

Then self duality equation (2-3) reduce to

The equation

&’ E (.Ys Z)Q

where D,y =

~N
1]
Q

Fye = Fy2

0

Fyy + Fzz

(2-6a) implies that the potentials Ay, Az(Ay, Az) are pure gauge for fixed

i.e. we can find two 2x2 comp]ex matrices D and D such that
Ay =D By , Az=D'D,z
Ay = D! -[')J s Az = 0! D,z

ay D etc.

From Eq. {2.7) and since TN\u = 0, then we have

If we define

det D =det D =1

a matrix J by ‘

Clearly det'd = 1. The remaining self-duality equation {2-6b) can be written as

(B d,y)y + (07 3,2)2=0

Now gauge transformations are the following transformations:

D+ ¥(y, z)06 b+ vy, z)0 &

A -G AG+6 " G,y
3 u

Under these transformation- (2-11a), J transforms as
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307, 1) I vy, 2) | (2-1;

Yang has discovered the R-gauge, which is defined by choosing the matrices D and §

to be lower and upper triangulars respectively, i.e. by

1 0

= :.l_ 1
DzR = - ( p , ) | (2-1"
B I A -
BzR = : .(0 ) o (2-1:

where ¢, p and p are independent comolex functions of y, z, ¥ and z. From the definition

(2-9) we have

e i )
JERR =4 , ) _ (2-1
* Yy $?+0p :
Substitution of (2-14) in (2-9) gives
(ayay + 9232)4n¢ + E:¥—24!;;@zé-ﬁil-= 0 (2-1t
E)+ (Bh)5=0 | ‘ (218
(Bh), + (56, = 0 | S (21t

The self-duality equations in terms of ¢, p and p. We must remark here we can always
parametrize J as in Eq. (2-14), even t50ugh we arrived at this via Young's R-gauge.

(Since J is an artitrary complex 2x2 matrix function with determinant one)

(I1-B) B&#cklund Transformation and Atiyah-Ward's Ansatz

(Lemma 2-1) Let (4, p, ) be a solution of Eq. (2-15) Then (61, ol, §!) defined by
¢I = —L__ s PI = _p_- N 51 = ——-‘9—: (2-1¢
$2 + pp $2 + pp ¢2 + pp

is also a colution of (2-15).

B

(Lemma 2-2) Let {¢, . p) be a solution of Eq. (2-15). Then (42, o°, 3B) defined

by
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3 _1 i

¢ | P (2-17a)
By = - %2— 88,2 = -%1!- ' (2-17b)
.y - # 2,2 = - & (2-17¢)

_is also a solution of Eq. {2-15)

Not.e that (¢: P, 5) —II""")' (¢:p. 5)
and (¢, s 5) ""'_ﬂ_"* (b0, 5)

here 12 and B? transformations are trivial transformations. But the composite ‘transformation
BI is not, it can produces "locally" new squtibns of the self-duality equations from "old"
ones. The Bicklund transformation is the transformation BI. Whick is the I transformation

foilowed by B transforamtion.

(Lemma 2-3) A solution of Eq. (2-15) is given by

0¥ =4, 2 £:2 = =0, ¥ (2-18a)
5:)-/ = ¢s z PR 952 = '¢$ ¥ . (2"18b)
$oyy * 9,22 = 0 (2-18¢)

Eq. (2-18) is the well-known Corrigan-Fairlie-'tHooft-Wilczek (CFHW) ansatz. Note that
eq. (2-18¢c)} is the integrability condition of Eqs. (2-18a,b) with the CFHW ansatz, we can

define the Atiyah-Ward ansdtze An, n=1, 2, «-+ , as

BIAA BIJ;A LR LA (2-19)

M Py = Ay n

Let us denote the functions ¢, p. p of the An ansatz by ¢, o,» 6p» then (¢ . p.s 0,) 1s

. An-1 : _ ~ )
given by (¢1, Py 91) _lgll___+ (¢n, O pn) where (¢], Py pT)_1S a solution of eq. (2-18).

Corrigan, Fairlie, Goddard and Yatescg) has given an explicit construction of
By Py Bn’ nz 2 in terms of "spin (n-1) massless anti-dual linear field". Their solution
begins by defining (2n+1) function Ogs> M S k £ n, which satisfy the following equations:
I = - 33 dgay | (2-20a)
{2-20b)

820K = 9y Ay

It follows from (2-20) that Ay satisfies the free field equation:
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(3, 25 + 3, 33) & = 0 (2-21)

Let us also define for n 2 1

ﬂo &_] aesans A_n+]
by A el Bontz
LA PR . (2-22)
fn-1 fn-z ottt By
where |«-+«| denote the determinant. We now state the result of Corrigan et. al..
(Theorem 2-1) The functions 05 P 5n of the An ansatz {s given by
Dn :
¢n ) (2-23a)
n-1
A_1 A-Z o e s . A-n
SR B B
-1 )n . . . )
o, = - - - . {2-23b)
n Dn_] . . .
Sz %n-3 b
S B W
_ b 4 -n+3
- _1)"‘7 . . . (
p. = : . . 2-23C)
" Dy D :
&y 8p-1 AI

Proof of this theorem is given in reference (9).

(II-C} The Condition of Real Gauge Potential

When the gauge potential Az is real and the gauge transformation G is unitary

in the real space, then we require

DG (2-24)
and v (7 | (2-25)
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(the symbol - is used for eduétions valid only for real vé]ues of Xy s xz; Xq5 x4),
which implies J = D 5™ . 0 - 0* = a positive definite Hermitian matrix.

But in nomopole problem, BI transformation can't preserve the rea]ity-of gauge potential,
hence we must consider complex potential and complex gauge transformations even in real space.
This 1ead§ to the question: giﬁen D and D or equivalently J, when is it possible to choose

a gauge so that the gauge fields are real? Prasad et. al. ansﬁer this quesfion with (Theorem
2-2) Given J or D and B, a necessary and sufficient condition that the gauée potentials are
real in some gaiige is the exiStanée of an SL (2, C) matrix V (y, z), depending on y and z
only, such that J .- Y - positive definite hermitian matrix. |

Furthermore, if V exists then the gauge transformation is given by

66" =0 v (y, x) 0" ? (2-26)
In c]osing this subsection, we remark that in R-gauge'the usual reality condition D - (D+)'1
becomes |

¢ » real and 5 : p*

111, MULTIMONOPOLE SOLUTION
(II1-A) Self-Duality Equations in Euclidean Space and Bogomolny'é Equation:
In this subsection, we begin.with the simple observation that the self-duality

equation (2-3) in Eu;]idean space | |

> e Foo=aecq F . Fra = a: A, + [A A T-9,A

Z %ijk4 T4i T 7 Fiik i ka k "4 k® "4 I
becomes identical with-the'Bogomo1py's equétions

] e s .
Be =tz e Fyg =t O ¢ (3-1)

when 34Au=0 and the Hing'ffé]d ¢a 1s:1denticaJ’to-A4a. Since-x4“cqn'be thpugh of as
Euclidean "time". We shall usé the word "static" in‘this context.tb mean. independent of the
Eu;]idean tiﬁa_x4. In what‘fol}ows_ﬁe-shal} restrict the gauge transformations to static
both in Epiclidean and ‘Mikowski spaéé} Therefore, with the above restriction, the monopole

prob]em_Betomes identical with the self-dual Yang-Mills fields provided we require suitable
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poundary condition.

Therefore we can obtain a multimonopole solution as a solution of the self-duality

equation (2-3) which satisfies1%).

{MI) The potentials are static: B4Au =0
(HII) In some gauge the potentials Aua are real and smooth i.e.
Aua and its derivatives are non-singular.
(MIII) The gauce .invariant quantity, the squaré of the Higgs field

9z = ¢? ¢? = A4a A4a has the asymptotic behavior

2 -
o —— G- AR Loy n=0,1,2, - (3-2)
r e ¥

Condition (MIII) implies this solution has. topological charge n, since the total

energy of the monopole in the limit of vanishing Higgs'pqtential is

m
i

B D, )

f

%Jdax[B 82 + 0, o 0,0%]

%J 3;3;(02)

1 302,
1im E'J r2 do ( ar)
'Y-)W
4nl
?’

* R

_C 417 | )
atl7 | (3-3)

47
g

Then magnetic charge Q .n, i.e. the solution is a multimonopole solution with topological

charge n.

{I11-B) Multimonopole Solution with Axially Symmetry -

n sinhCRi
Let Ao = I 0y —g— (3-4)
i=] i
‘ =y 2 : - 2
where Ry = X274 x,2 + (x5 Ci)

and ;s Ci can be complex, subject to the restriction that A, is real. It is convenient to

define

/e y = X -+ i Xy = E = zeie (3-5a} -

- 45 -



Annual Report of the Institute of Physics, Academia Sini&a, Vol. 12, 1982

- -ig

/Z§=x1-ix2=g=ze (3-5b)
i.e. 22 = x12 + x22 etc
Defi A=yt e oh o=y iay Aoz attaga 6
erine k = y Mkt T By = k+1 (3-6)

Then Ak+1 is given by an (k+1}-fold indefinite integral

Mgy = f 2de o o - - J 2de A, k20

k+1

(3-7)

n
1
2
—
=
i
(=9
o)
-y
:
.
.
——
el
—al
(=
vl
7
——
o |
el

Note that in defining Ay (1sksn) we do not include any integration "constant", which may
be any arbitrary function of Xq- We found that
{Lemma 3-1): The functions Bes By and Ao, .1sksn defined by

1CX4

Ao = e Ao
A, = (1K e’y gk (3q + o)k s (3-8)
a, = el gk (3, - )¢

K 3 k

is a solution of (2-20).

And then we can construct (¢n,_pn, 5n) by using (2-23} and (3-8) their form are

{Lemma 3-2): The solution constructed above has the form

¢n - ¢n E-H eTCX4
pn = ¢n E-n eiCX4 (3_9)
an = ﬁn g-n e1CX4

where_wn, Pn, ﬁn are real functions of £ and Xq only. Note that Pn, ﬁn and ¢n are in fact

defined by eq. (3-9),

We would show these solution construtted from Eq. (3-9) to be a multimonopole

with magnetic charge n.

- 46 -



Multidyon Solutiaons in SU(2) Gange Growr

(1) Monopote.Charge
{Theorem I1I-1) Suppose that (¢n, pﬁ"an) in eq. (3-9) correspond to the ansatz

An. 'Then the Higgs field for the nth ansatz satisfies

2 . n :
by = (A787) = 55 - L 7oy (3-10)
2 -2 ‘ '
— o - 207 (3-11)
e .
(11} Static Properties
From eqs. (2-7), (2-13) we have
At=-a5 oo )
__"- 1 ¢, E': '263 ﬁ
Au_.ﬁ(-o ’ ‘¢,G)

It's clear gauge potentials are static from (Lemma 3-2).

(IT1) The Reality of the Solution

Chooge: _ 0 (rén)'l |
Volys 2y = (o (3-12)
_rg - 4] .
Then ) Ex B | QMe=icxy
| T re" ¢,
oV = _ : -
nn - P e1cx4§f; - o, pn) o
-n n
2 ¢n rg ¢n
Therefore, J Vs hermitian if r is real and
= B - #2Yy = -
v (PP - g2) =1 (3-13)
If Eq. (3-13) is satisfied, the necessary gauge transformation G is given by
= ' -~ =ind
. . Pn -¢ne
6 6= ( ) (3-14)
n n .
“6 AL p
n n

Note that a constant factor (real non-zero) in the definition of A, Ay and therefore

(¢n, pn,'Bn) are multiplied by the same factor, which does not affect potential. Using
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this factor, we cén always choose

r=+ in egs. (3-31) and (3-14) i.e.
---2= 1R
Pn Pn ¢n 1 , {3-15)
and
5 -ing
. Pn 9.8
6 G = ( : (3-16)
n n \ ,
-4 e1nB P
n n

Prasad(15) has been shown take the An ansatz with

n sinh r

k
Ao = E o ——— .
where r: = X2+ X2+ (xg z,)? (3-17b)
z, = UL DI R (3-17¢)
{n-1)1
o4 = ————— o (3-17d)

(k=1)1(n-k)! -
he can obtain a monopole solution of topolegical charge n, i.e. solution constructed from
eq. (3-17) can satisfy eq. (3-13).

{Iv) Nonsingh1ar

From egqs. {3-3), (3-10) and (2-23a) the energy density of the An ansatz is given

by
€q = - —glf V2 72 40 9y dpe- ¢n) o - (3-18)
--Lvemm (3-19)

=

Hence the monopole solutions require Dn is never zero. Prasad has shown that

~ there exist solutions which can be nonsingular by arguments(lﬁ).

{111-C) Real Solution in Yang's ngauge(10):
Yang's K gauge is the gauge which D is a hermitian matrix in eq. (2-7}. In this .

cauge the gauge transformation is
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P +1
1 n
¢k - - (
Pyt P t2 -4, gin
and the gauge potential are
Y . v,
Ay = ('€§‘ sin(n-1)e, 3 cos{n-1)

= (=0 - D cinfpe
A2 (es cos{n-1)a, a3 sin{n-1)8
-{W_+C¢,) (W +Co )
_ n n - n n
A3 = (——----——es sin na, 3
(W_~Co.) (K -Co_)
- n'n , n“'n’ .
A4 (-—-—————es cos nd, —ag— §f
where S = Pn + Pn + 2

. ¢
_$s _my _Sn
K=z 30 - =) - 53

{ 5 -
v - (1+P )3, P - (1+P ) 3, P
n ia

6 ,
Nn ) -g_ B3 |:-_(_s_n)] _:g_ (ﬁn - Pn)

. ('I+Pn) 99 P - (T+Pn) 94 Pn

n [
n
If we let
_ sinh cr_‘-
Ag ___'_‘_r
then we can get
*3
P] = cosh ¢r +'F' sinh ¢cr
- x3 i
P1 = ¢osh ¢cr - + sinh cr
¥ =‘% sinh cr

"‘¢’n- -e-1 né

Pn+1

2N,
8, =5 sing)

n
s ?Ef-cose)

cos n8, 0)

-2N
%)

nne, -z~

n

- 5

-3 (140 )(148 )

(3-21a)

(3-21b)

(3-21¢)

(3-21d}

(3-21e)

(3-21f)

(3-21§)
(3-218)

(3f21h)

(3-22a)

(3-22b)
(3-22¢)

(3-33d)

Substituting eq. (3-22) into {3-21), we can get the Bogomolny-Prasad exact one monopole

solution
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a_ 1, Nop._e -
A" =7 faig v2 [ - Sorerd (3-232)
A= =%% [1 - cr coth cr] | (3-23b)

IV, HMULTIDYON SOLUTIONS

The total energy of the SU({2} gauge theory with a Higgs triplet in the limit

of vanishing Higgs potential can be written as(17)
1 1.3 1
E = IdaxE_ FTJF1J §Di¢ani¢ ?Fo 0 ?DO¢aD0¢a] (4-1)

If we assume A® and #2 are parallel in gfoup space, so that Do¢a = 0 for static

field. Then eq. (4-1) can be written

E = J d? x E%(F? C0Sa €40 D, ¢a)2 +-%(Fg“ - sina D, ¢&)2

+sina 3 k. + cosa M In] (5-2)

L1 n _ .1 a . qmd
where. an Iﬂ =7 E.ijn F'i:] Un— ¢a = an(z E'i,]n F'IJ ¢a) =3 (B ] )

q;
-~
u
=y
L |
k=2

= a = a
a an(FOn ¢a) an(En

B, = 8,2 4, (4-3)

En = Ena $a (4-4)
Then i

[axa, 1, = [ a0 tral? 8, 41, - & (@ (4-5)

J d3x 3 K. = J do {r2[¢ B, ¢]._.}= g—(e) | (4-6)
where q = J dg [r2 En Bl o (4-7)

e = J do [rz # €1 (4-8)
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Multidyon Sclutions in SU(2) Gange Group

If we let ~ng = cosa €44n Dn ¢ (4-9)
Fon = Sina Do, : {4-10)

and choose o as follows

sing = —= , cosy = —3 (4-11)
/qZ+e? VvqZ+el

‘then we get the minimun total energy

E o=

e

yqZ+e? {4-12)

Hence if gauge potential satisfy the generalized Bogomolny's condition i.e. eqs. (4-9) and
(4110), and Aoa,parailel with 92 in group space, then we have minimum total energy.

Furthermore if we assume
AY = - sina ¢, | | (4-13)
‘then eq. (4-10) can be satisfied trivially. This leaves eq. (4-9), which can now be written
9 Fon = % €ijn © F:j : (4-14)
Now we can take eqs. (4-13) and (4-14) as equations of multidyon, since its solutions

satisfy the field equations

v - . b L v :

8 F:v =€ Eabe [pr'fc - (Duq’b)q’c:l (4*15)
H = H .

3 Du({)a = E?abc (Du¢b')A'C : (4 ],6.)

automatically and its solutions possess electric .and magnetic charge.

We found that if we let

A?,'= sinhy ¢'a (4-17a)
¢2 = coshy ¢!i o (4-17b)
where . sinhy = - %— ' coshy = %-#EZ?ET

then eq. (4-14) can be reduced to
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a_1 a _q 2
Bn 2 81‘jn Fij E’FOn
_ -1 a a b,c
sinh v (3 An‘ - 3nA" T € Cape Ao An ]
= ¢’a

which is the Bogomolny's condition.
From eqs. (4-17a) and (4-17b), we can get
a_ .
As” = -sino ¢a

This tell us the problem to find multidyon solutions is equivalent to find multimonopole

solutions. That is if

i i

Aoa sinhy ¢a

t
¢a = ¢oshy ¢a
are the corresponding multidyon solutions.

Hence we can easily write the multidyon solutions in Yang's K—gauge from Eqs.

(1-2) and (3-21)

Vn \[n -2Mn .
A] = (- a8 sin{n-1)a, 7% cos(n-1)8, =5 sing) (4-18a)
Vn 'Vn . ZMn
A, = (- 5g cos(n-1)e, =5 sin(n-1)e, —= cose) {(4-18b)
(W +co ) (W +co )
= n_'m" . n_n
Ay = (-~—~?ﬁ$——-s1nne, =5 cosnd, 0) (4-18¢)
(W_-co ) {W -co )

g = (-sinhy —AE€§~Q— cosnd, -sinhy “‘DEE‘E“ sinng,

I=
1}

N .
2sinhy E%) : {(4-18d}
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(W -co) (W -co)
¢ = (-coshy———gg——— cosnd, -coshy o5 sinne,
N
2coshy 1) (4-18e)

» W, oo are defined in eqs. (3-21) and (3-9). When n=1, we get the Julia-

where S, Vn’ M.

(17)

Zee dyon solution from eqs. (3-23) and (1-2).
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FORCE CONSTANT MoDEL OF CRYSTALLINE HI IN ITs Low TEMPERATURE PHASE

chia-Nan Chang

Department of Electronic Engineering and Technology

National Taiwan Institute of Technology, Taipei, R.0.C.
and
Wan-Sun Tse
Institute of Physics; Academia Sinica,

Nankang, Taipei, Taiwan, R.O.C.

Lattice dynamics of crystalline HI in phase III is studied by using the Born-Von
Kdrmdn force consfant model with five different kinds of interatomic force constants and

the results are compared to observed zone centre (K = 0) frequencies (Raman & I.R.).

Solid HI forms aninteréstingnm1ecu}ar crysta]s, in common with HC1 and Hér,'

has three'phasg(]’z).

Phase I and II are isomorphous to those of HC1 and HBr: in which the
hydrogen atoms are disorded and the unit cell has 4 mo1eque$ in both phases. In the low
temperature phase III, the hydrogens are fully ordéred.. In HC1, HBr and HF, the molecules

form(planar zig-z;g chains. There are 2 moTecules per primitive unit cell and thefspace

12(3).

group.is C,

For HI, however, although the structure has not been completely determined,
it is known that the unit'cell is Iarger, with 8 or more molecules per primitive unit'ceT],

and groups of 4 molecules form hydrogenwbonded square§(4'5).

The point group of this
pseudomolecule (HI), is CAh and standard group theoretical technique; shbws that the external
modes corresponding to pure translations and rdtations are of (Au + Eu) and (Ag + Eg) species
respectively. It also shows that the Ag, Bg and Eu species involve motions within the
molecular plane while Au, Bu and Eg are species involving but-oféplane mofions. The activities

of the fundamentals, except pure translations and rotations, are as follow:

Raman active modes: 3Ag + 4Bg + Eg
Infrared active modes: Au + 3Fu

Inactive modes: 2By
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In this paper, a simple model of crystalline HIl has been developed using the
ydrogen honded squares described in reference 4 as the basic building blocks of the structure.
he planar sguare consists of four molecules as shown in Figure 1. The z-axis corresponds to
he crystallographic z-axis. In this model, interactions between atoms in different squares
ere ignored and interatomic interactions within each square were. described by the four force
anstants as 1nd1cated in Figure 1. The fifth, &, represents a bending constant, giving a
estoring force proportional to the perpendicular displacement of a hydrogen atom from the
ine between adjacent iodine. Assuming the Axjally-symmetric force constants(s), o, B, ¢
atween each atom to its first and second-nearest neighbours, and the central force
Jnstants(7) ¥, & between each atom to its third and fourth neighbours, the equations of
stion for the eight independent atoms in the x, y and z directions, relating the five
1teracting force constants, establish a 24x24 dynamical matrix. The length parameters a
nolecular bond) and b (hydroggn bond) were obtained'frqm the Titeratures(}’s). A1l force
nstants were then adjusted to give optimum agreément between the observed(s) and the
ilcutated frequencies. This involved diagonalization of the d}namida] matrix on a VAX
1/780 computer using the Jacobi rotation method. The eigenvectors were also found and
1ese allowed assignments of the observed frequencies to be made.

Some physica] arguments, as follows, are used to assist ih the determination of
wme of the force constants. (a) The stretching freguencies of HI in the planar structure
Imost totally depend on combinations of the force constants o« and 8. The appropriate -
1lue of B is obtained by fitting the external in-plane translafiona1 frequencies due to
1e fact that the molecules HI transiate in the plane is determined mogtly by'B as seen in
igure 1. In turn a value of o can be found and checked against the gas phase va]ue(g).

») The splitting of the internal stretching frequencies and the lattice librational
‘equencies within the plane depend mostly on y and ccmbination of vy, § and € respectively.
1) The out-of-plane libration depend on & since only the & force constant is involved in

1e z-direction.

The optimized values of the force constants and a comparison 6f the observed and
\Tculated frequencies are listed in Table 1.. Since cdup1ing between squares of {HI), is
xglected, the number of calculated eigenvalues -is less than thelnumber of observed
‘equencies, and so some of the latter wefe grouped, as indicated.l From Table 1, it is

.en that the stretching, in-plane 1ibrational and in-plane translational modes are quite
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w1l fitted, because the in-plane motions are less likely to be significantly influenced by

the inter-square forces. The agreement is not as good for the out-of-plane 1ibrations, which
is due to the neglect of 1nter-b1anar forces between squares. Note that the pure translational
ind rotational modés are not identically equal to zero because of the round-off errors

sroduced during the diagonalization procedure. If jnter-planar forces were induced, additional

low frequency modes would occur, as well as further splittings of the higher frequency modes .

The model adopted in this calculation for solid HI shows generally good agreemeni
yetween the observed and calculated freguencies suggesting that the forces between molecules
in different squares are much smaller that those between nearest neighbours in the same
square. A comprehensive Tattice dynamical analysis and assignment of 311 of the observed

features will not be'possibXe until the crystal structure is more completely determined.
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Table 1.

Experimental (Ref. 8) and calculated

frequencies {cm™*) for solid HI.

Frequencies {cm™")

Observed Calculated Activity Assignment
. 0.24 _ Eu
' }T(HI)«
_ 0.03 N Au
N 0.02 . Eg
}L(HI)L.
. 0.24 . Ag
— 0.006 ___ Bu o/p T
26 ! |
iy 15 R Bg
50 ) 54 IR Eu bifp T
' 55 54.5 Ag
. 58 } R Bg /
174 Bu.‘
136
169.5 } 174.5 R - Eg to/p L
188.5
207 175 IR Au )
235.5 231 R Bg~
253 256 IR Eu bi/p L
254 j _
334 } 340.5 R Ag
374
2108 214 R Ag |
2125.5 2121.5 IR Eu }i/p §
2129 2129 R Bg
Optimized force constants: o = 2.525x10° dynes cm "
B = 0.111x10° dynes cm*
Yy = 2100 dynes.cm'l
§ =1800°  dynes cm®
£ = 600 dynes cm

R - Raman active; IR - Infrared

i/p ~ in plane; L - libration; T - translation; S - stretching.

active; o/p - out of plane
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- =K

Figure 1. Geometry of the force constant model
for solid HI (Phase III)
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LATTICE VIBRATICNS OF SOLID HYDROFLUQRIDE ACID

Wan-Sun Tse
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and
Chia-Nan Chang
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Lattice dynamics calculations on the solid hydrofluoride acid
are presented. It -is found that a six interatomic force constants using
the Born~Von Karman model is capable of giving acceptable values of the

zone center frequencies.

I. INTRODUCTICN

Sqtid hydrofluoric acid is an interesting example of a simp]e‘m01ecular crystals
which has been the subject of several experimenta1(1_5) and theoretical studies(s-s). There
are no known phase transitions in the so11d'state, and the crystal structure is ordered
orthorhombic with space group Cli (Bbzlm)(g) forming the hydrogen-bonded zig-zag chains,
which is characteristic of all members of the hydrogen halide family at low temperatures,
except for HI-DI. There are two molecules in the primitive unit cell and neighbouring zig-
zag chains are para11e1, resulting in a polar structure. The three dimensional structure

of those zig-zag chains is shown in Figure 1.

From the correlation diagram(z) we Enow that the lattice and stretching vibrations
for k=0 of this crystal is classified into twelve non-degenerate normal modes in accordance
with their symmetries. There are three translational (A1+Bl+A2) and four librational modes
(A1+81+A2+Bz) corresponding to the external motions of rigid molecules. There are also
two stretching modes (A1+Bl). In this paper, we describe lattice dynamics calculations

based on the Born-Von Karman model, using the harmonic approximation. Parameters are
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adjusted to attempt to interpret those normal modes of vibrations obtained from spectros-

(1)

copic techniques in terms of such a simple force constant model.

II. LATTICE DYNAMICAL MODEL

The calculation of phonon frequencies requires a detailed knowledoe of the
potential function 4 for the crystal. Within the harmonic approximation the potential
energy of the three dimensional zig-zag chain crystal can be written as

1 2.9 g )
] (k) u (k) * 7 z ¢Ot{3(k’k') UB(k') ua(k) (1}
. where aa(i) is the a-th component of the displacement of the 2-th one of the k-kind atom.
When the differentials are evaluated at the equilibrium the equations of motions are then

L.

Mou () =- ¢a8(k,k.)u3(ﬂ:) 2)

23k,8

The lattice dynamical calculations then follow a standard procedure and we can obtain the

. mass reduced dynamical matrix whose elements are given by:

e Lot ke[ - F(EI
DaB(k’k'!k) - oV E. Q[Jc:LB(k’k')>< & k k
k''k!
kl

The eigenvalues of the dynamical matrix D are the squared frequencies of the
phonons, w2(k), and the matrix which diagonalises D is the matrix of phonon eigenvectors.
The problem of obtaining the phonon frequencies and eigenvectors at long wavelength

limit, k<<1, then consists of constructing D and diagonalising it.

In this three dimensional interacting model, interaction between adjacent
z{g-zag chains were considered to their nearest neighbors. The model is outlined in
Fig. 1 where all ;he force constants are shown. We limit the range of interaction of each
hydrogen atom and fluorine atom to their fourth-nearest neighbors in each planar zig-zag
chain structure. Assuming both the central force constants «, B and axially symmetry
angular force constanﬁ(10) § between each atom to its first and second nearest neighbors.
(Since there are strong covalent bond and hydrogen bond between them), while only central

force constants vy, €. n between each atom to its further nearest neighbors, we have the
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following dynamical

in dyadic forms}.

Let P =

(0,0,0)

Lattice Vibrations of Solid Hydrofluoride Acid

matrixes of interaction for the four atoms in one unit cell. (expressed

a2+b2+2absing X = (a2+b2)(1+sin26)+4absine
(a+b)2+2a{a+b)}sing+a? V = a+(a+b)sing
(ath)+asins R = d2+b2-2bdsind+c?

2abcose+{a2+b2)sindcoss

(0,0,00,  (0,0,0) (0,0,0)
0 )=l 0 50
F F H
= - [(31 + kk) 6 (53) + 33 (@)
(0,0,0) +{0,0,0) (0,0,0)
T B G B
F F H o/
= - [(11 + kk) 8 G2 + 33 (8)]

(0,0,0)- (0,0;0) (0,0,0):
: s _ (0,0,0).

A AR

- (LT (az#b2)coszo 433 (x) - (13+37)(W)]

{0,0,%1) (6,0,0) (0,0,27)
1 o) ( 1 H 0

F F H

An A

- % [?g(dzcosze) + 33(%"-b)2 + EE(C?) + (1J+1(d)

An AN

(@ -b)eose = (kski)(c)(d)coss = (GkkI) () (- )T

(1,1,0) (0,0,0)  (-1,-1,0)
1 )-c:»( T

F - F H ! _

oA

- () (@coss + §i(e)() - (13437 e) () (asbeose]

(0,0,0) {0,0,0) (0,0,0)
) e ()
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“ R o . b
= [11(acosze+6(325)s1n?e) + JJ(as1nze+6(3¢E)cosze)

(0,0,0)  (-1,-1,2T)
Cbk 1 H O =9

= -% [??(d-b)zcosze + 33(d+b)zsiﬁ28 + kk(c?)

AA AA

(1j+j1)(%d(dz-b2)singe

<+

AA AN

{ik+ki}{c)(b-d)cose

I+

H

(5k+k3) (c) (b+d)sine]

—
I}

- [ii(scosze+6(5%5051nza) + jj(Bsin29+6(E%E)cos?e)

g N .
+ kk(z5%) - (1J+31)(%&(B - ﬁ%%)sTnZBJ
Here different superscript {i,j,k} in each interaction matrix represents the different

‘unit-cell at various position as shown in Figure 1. The distances corresponding to

each force constant and the structural properties(7) are follow:

o :0.97 A a =0.97 A
8 : 1.53 A b =1.53 A
y : 2.183 A c=1.71A
n: 2.9024 A d=2.70A
£ 3 3.101 R 8 = 30°

A1l other matrixes that are not Tisted are zero matrixes.
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111, RESULTS AND DISCUSSION

The equations of motion for the four independent atoms in the x, y and z
directions, relating the six interacting constants, estab1ish a 12x12 dynamical matrix
as discussed in previous section. All force constants were then adjusted to give a good
fit of the observed Brillouin zone centre mode frequencies determined from available

(1) (2)

Raman and infrared data with the calculated frequencies. The calculations involved
diajona]ization of the dynamical matrix on a VAX 11/780 computer using the Jacobi
rotation method and the assignment of the symmetry of each mode was made by studying the
transformation properties of the eigenveqtérs of the dynamical matrix and compared with

experimental values.

The optimized values of the force constants and the results of the calculations
as compared with the experimental values are summarized in Table 1. The calculated
translational mode fkequencies for two of the three modes (A1 énd Bl) are in good agreg-
ment with those from experiments. The calculated low freqﬁency A2 translatiohal mode
differs by a 49% deviation from the experfmentai value (85 cm™? compared with 57 cm'l).
However, this is a much better result cdmhared with the previous two-dimensional model
calculations on hydrogen ha]ide(s) (121.5 cm™ ' compared with 57 cm'l)‘because in this
three-dimens%ona1 mode]l inter-planar forces are included. This surprisingly low frequency
for such a light melecule (thé comparable modes for Hcf and HBr are at 61 and 45 cm™ !
respectively) is an indication of rather weak interplanar forces. From Table 1, it is
interesting to note that the Al iibrétiona¥‘m6de1 freduency only differs by a 1.6%
deviation compared with a 21% deviation using r%gid melecular Lennard-Jones potential
calculation ) and 9.16% deviation using planar zig-zag chain model‘®). - Besides, the two
stretching (Al and Bl), Bl in plane librational and'twp out-of-plane librational modes
(Al‘and Bl) are quite well fitted. The overall agreement between. the calcu1ated'and
observed frequencies are good {average deviation & 9%). Note that the acoustic modes are

not idehticalTy equal to zero because of the round-off errors produced during the

diagonalization procedure.

The three dimentional model adopted in this calculation is reasonably successful
in lattice dynamics calculation of solid HF and shows good overall fitting between the

observed and calculated freguencies. The optimized force constants indicate that the
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forces between molecules in different chains and different planes are much smaller than

those between nearest neighbours in the same linear chain.
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Table 1. Observed and calculated lattice vibrations of

solid hydrofluoride acid.

Frequencies (cm~1)

Assignment Observed(1)(Raman) Calculated
18K ‘

A . 0 0.073
B, Acoustic 0 0.225
B, | 0 0.371
A (o/p)T 57 85

A (i/p)T 187.5 _ 198
B (i/p)7 363.5 324
A (o/p)L : 548.5 528.5
8, {o/p)L 569.5 535
A (i/p)T 742 730 -
B, (i/p)T 943 998.5
A (i/p)S - 3045.5 - 3090.5
B, (i/p)s : 3386 3305.5
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Lattice Vibrations of Solid Hydrofluoride Acid

Force constants for HF (10° dyn/cm)

o 4.970 8 0.040
8 0.405 € 0.055
Y 0.290 n 0.17%

o/p, out of plane; i/p, in plane; L, libration; T, translation; S,

stretching.
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The three dimensional structure and force constants of solid hydro-

fluoride acid.
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LATTICE DYNAMICS OF THE HYDROGEN HALIDE CRYSTALS

Chia~Nan Chang
Department of Electronic Engineering and Technology
National Taiwan Institute of Technology, Taipei, R.0.C.
and
Wan-sun Tse, Li Chang
Institute of Physics, Academia Sinica

Nankang, Taipei, Taiwan, R.0.C.

A lattice dynamical model for three of the four hydrogen halide
molecular crystals in their low temperature phase III has been investigated
by using'the Born-Von Karman model with different interatomic éérce
constants and the results are compared to observed zone centre (ﬁ = 0)
frequencies (Raman). This simple model is alsc used to estimate those

hydrogen bond strengths in different crystals.

[. IMTRODUCTION

Solid HC1, HBr and HF form an 1ntergsting group of isomorphic molecular crystals
which has been the subject of several expefimenta] and theoretical studies; "The phase
temperature diagram for the hydrogen and deuterium halide is shown in figure 1. HC1 and
HBr have 3 solid phaseg. Phase I and II-show orientational disorder, while phase III is
order. In HF the interﬁo]ecuIar binding is stronger than in the other hydrohh]ides.
Molecular aggregates form in the gas phase(])_ In constrast to the other two halides,
there is no phase transition in the solid phase, the molecules condense directly into a
structﬁre, which corresponds‘to the low temperature structure of HCI and HBr. In this Tow

. . 2 3 k]
temperature phase, the crystals have ordered orthorhombic structures( 3 4).1

The molecules form planar zig-zag hydrogen-bonded chains, with two molecules in
the primifive unit cell on sites of CS symmetry forming space group Céﬁ (Bbzl J. The

structural properties of those zig-zag chain are listed in Table 1.
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Standard group theoretical techniques shows that there are three translational
(A1 + B] + A2) and four Tibrational modes (AI + B] + Az + BZ) corresponding to the external
motions of rigid molecules. Theré are also two stretching modes (AT + B]). A1l of the
nine optically active modes are active in Raman scattering and, except for two A2 modes, are
also active in infrared absorption. It is the aim of this work to attempt to interpret
these normal modes of vibrations obtained from spectroscopic techniques (5,6,7) in terms of

such a simple force constant model and to estimate those hydrogen bond strengths in those

three crystals.

FI.  MHODEL CALCULATION

Assuming that the vibrational motions of each atom in the Zig-zag chain are
harmonic, the equations of motion of the nth one of the k- kind atom are
feoly o 2.2 2!
Mol = - B gl s kgl )
where ¢ B(k k.) is the negative of the force exerted in the a-direction on the atom ( )
when the atom (k,) is d1sp1aced a unit d1stance in the g-direction, all other atoms being

kept at their equilibrium position.

- If we choose, as a solution to equation (1}, a function of the travelling-wave

form

; HE-R()ut)
u o) = ) (Bye KT (2)

a0
kWe find that

.Ql
2y i LR ]q ( ( )r(kl)
zuqo(k) = " E' (Mk kl) _%B(ksk.) e Bo(kl) (3)

3 !B
In the long wave length 1imit, i.e. g- ?(2) F(i:) << 1, and for nontrivial

solution of (3), i.e. uBo(k') # 0, we have the following secular equation

. 1-% .8 -
(Mkmk') X E- R ¢aB(k ! k') mzaacakk' =0 (4)

In this planar chain model, interaction between adjacent zig-zag chains were
ignored if compared with intramolecular forces. The model is outlined in Figure 2 where
211 the force,constants are shown. We limit the range of interaction of each hydrogen

‘atom and halogen atom to their fourth-nearest neighbors. in each planar zig-zag chain
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Assuming the axially-symmetric force constant

Lattice Dynamics of the Hydrogen Halide Cryste

(8)

b}

a, B, 6 between each atom to

its first and second nearest neighbors, and the central force constant(g) v, € between each

atom to its third and fourth nearest neighbors, we have the following matrix of force constar

between various pairs of atoms.

Let P =a2 + b2 + 2absing X = (a2 + b2)(1 + sin28) + 4absine
Q = (a+b)2 + 2a(ath)sing + a2 v = (a) + {ath)sine
U= (ath) + asin® M=F, Cl, orBr
W = 2abcoss + (a?+b?)sin6cose
{a2+b2)cos2p -W 0
01y _ 1.0y _ /oy, _ : ’
¢(H’H) ¢(H’H) ( p) W +X 0
0 ] 0
-5(z25) 0 0
o(Qs0) = o) = | - 0
_ b
0 0 -85
. (-8(335)- gla+b)2cos?8) g{V)(asb)coss 0
Jdy _ - £ £
¢(H’N) = ¢'(N H) a(a“'b)(V)CDSe - ’Q'(V)Z‘B 0
a
0 0 -G(E:E)
o= (%(a2+b2)+%(a+b)2)cosze+6 - %{H) —%{V)(a+b)cose 7
0.0 , € LY £
$(y3p) - %(N) - g{V){a+b)coss +cz+B+§(>_() gty )
0 0. g
¢(L23) -(B-+%5—cosze 5( 29p5)51n2e f(B a+b)s1n28-+Q(acose)(U) 0
= ¢(g;a) = |4{B- 63;EJs1n29+t§(acose)(U) ~Bsin2e 'TE?ETCOSZB'_ Q(U)? 0
0 0 —G(a"'b
¢(L;;) -aCDSZB 6(———051n26 (Q'GTEEET)Sinze 0
1.0, L b X . . b
¢(N,H) = &(a-613157351n26 -as1n?6—5(315)cosze 0
0 0 (a+b)
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[(o#g)+d (a24b2)+ Fa?lcos2o+8snzo  [1(8-a-8)sin2o- £ (U)(acose)-(1)(H)]

#lsp) = [H(8-B-a)sin2s - £(0) (acoss) - T(u) c'u+s)sin§e+acoszé'+-g(U)z+3p£(x)

0 0

5(Qi§§%ﬂi§)+(3+ %'az)cosze —i( a+b)s1n29 &%acose) 0

N ’N } = A-}(B-'d-a—fs)sinze— EQE(ECOSG) (a+Bsin2e )+ (U)2+G( )COS 8 0

0 - 0 §
iafbj(a+b5‘in28)+(a+ (a'i'b)Z)COSEB i(u Gm‘)s"nze-—(a*'b)(\l)cose) 0

0.0, (oo € e _

(N1’N1) = -i(a-63;5)51n28 q (a+b)(V)cose B+6(E;Bdcos?s+-q(V)?+a51nze 0
0 0 5

A1l other matrixes that are not listed are zero matrixes. In the Tong wavelength 1imit, g

0, we have the following 12x12 symmetric secular equation with Aij‘= A.

ji
(Appmw2l) A Ay Mg
g (Rppmw?l)  Agg T (6)
Ay Ap  (Agg=e?l) Ay
1 i
where Ass " (H H) is an 3x3 matrix w1th 15i, js2
Aij = ﬁh— (N N) is an 3 3 matrix with 334, js4.

(N = F, C1, or Br)

Ajs = —= (}s)) 1s an 3x3 matrix with 1sis2, 3sjsé
IOMM

iy .
The elements in each diagonal submatrix of equation (6) are defined as follow

1",i) - w26 k=NorH

T
(Ajj-wl)yg = 3 a8

og T W fasticik

The equations of motion for the four independént atoms in the x, y and z directit
relating the five interacting force constants, are set up and a 1212 dynamical matrix is

estiblished as discussed above. This is diagonalized on an VAX 11/730 computer using the
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Jacobi rotation method, and the eigenvalues (giving normal mode freguencies) and eigenvectors
(atomic amplitudes) are calculated. Since the in-plane motions are less 1ikely to be s}gnifi—
cally influenced by inter-chaiﬁ forces, the force constants are varied to give a best fit witk
these frequencies. The 6ptimized values of the force constants and a comparison of thé
observed and calculated frequencies are iisted iﬁ Table 2. In Figure 3 the vibrational dis-
placements for K=0 5n-p1ane and oﬁt-of-p1ane motions ¢ F HF, HCT and HBr (samerstructure) are

reported qualitatively.

111, DISCUSSION AND CONCLUSIONS

Some physical arguments are used to assist in the determination of some of the force
constants:

(1) The stretching frequencies mostly depend on combination of the force constant o and 8.:
The appropriate valué of 8 is obtained by fitting the external inp}ane translational
frequencies due to the fact that thé molecules (HBr, HC1 or HF) translate in the plane
is determined chief]y by B as seen fn Fig. 2; _

{2) The splitting of‘fhe internal stretching frequencies depends on y.

{3) The lattice librational frequencies within the zig-zag plane depend on the combination
of vy, § and =.

{4} The out-of-plane libration depend on & since only the & force constant is involved

in the z direction.

From Table 2, it is seen that the stretching, in-plane librational and in-pliane
translational modes are quite well fitted. The agreement is not as good for the out-of-plane
librations, wﬁich is due to the fact that only a & bending force constant is introduced.

Note that the pure translational modes are not iden;ica11§ equal to zero because of the round-

off errors produced during the diagonalization procedure. The optimized force constants

show some interesting trends: 7

(1} @, representing the molecular bond, for HC1 and HBr differs from its gas phase value by
-12 or -13% while the change s nearly -44% for HF. _

(2) B, representing the hydrogen bond, is much larger for HF than it is for HC1 and HBr
which is consistent with the large changes mentioned above for «, i.e. production of a
Strdng hydrogen bond weakens the molecular bond between the hydrogen and fluorine.

(3) v, 38 and ¢ again have much larger values for HF than for the other hydrogen halides
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reflecting the strong bonding between molecules.

The mode]l addpted in these calculations for solid HC1, HBr and HF shows generally
good agreement between the observed and calculated frequencies suggesting that the forces
between moiecules in different chains are much smaller than those between nearest neighbours
in the same 1inear‘chain.- A completely acceptable model, however, is unlikely until a

satisfactory‘representatjon of the hydrogen bonds is found.
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TEMPERATURE (K)

Lattice Dgnamics'of the Hydrogen Halide Crystals

Table 1.

Properties of the phase [II crystals

HF(4. 2K} BC1 (77.4K)
Molecular Bond
: . . 0.97 1.275
Length a (A)
Hydfogen Bond
. 1.53 . 2.413
Length b (A)
Angle ¢ ) 120.1° 93°%31
(o=¢-90)
H F DF "HC! D CI
- 1896 15849 1584
. I ‘
120 + .
: H
110 4+
i N -1
100+ 1
90 4.
80 +
By It
70 4 '

HBr (84K)

1.414

2.513

91°48

H Br D

Br

1863 1856

Ii.

[- -
1

Figure 1. Phase-tempefature diagram for the crystalline HF, HC1 and HBr.
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Table 2. Calculated frequencies and force constants for solid HF, HCT, HBr,

in phase III (em™))

HF HC1 HBr
. Assignment

Cal Exp - Cal - Exp Cal Exp

A, 0.08 o 0.07 0 0.09 0

Acoustic(B, 0.22 0 0.71 0 0. 95 0

| B, 0.37 o 0.75 0 0.97 0
(o/p)T A, 121.5 57 28.5 61.0 18 45.0
(i/p)T ':Al 199 187.5 94 88.5 65 61.0
(i/p)T B, 334 363.5 103.5° 114 69.5 75.5
(o/p)L Ay 543 548.5 178 ‘141.5 - 165.5 147
(o/p)L° B, 556.5 569.5 180 223 166.5 209
(i/p)L .Al 674.5 742 300 336 272 297
-(A/p)L B 950 943 444 - 409 393 376
(1/p)S A, 3089 30455 -2706.5 2697 2399 2395
(i/p)S B, 3313 3386 2728 2741.5 2417 - 2431

Optimized force cohstapts: {(in units of 105 dyne/cm)

B HC1 HBr
a 4.970 4,135 3.273
B 0.345 0.095 0.102
Y 0.30 ©0.040 0.029
8 0.175 - 0.0188 0.0163
e 0.160 0.032 0.027

o/p, out of plane; i/p, in plane; L, libration:

T, translation; 8, stretch.
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Ficure 2. Geametry and force constants of‘phase IIT solid HF, HC1
and HBr adopted in the calculations described in this
paper. Empty circles are atoms in the plane z=0, the
circles with crosses inside are atoms in different plane

paraliel to z=0.
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(1/p)S B J 1/p)T By j
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e
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(o/P)L A, Acoustic 4 ®
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Figure 3. Zone centre normal modes of a single chain of solid HF, HC1

and HBr derived from a five-parameter force constant model.



IMPULSIVELY STARTED VIScous FLow OVER A ROTATING
CIRCULAR CYLINDER

Lai-Chen Chien and Ching-Shang Chen
Institute of Physics, Academia Sinica
Taipei, Taiwan, 115,

Republic of China

The impulsively started flow of an incompressible viscous fluid over a circular
cylinder with circulation is studied. Because of the impulsively sfart, there is a singularit
at time zero plus. The aceurate solution in the neighborhood of the singularity by the matche
asymptotic expansion to the second order is extended to the third order. Then the viscous
layer considered analytic solutions are employed as initial conditions for numerical
integration to obtain the solutions for farger time. The finite difference scheme adapted
for the vorticity equation is the hopscotch method and that for the Poisson equation is the
direct method. The time development of the flow properties, 1ift and moment coefficients

are obtained and plotted.

[. INTRODUCTION

Investigation on the flow over .2 rotating cylinder has been carried out by a
number of scholars for over a century. It is well known that the Tife induced by a stream
of inviscid fluid perpendicular to a rotating cylinder is prF, where U_ and T are free

(1)

Stream velocity and circulation respectively. As reviewed by Swanson''’, the existing
literature on the Magnus effect is investigated. However, the thegretical understanding
Is not yet very complete in investigating the flow properties, and in predicting the 1ift

Over the cylinder because of the great difficulty encountered in the problem.

Viscosity effect plays an important role in the problem of an impulsively

_3tarted flow over a rotating circular cylinder. The impulsively start flow will induce

g}ﬂ Infinite acceleration at the very beginning of the motion. And there exists a
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singularity at the time of zero plus. The accurate solution in the neighborhood of the
singularity can be obtained either by developing an analytic solution or a series soluti
for smali time(z). The computation can then be continued with the aid of suitablie numer

method 37,

In this study, the viscous layer considered analytic solution for the flow fie
obtained by the inner-outer expansion to the second order by wang(4) is extended further
the third order as initial condition for numerical solution. The hopscotch method(s) is
described to integrate the vorticity equation. And the Poisson equation relating the
stream function and vorticify is solved by direct method. The time development of the f
properties such as flow patterns, vorticity distribution over the cylinder surface, the

Tift and moment coefficients are obtained.

II. FORMULATION

Consider a circular cylinder of radius ro has been rotating in a viscous fluid
And an impulsive cross flow with constant velocity U_in the direction of the front stagr
point is applied (Figure 1). We assume that the fluid properties are constants and the

body force is negligible. The Navier-Stokes equations for the fluid motion can be expre

in the form of vorticity equation

Bw . 1o rdy 3w W dwq _ 1 % 1 A
Ty vt Gty

where the terms have been normalized using radius of the cylinder, and the velocity of t
free stream. The Reynolds number is defined by Re = Dxro/u, in which v is the kinematic

viscosity. Vorticity and the stream function are related by the Poisson equation

a2 1oy . 1 3% _
5‘* Fraet F"ﬁﬁ* W

"
The velocity components in the radial and tangential directions are defined as

-1 - 3
Up T 38 0 Ya T -

i

Fig. 1. Polar coordinate system.
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Impulsively Started Vircous Flow Over A Retating Circular Cylinder

since it is desirable to-haye a finer mesh near the surface of the cylinder and coaser ones

far away, modified polar coordinates system is used to study this problem,

E=1Inr ,and 8 = B (4)

The above defining equations then can be rewritten as

2 2
oo (20 3+ S5 - H e G 0 ®
2 2
%F;H} * _%lg = exp (28)w | o
, \ o
u, = - exp (-€) % o
ug = + exp (-g) %% -

The nonslip condition at the cylinder surface gives the boundary conditions

W1 = P T .@yJ—.= ‘q. = (I "‘l. - .- - N .
9= 0, ug’= 5= 8y when £ 2 05 - 3 . - (8)

where constant é is the ratio between the peripheral velocity Us and the free stfeam

' velocity Um.' The boundary conditioﬁ for vorticity at the surface can be direc. y derived
from equation (6), and ndn—slip condition (8). Using central difference for space
derivative, equation (6) becomes

L I T Wi A £ (A P B )
w o ag? 282

whera subscript w refers grid point on the'ﬁ§i1 and i, the ji-th grid in the 8 direction.
The factor, exp {2£), is equal to 1 at the cylinder surface. The second term on the-
right hand side vanishes since ¢ is a constant along the surface of the cylinder.

Furthermore, equation'(a) implies

wﬂ_’iyjl_'_?i_ﬂiw : (10
8 2AE
Viw-1 = Viwer T 2088 a

Thus, the vorticity on the surface of the cylinder is

- AEB) (12

2(¥4y 4
Yiw = ﬁ52
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The flow far away from the cylinder is irrotational. The boundary conditions at far
field are

glnr + rsing, {13)
0. (14)

<
1]

=
n

IIT, NUMERICAL METHODS

Let n denote the number of time steps and AT the size of time increment. The
scheme for advancing the solution from time nAT to time (n+1)AT consists of calculating
new values of the vorticity, mzfi at all grid points via the vorticity equation (5) by
finite-difference approkimation, with the boundary conditions, the values of vorticity

W ; and the stream function wz ; from the previous time step.

r

The treatment of the ﬁértia] differential equation of parabolic type is generally
performed using explicit or implicit finite-difference method. Hopscotch method developed

by Gourlay(s)

» 15 3 to 4 times as fast, per computational step, as Peacemen-Rachford
alternating direction implicit method. The scheme was also adopted by investigators in
recent study on fluid dynamics(ﬁ). "The efficient numerical method is employed to solve

the vorticity equations.

Hopscotch method is used to compute the vorticity at the new time step. The
method divides =ach time step into two sweeps of the mesh. In the first and subsequent
odd-number time steﬁs, the points with i+] equal to odd are calculated based on the
current values of neighboring points. For vorticity equation (5), the new values of

vorticity are given by

1 wn, . wn wn - wn l‘Jn wn
n+l,_ n A - A 3 i-1,§ “ij+l 14~1 i j+1 T Y1 4-1
w3 T wy,y el exp (26, O 7A8 DAL * TAE
n n n n n he} L3 I
w Y . W, L+ ow, .- 2w, ., " +w - 2w
ivd, g i-1,j 1p_i+l,3 i-1,3 i i3+1 ij=1 i
288 1+ et Xk + AEZ 1,
for j+i = odd “{15a’

For the second sweep at the same time level, the points (i+j) equal to even are calculated

using the new values of the neighboring points obtained in the first sweep:

- BQ -



Impulsively Started Vircous Flow Over A Rotating Circular Cylinder

n _ g n+l 0+l n o n
W oWt e aToexp (26, [ - wi+1'j wi-lj Ziger ~ Bigo * wifj+1 - wi'j'l
‘i3 i,j i, 246 2AE 2AL
uJn+l _ mn+1 mn+l n+l - 2mn+l UJn+1 _ wn+l n+1
i+l i-l,j] + 1 [ ivl,3 ¥ Yio1,9 i,j _ _&,341 i,9-1 mi,j3
248 Re A8° AE” '
for i+j = even ) (15

The first sweep consists of forward-time-central-space differencing for (i+j) odd, while
the second sweep is fully implicit in the sense that the new values are reguired at
(i, i), (i£1, ), and (i, j£1), but this implicitness involves no simultaneous algebraic

solutions.

During the past ten years, one of the significant trends in computational fluid
dynantics is the usage of direct methods to solve the Poisson's equation. It has become
incregsing popular to solve equation by direct than iterative methods Temperton(7). New
values of stream function are computed for all grid points by -using central finite differe
approximation of the Poisson equation (6), boundary conditions and the new values of
vorticity. The numerical method for solving the elliptic equation is the accurate directe

method proposed by Ogura(s).
V, INITIAL CONGITIONS AND COMPUTATIONAL PROCEDURE

The numerical solution of the problem considered is an initial-boundary value
problem, Besides the boundary conditions described in above section, the initial values
of stream function and vorticity distribution over the field considered must be known

in order to carry out the numerical integration.

(4)

The stream function over the flow field for small time was obtained b} Wang
by the method of asymptotic expansion to second order. Although his work is conceptud11y
sound, he did not carryout enough terms in expansion to describe the flow pfoperties
accurately. In this study, we extend the solution obtained by wang(4) using the method

of asymptotﬁc expansion to the third order. The tangential velocity is
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ug = w(r, 8, t)/or = /r + {1 + 1/r2 - 2 erfen + 4/T/{wRe) [1/r2 + 3va/2nerfcr
- exp {-n2)}sine + 4T{f(n)sine + B8[n/v/w exp (-n2) - n? erfen]lcoss
- AT/T/nRe {2(4/2Z/3 - 1 - 4/9m)(1/r3 - 1)sin28 + [{1/r2 - 1y/3 -
2vml(n)JBcosa) + 8T2[282F(n) + N{n) cos28 + G{n} sin28] + T/Re [1/r2 -
(16n2 + 1) erfen + 137/ exp {-n2)] sing + 1682T2K(n) + 4T/T/Re L{n)sin2t

+ BAT2M{n )cos26 (Tt

where n = (r - 1)/2/at is the stretched variable, and f(n), F(n) ,&{n), I{n}, K(n), L(n)

and F(n) are poTynomia] of error function and exponential function.

Integrat%ng the above equation, one gets the stream function. By equation (2)
we have values of vorticity at every interior grid point for the given Reynolds number

‘and time.

Numerical integration of equations (5) and (6), carried out according to the
following steps:
(1} Time is stepped by AT and new values of vorticity are computed from
equation (15).
{2) The new values of stream function y using direct method.
(3} Compute the values of the vorticity on the cylinder surface using
equation (9).

The above procedure is repeated for subsequent time.steps.

VI, COMPUTATIONAL RESULTS

Comparing analytic solution with numerical solution, we find the flow patterns
are very similar to‘each other at T < 0.5. The values of stream function of the analytic
solution agree-with numerical one to three significant figures for T < 0.2. The case
of Re=100, g=1, the initial conditions for the computation are the stream function and
vorticity at T=0.01 obtained from analytic solution. Because the analytic solution only
valid for Re >> 1 and T << 1. We plotted the flow patterns of analytic solution at
T=0.01 and T=0.2 only (Figure 2a, 2b). At T7=0.01, the effect of viscosity is still

little, the flow pattern is symmetry and is very similar to that of potential flow. As
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time increasing the flow pattern will not symmetry any more because of viscosity and rotation

of the cylinder.

At T=0 plus, the velocity discontinuity at the cylinder surface creates infinite
vorticity at the cylinder surface. As time increasing, the vorticity of the cylinder surface
continuously diffuses into the flow field and the vorticity at the cylinder surface decreases
with time. We can see the diffusion of surface vorticity in Figure 3. The surface vorticity
distributions at T=0.1, 0.2, 0.3 also have been plotted. We may see from Figure 3 and 4 that
the streamlines of the upper part doesn't obviously change when time increases. While the
streamlines of the lower part gradually been pressed and leaving the cylinder for the sake

of viscosity and rotation of the cylinder.

The flow patterns for larger time are obtained by numerical integration, and are
shown in Figure 4 at T=5.0 and 10. The vorticity diffuses away from the boundary. The
change. of surface vorticity distribution at the cylinder surface at moderate time is shown
in Figure 3b. The surface vorticity decreases and diffused with time, and the difference

of surface vorticity between T=5 and T=10 is very small.

=
Liooe

(a) (L) -0

Figure 2. Flow pattern at Re=100, 3=1 for {(a) T=0501, (b} T=0.2 (Analytic solution).
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Figure 3. Vorticity distribution on the cylinder surface at Re=100, g=1,
(a) small time {analytic solution), (b) moderate time (numerical

solution).
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Figure 4. Flow pattern at Re=100, g=1 for (a) T=5.0, (b) T=10.

Figure 5. Flow pattern at Re=500, g=1 for T=10.0.
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Figure 6. Lift coefficient.

Figure 7. Moment coefficient.

The developments of flow pattern of Re=500, g=1 at T=10 is shown in Figure‘S.

The streamline is of the same direction of the rotation of the cylinder at the upper part
of the cylinder, while the streamlines at the Tower part have opposite direction with the
rotation of the cylinder and will be decelerated and disturbed the flow. We can see that
the lower and right parts of the flow pattern have larger g¢hange. The flow is decelerated
and loses their kinetic energy in the region of w<6<3n/2. Due to 1osihg kinetic energy,
the region may create bubble than other parts. The bubble than othér‘parts. The bubble
shifts up to the region of m/2<8<r and has influence on the flow pattern. Compare the Tlow

pattern of Re=500, 8=1 and Re=100,8=1. We find their deve1opment have the same trend, but
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Re=100, 3=1 develops earlier than Re=500, g=1. Due to laﬁger viscosity of Re=100.

The Tift and moment coefficient are calculated by the following formulas

¢ - CLS * L
e 1 (2
- LT e
" s JG (w)rucosede Re JO (ar)roc056da (17)
2T
CM = Ja (w)ro de (18)

The Tift and moment coefficients for various cases are shown in Figure 6 and 7
respectively. The Tift coefficient decreases monotonically. For smaller Reynolds number,
Re=100Q, it have a stable value of CL=1.9 at T greater than 5. Whilst for greater Renolds
number, the time history of CL is of the same trend but reaches the stable values at

larger time.

Figure 7 shows the time change of the moent coefficient. All the cases have

the same tendency. It decreases gradually reaches a minimum value, ther increases again.
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Y{ODIF1EC DIFFERENTIAL QUARATURE METHOD FOR NUMERICAL
SOLUTION GF PRIMITIVE EGUATIONS.

Lai—Chen Chien
Institute of Physics, Academia Sinica

Taipeil, raiwan, 115, R.0.C.

A multiple-level primitive equation model in O-coordinate is designed

to study the Atmospheric motion during the outburst of the cold air. A

new numerical algorithm based on a combination of the modified differential
quarature method with the raticnal Runge~Kutta time integration scheme

is devised to solve the prognostic equations. Comparing with the predicted
fields prepéred by explicit method and hopscotch method, we fpund satis-
factory agreement for the fields forecasted by the new explicit method.

The method developed test runs for 24h shows that the new method is a stable,

efficient and accurate scheme.

[. INTRODUCTION

tany important phenomena arising in atmuspheric dynamics are governed by a system
of nonlinear partial differential equations. Analytic solutions for these equations are
seldom known for the practical problems. Therefore, the numerical selution is an obvious

approaéh. Various different numerical techniques have been proposed and deve1oped.

Although the primitive equatidns are simpler and involve fewer approximations
than the filtered equations, the presence of gravity waves requires & much smaller time
step to avoid comﬁutationa1 instability with explicit integration schemes; Otherwise the
small time step is of little advantage or perhaps even harmful insofar as mgteoro]ogica]
waves are concerned, and it is certainly expensive in terms of computer time. As a con-
sequence, there has Been considerable effort to prevent the stability requirement.

Marchuk (1965) introduced a differencing scheme which treated the gravity waves implicitly
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and permitting a much larger time step. Kwizak and Robert (1971), successfully aﬁp]ie
semi-implicit differencing method to a barotfopic 500 mb forecast which allowed a com-
putational saving of factors up to three compared ﬁo conventional explicit method. Sh
afterwards, the same method was applied to three-dimensional baroclinic models. Gerri
McPherson and Scolnik (1973) developed the semi-implicit differencing equations using

Shuman's semi-momentum differencing technique for National Meteorological Center six-

layer primitive equations model. Robert, Henderson and Turnbull (1972), Bourke (1974)
Gauntlett, Leslie, McGregor and Hincksman (1978), Campana {1979) have reported similar

experimental success of semi-implicit concepts to integrate the models using a larger

step.

Although the'important.developments'have_been made in implicit and its relat
methods, their computer time per time step, as we11‘as their complexity, is still larg
than that of the exb]icit methods. It is the reasonfrwhy the new explicit methods, su«
as hopscotch (Chien, 1979) splicit explicit (Gadd, 1978), explicit-muitiple-time-step
method {Chao, 1982) was developed recently. If one could devise a new exp]icft method
that possesses the .property of unconditional stability, the method Qould‘have immense

practica1‘1mportaﬁce. The present investigation describes such a investigation.

Tﬁe newly deveioped numerical scheme consists of the modified diffefential
quarature method combined with a rational ange—KuttaItime 1ntegra£ion scheme (Wambecq.
1978).  In modified differential quarature%%ethod, spatial derivatives are approximatec
by a weighted sum of the values of unknown funqtion at properly chqsen neigﬁborhing po’
to generate a set of ordinary differential equations in time. And then the set of ordi
differential equations is solved by using an rational Runge-Kutta time integration sche
It has been proved that the method is computationally explicit and unconditiona]IStab1e

forsome classes ofparabolic partial differential equations.

The newly method is applied to numerical weather prediction in this study.
In order to consider orographic effect in numerical weather prediction, primitive equat
model in o-coordinate is adopted to study the atmospheric motion. The new numerical
scheme is tfied to integrate the equations over the East Asia Aera to obtain the accura
results by increasing time step. The forecasts have been made for real data in Mei-Yu

season using time step up to thirty minutes. For comparison, the twenty-four hour
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predicted geopotential field pattern agrees with that of four-level primitive equation mode’

in P-coordinate (Chien, 1980).

11. DESCRIPTION OF THE MODEL

In this inﬁestigation we consider forecasts generated by a four-level primitive
equation model. The sigma (o) coordinate system has been chosen for the model investigated
(Figure 1). The vertical coordinate o is defined with respect to pressure P by

P-P p-P
T T
g s g—p = (2-1)
Po Pt L i

where PT is the constant pressure at the top of the model and PS is the variable pressure
at the surface. In sigma coordinate, the lower boundary condition will always apply exactl:

at o=1,

The independent variables are time t, coordinate distances east x, north y and
vertical ¢. Assuming the model atmosphere to be a perfect.gas, we express the hydrostatic

equation as

Ly
- RT (2-2)

where R is the gas constant and ¢ 1s'the_genpctentia1. The prognostic equatibns for the

east and north wind Qe}ocity u, v, virtual temperature 6, water vapor q are of the form
d 3 , .
ok R A | (23)

where ¢ is any of the prognostic variables. The local, advective and material changes

are ap/at, VS-Vw and dy/dt, respectively.

The material derivatives may be expressible in terms of basic variables using
the fdTlowing governing equations.

{a) Momentum equations

afmu) _ _ 3f(muu) _ 3{mvu) _ 3(mou) _ .3 _
ot T 2y 30 VT “5% oy (2-4)

aggv) - agg:v; _afmvy) _ afmov) _ gy - %% + xF

3y 3a y (2-5)

- 89 -



where f is the Coriolis parameter and F*, Fy,_thgrfpjction terms.

{b) Continuity equations

a(mu) a(nv)  a(né).

I _
3T Tax oy o0 (2-6)
(¢) Thermal. equaton
S a{w8) _ - 3(wue)  3(mve) 3{mce) dg
: 3t - " ax -y - @0 T Tdt° (2-7)

- AN

where dQ/dt is diabatic heating or cooling rate per unit time and per unit mass,

(d} Specific humidity equation

a(nq) _ _ 3(mug) _ 3(nvq) _ 3(rdq)
at Ix 3y o]

1 dQ
Tat ° (2-8)

where L represent the latent heat of condensation.

The relations between thermodynamic variable (¢,8) and the usual pressure (P,T)
are
R/C P_ R/C
mac &) P e (D) P ™ = C.T* (2-9)
The virtual temperature T* includes the effect of water vapor on the specific heat at
constant pressure Cp and R so that constants for dry air can be used throughout with

11tt1e-modification,
T+ =(1+0.614q)T. ' (2-10)

By differentiation of equation (1), we have the relationship between vertical

P-velocity w and g

L R Y SR i
W= oot Uy + v 3y + ma. {(2-11)

The set of governing equations permits a variety of resnonses (gravity waves,
inertial waves, kossby Waves) to a variety of forcing mechanisms, e.g. orography, con-
vection, radiation, boundary layer processes. A significant amount of the forcing comes
about within the model domain but lateral boundary conditions must provide for at least
large scale forcing from outside the domain. The condition must permit internally

excited waves to pass out of the domain without abnormal reflection back into the domain.

The time dependent porous sponge conditions {Perkey and Kreitzberg, 1976) are
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appiied to the tendency after linear extrapolation to the boundary tendencies at the two
jnterior points. For example, the prognostic variable y at n+l time step and grid point

(i,3) s computed from the previous time step value and its tendency

n+l _ . n 3y
lp'IJ -wu 1 (Bt)TJ (2-12)

The tendencies at the three outmost rows are multipiied by 0.4 (outmost row), 0.7 (first
interior row), and 0.5 (second interior row}, respectively. The boundary conditions aliow

the waves to propagate out of the region.

The vertical o-velocity g w1II always vanish at the ground even in the presence
of the sloping orograph. Therefore, the lower boundary condition in o-coordinate system

is 6 =0 at o = 1. Whilst the upper boundary o = 0 is 5 = 0.

The: friction force in momentum equation (2-4) and (2-5), diabatic heating term
in energy equation (2-8) and humidity equation (2-9) are fully described in previous study

(Chien and Wang, 1979).
I11. INITIAL. DATE

The atmosphere between the earth’s surface and 200 mb is divided into four layers
bounded by sigma surfaces, Figure 1. The basic input data for the numerical experiment are

difined on constant pressure surfaces. They are the wind, geopotential and temperature at

- 850, 700, 500, 300 and 200 mb plus the sea-level pressure and wind derived from sea level

pressure. These data are balanced on the constant pressure surface with balance equation

for nondivergent flow and interpolated to the sigma surfaces?

The balance equation

- 3f 3y J_,P_E_ﬂ:az -
vee = f VR 4 3y ay 2(axay axay ~ ax® §§¥ (3-1)

is solved to obtain the stream function. The horizontal wind is represented by the stream

'tzfunction for non-divergent flow

u o and v = == (3-2)

5jThe boundary condition for Eq. (3-1) is that geopotential is given on the boundary. The

EMethod to solve Eq. (3-1) is relaxation procedure (Shuman, 1957).
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The method for computing the stream function is obtained by solving the equation

3V au
2y = =2~ - =2 -
VT T By (3-3)
with the boundary condition
M., - -
30 - 'n " 3n ‘ (3-4)

where y is the potential function for irrotational flow, n refers to the outward normal
to the boundary and S is directed along the boundary. The potential function is computed
from

3u, av

2 =
VEX ax Ay !

(3-5)

The boundary condition for Eg. (3-5) is x = 0, and these places all of the potential flow
in the region into stream function. The horizontal wind velocity components u and v are

related to the stream function ¢ and velocity potential in the following manner,

= o2y X )
u ay * ax (3-6)
= L X .
Ve Ty (3-7)

The balanced geopotential and wind velocity are interpolated to o surface

following the procedure of Shuman and Hovermale (1968).

The geopotential height at o-surface is obtained by interpolation from P-surface

data,

d =@ - 8 In P +y(InP)? (3-8)

ok

where Gy s Bk and Yy are determined by the geopotential heigh ¢k=1’ ¢k and St at pk-]’ Pk

and P surfaces respectively.

k+]

By equation (3-8) and the surface heigh z., one can compute the surface pressure

In P = 2(a - 2)/[8 + /BT - W@ - z,)] (3-9)

The temperature field at the pressure surface 1is derived from geopotential

heigh by making the use of hydrostatic equation
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T = (o4 - o }/[R (P /P))] (3-10)

where ¢U and ¢L are the geopotential heigh of the neighboring upper and Tower pressure
level. And the temperature field at o surface is then obtained by making the use of

interpolation formula
(Ta), = oy = B In P + v, (In P,)?2 (3-11)
The specific huminity is assumed proportional to the équare of the pressure
q =aPE+h - (3-12)
where a and b are constants. By the difference of femperature and dew point temperature,

Td can be estimated. Using the formula, we have

qp = 20 exp [20.33x - 22.3816X2 - 0.50464] , (3-13)
e

X

(Td - 273.2)/2713.2 , (3-14)

and can compute the specific huminity at the sea surface and the constant pressuré 1évels.
Comparing the values obtained from eqs (3-12) and (3-13), we get the constants a and b

for each level. Then, the specific huminity at ¢ surface is evaluated by interpolation.

[V. INTEGRATION SCHEMES

As presented by Shuman and Hovermal (1968), and later investigators,‘the primi-
tive equations were transformed into difference equations containning a great deal of
horizontal average. For example, the momentum equation {2-4) was written as (Shuman

and Hovermal, 1968)

R l -  —— - - . =/ xy
nuE = -I:mx-v('nruu;-y + ﬂVU;y + ﬂ;y ¢;) - 7Y+ T o+ nF.1 o, (4-1)

where differencing and averaging are represented as
X

4,57 Wi,y F Ui g2 -2

and
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for the velocity at point (i,j). The excess averaging on the terms might upset the balance
the prognostic éQuations. Gerrity and McPherson (1971) have successfully used the unaverac
velocity components in coriolis teﬁms to preserve a reasonable geostraphic balance. And th
was also attamped in semi-implicit model (Campana, 1974). The momentum equatibn (2-4) is

written as
—t _ =Xy XY | o KY | =XY sX XY moERY _
Mg = - (Truux + wvuy +m ¢y meu? + v+ Fx . (4-4)

Similarly, y-compoment momentum equation (2-5), continuity equation (2-6). Thermal equatic

(2-7) and humidity equation (2-8) are transformed into the similar forms.

‘For time difference, Bui j/at is
*

- (gt _ -t -
(ui,j)t\* (ui,j ui’j)/at . (4-5)
and the term GE is
-t _ ¢ n+l n-1
(u-i ’j)t = (ui ’j - u.i ’j)/zAt L) (4-6)

where the superscript n is the index for time step index. The time derivative is a simple

centered-difference approximatibn of second order accuracy.

In this study, & newly developed numerical scheme, combination of the medified
differential quarature method for space differentiation and rational Runge-Kutta time

integration scheme {Wambecq, 1978), is adopted to integrate the prognostic equations.

Consider the prognostic variable u(x,y,o,t) be a function of sufficiently smooth.
For simplicity, we consider the differentiation of u in x-direction by modified differenti:z
quarature method. The space differentiation is approximated by

aui(t) i

ax -

| o B4

& I ug(t) , 1 =1,2, . N (4-7)

And the second-order derivative can be expressed by

L (t) (a-¢)
—2 = 1 b, u.t), 4-8
X jup 1 _
N
where bij = I ag akj' The approximation relations (4-7) and (4-8) used to evalute the
k=1

values of derivatives of u at the nearest M points centered arocund Xi* Therefore the relat

can be rewritten as
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aui(t) M

R Ujpsa(t) = Byluy) (4-9)
32u,(t) M
T jEI by iy (t) = Dfluy) {4-10)

where aj = aaj, bj = baj and q = (M +1)/2.

The coefficient a3 is chosen similar to Lagrangian interpolation of the form

¢j(X) = n(x)/[{x - x;)m' (x;)] (4-11)

where m(x)} is a polynomial of degree M
r{x) = {x - x1)(x - x2} e (X - XN) {4-12)

If the values of u(x) are known at N points, x = X1s Xgs *o® Xy, @ palynomial E(t) of degree
N-1, E(k) coincided with u(x) at these points, can be written as

N
_Z

u(x) = ¢j(X)U(xj) (4-13)

J=1

By differentiating Eq. (4-13) with respect to x, we have

¢'j(X)U(xj1 {4-14)

=
—
»
—
]
"=

Using the relation Eq. (4-7) to be exact for U(x) = u(x), we have

a5 " (% L%, - xj)v‘(xj)], for § = j . (4-15)

For i=j, using the 2'hospital‘s rule, one gets
L. = 1] ; 1 . _]
ag; = w0l (x))] (4-16)

By Egs. (4-15) and (4-16), the coefficients 3 and bj in Egs. (4-9) and (4-10) are determine:

Now we have the space derivatives of the quantities diagnostic variables. Egs.
(2-4) to {2-8) will be changed into the set of ordinary differential equations in time.

For example, eq. (2-4) can be written as

(ru)gs (£) = ~Dy(u,v,8);5 (4-17)
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or in matrix form
U="F{,7, 8 (4-18)

where the prime denotes differentiation with respect to time. Eq. (4-18) is solved by

rational Runge-Kutta time integration, and is expressed as

g = st F(O, V, 3) (4-19a)
gy = ot F (U +cy3,) (4-19b)
- 0+ 028,61, 8y) - 88 31/, &) (4-19¢)

where §3 = b1§1 + bzaé, b1+b2=1, and (61, 33), the scalar predict of 31 and 33.

Similarly, the othér prognostic equation can also be integrated by the method

described above.

V. NUMERICAL EXPERIMENT

In order to consider the orographic effect in numerical weather pridiction, o-
coordinate is adopted in this investigation. The information levels for meteoroiogical

elements are shown in Figure 1.

T= 0 ———P200mb———— G-

1/8—“—“—~—b300mbl ————— uyv, T,4qg,
218 o)
3/8—~——-P&Mmbl ————— uv,®T.q
418 o)
5/8——"--PWMmm ————— uyv, 8.T.q
7I8=—=— ~300mb)— __ __ __ ~uv, ¢Tn

9= 0 77777 P=R &r=0
Figure 1. Vertical grid Structure,
The synoptic situation of 006TM 27 January, 1978 is used as initial conditions

for numerical experiment. Meteorological elements are read fromthe orid points of the

synoptic charts and then are balanced by the method described at the section 4.
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Figure 2 showed the surface chart of 00GTM 27 January, 1978. The low pressure
Tocated at 95°-100%E, 25°-30°N. The cold-front extended from 110°E, 30°N southwestward
to the low center. The high pressure presided overv70°-800E, 50 -55°N. After twenty-four
hours, the front moves eastward. The front extended from 120°E; 30°N to the low center

located at 100°E, 20°N.

The upper atmosphere patterns are similar to that of the surface fér the initial
conditions, Figure 3 through figure 6 are the geopotential -pattern and temperature distritu-
tion for 700 mb at OOGTM 27 January, 1978. The pattern is not so compliicate compare with

that of the surface. Above 500 mb, no ﬁuminity is considered.

In order to test the accuracy of the metﬁdd incoporated in this inveétigation,
a preliminary study is made using one level primitive equation model to predict the atmos-
pheric motion with the same initial condition in this study (Chien, 1983). No heat source
considered in the preliminary study, the forecasted front moved slower than the actual
situation. But the atmospheric pattern, geopotential at 500 mb are exactly coincide with
that of forecasted by explicit method (Shuman and Hovermal, 196€). The numerical experimem
indicated that the heat sources play an important role in the atmospheric motion during the

outburst of the cold air.

A twenty-four hour forecast was produced using the method of combination of
modified differential quarature for space &ifferentiation and rational Runge-Kutta time
integration with time increment of ten minutes. The twenty-fohr hour forecast of geo-
potential and temperature fields are shown in ?igure 7 through Figure 10. They are similar
to those produced by the explicit method with time increment of six minutes. The front
extended from 110°F, 35°N to 100°F, 26%M for 500 mb. It almost coincided with the actual

front position.

Then, we adopted the new method with the same initial and boundary conditions
except the integration time steps are increased by double the predicted geopotential and
temperature fields show no difference for three significant figures compared with that

produced by time increment with ten minutes.

Furthermore, the numerical experiment was carried out with larger integration

time increment with thirty minutes. This is the same with that used by semi-implicit.
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methad (Campana, 1974). The predicted fields agree with those produced by integration time

increment of ten minutes.

VI. COMCLUSION AND RECOMMENDATION

The newly developed numerical method, based on the combination of modified
differential quarature method and rational Runge-Kutta time integration scheme, is applied
to four-Tevel primitive equation model. It is fully explicit, requires no matrix inversion,
and is stable at much larger time step than the usual explicit method. In this investigation
the atmospheric motion during the outburst of the cold air is investigated to demonstrated
the accuracy and efficiency of the proposed algorithm. For comparison, numerfca] experiments
were made for the same initié] ahd boundary conditions by applying both explicit method and
present scheme with triple and quadruple time increment during the time integration. The
computétion results show that twenty-four hour predicted geopotential and temperatﬁre field

agree excelly to three significant figures in both methods.

Recent1y, some efficiency and high order accuracy numerical schemes {Brown and
Campana, 1978; Campana, 1979; Chao, 1982; Gadd, 1978) are developed and applied to numerical
weather prediction. It is encouraged to compare the proposed algorithm with those hewly

developed numerical methods for accuracy an efficiency.
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NUMERICAL COMPUTATION ON VISCOUS FLOW OF STABLY
STRATIFIED FLUIDS OVER OBSTACLES

Robert R. Hwang and S. D. Chiang

Numerical techniques of ADI method for integrating the time-dependent
Navier-stékes equations, which have proven usefﬁl in the study of homo-
geneous viscous flows, havé been extended in this study to investigate
the flows of stably stratified viscous fluids over a ridge of semi-
elliptical cylir-lder of infinite length with the different ratio of height
to half-width of the obstacle. Various properties of the flow field and
the characteristics of the lee waves fo?mulated are investigated.

Results show that the stratification tends to encourage the develap-
ment of o§erturning flow.regions on the upstreaﬁ slope (blocking effect)
and downstream from éhe ridge. Lee waves. produced for viscous flows of
stratified fluid past over obstacles depend on the internal Froude ﬁumber
and the Reynolds number of the flow, and the aspect ratio (i.e. the ratio
of height to half—width) of the obstacle to some extent. The existences
of upstream influence and the flow seperation induced by the obstacle
have 5 great effect on the development of the lee-wave field for cases

of small value of internal Froude number
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ABSTRACT

The use of submerge outfalls to return sewage and heated water into the ocean 4!”
has been.practiced by many coastal citieg around the world. The disposal of waste ‘
matter through éﬁbmarine jets subjects to the mechanical effects of the jet momentum
and buoyancy. This study is devised to predict the rise and the deveiopment of
trubulent ‘buoyant jets discharged to guiescent stratified ambients in both of
experimental and theoretical approaches. - )

In the laboratory experiments, a filling salt solution process is designed to

substantial series of experimental dats of laboratory study. From the experimenfal
results, an integral approach using a variable entrainment coefficient deduced
from the incorporation of the mass conservation into the kinetie energy conser-
vation is mo;lito;ed and works to predict the gross feature of a buoyant jet dis-
charged vertically into stratified ambients numerically. This study is then to ghtain
a simple formula-form for the jet-rise and the dilution in terms of the dischérge
configurations at the source and the stratifications of the surrounding environ-

ment.
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Run No.| D(em) | U,(cm/s)| pi(g/cm® )| A ot (gfem?) i‘:{'(lo"".g/cm") X4 (em))|
1 0.2 | 25.16 1,015 0.015 -2.5 22.6
2 0.2 38.60 1.015 0.015 -2.5 29.6
3 0.2 32.54 1.0145 0.0145 -2.0 | 25.4
4 0.2 | 44.25 1.0145 0.0145 | -2.0 .35.0
5 0.2 | 52.96 1.0145 0.0145 2.0 40,1
6 0.2 20,75 1.018 0,018 -3.0 17.6
7 0.2 32,54 1.018 0.018 -3.0 23.4
8 0.2 44,25 _1,018 0.018 -3.0 30.6
9 0.2 52.96 1.018 0.018 . -3.0 34.0

10 0.2 62.46 1,018 | o.018  -3.0 37.0
11 0.2 17.20 © 1,025 0.025 -4.0 15.0
12 0.2 | 20.75 1.025 0.025 - -4.0 18.2
13 0.2 32,54 1.025 10.025 4.0 23.0
> 14 0.2 44.25 1,025 0,025 “4,0 28.0
15 0.2 1 52,9 1,025 0.025 4.0 1 310
16 0.2 62.46 1,025 0,025 4.0 34,0
17 0.2 70,53 1,025 0.025 -4.0 | 35.8
18 0.2 20.75 1.020 0,020 | . =1.0 1 38.0
19 0.2 32.54 | 1.020 0,020 -1.0 47.0
20 | 0.2 44.25 1.020 0.020 . 1.0 50.0
21 0.2 13.31 |  1.025 | o0.025 4.0 12.7
22 0.2 44.25 1.025 0.025 4.0 | 27.0
23 0.2 52,96 1,025 | '0.025 ~4.0 30.0
24 0.2 62,46 1.025 0.025 4,0 33.4
25 . 0.2 17.20 1.025 0.025 ~2.0 .| 24,0
26 0.2 20,78 1.025 |  0.025 -2.0 29,5
27 0.2 32.54 1.025 | 0,025 -2.0 38.0
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Run No,| D(em)| U, (em/s)| pi(g/em® )| Apl (g/cm®) %(loﬂg/m) X{(cm)

11 0.52 4.68 1.0082 0.0082 -0.322 16.70

2 [ o.52 | 7 Thloter T T 0loter T -1.14 16.63

3 | 0.5 8.76 1.0090 0.0090 -0.836 18.60

4 | o.52 9.46 1.0134 0.0134 -1.85 14,32

5 | 0.52 10.86 1.0091 0.0091 =0.735 71.68

6 0.52 9.53 1.0084 0.0084 -0.869 15.00

7 | o.52 10.86 1.0094 0.0094 -1.02 20.09

8 | 0.52 11.72 1.0096 0.0096 -1.09 20,20

9 | o.52 17.97" 1.0085 0.0085 -0.505 25.88
10 | 0.52 14.88 1.0091 0.0091 -0.971 23.98
11 Q.52 14.69 1.0178 0,0178 -4.15 14,38
12 | 0.52 19.79 1.0096 0.0096 -1,07 26.50
13 | 0.52 21.04 1.0088 0.0088 -0.85 25.17
14 | 0.52 25.39. 1.0140 0.0140 -1.95 19.91
15 | 0.52 26.24 1.0093 0,0093 -0.83 31.67
16 | 0.52 3079 1.0081 0.0081 -0.82 31.15
17 | o.s2 40.09° 1.0079 0,0079 -0.745 36.23
18 0.52 45,58 1.0180 0.0180 ~4,17 25.00
19 | 0.33 | 5292 1.0094 0.0094 -1.02 30.10
20 | 0.33 58.05 1.0090 | .0.0000 -0.837 31.70
21 0.33 61.64 1.0140 0.0140 -1.88 25.38
22 | 0.33 5588 1.0091 0.0091 -1.01 27.15
23 | 0.33 68.73 1.0182 |  0.0182 -3.64 23.98
24 | 0.52 74.66 1.0175 0.0175 ~3,93 31.83
25 | 0.32 91,04 1.0135 0.0135 -1.75 39.16
26 | 0.33 9.21 | 1.0138 0.0138 -1.87 33.41
27 | o0.33 114.97 1.0132 0.0132 -1.70 36.33
28 | 0.52 | 105.60 1.0159 |  0.0159 -3.05 37.10
29 | 0.33 126.88 1.0180 0.0180 -3.60 32.05
30 | 0.52 150.27 1.0177 0.0177 -3.50 40.86
31 | 0.33 233.51 1.0183 0.0183 -3.61 40.43
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RunNo. | bo(em| UsCem/s) or(g/em) Aoue/entd)| Fo | S, | N |2 | o,
o
1 0.16° | 25.16 1.0147 0.0134 17,48} 335" {o0.912|134.75 | 2,97
2 0.16 | 38.60 1.0147 0.0134 26.82| 335 2.1470178.50 | 2.22
3 0.16 | 32.54 1.0143 0.0129 23.04| 403.125[1.317[152.25 | 2.12
& | 0.16 | 44.25 1.0143 0.0129 31.33| 403.125[2.435(212.25 | 2.15
5 0.16 | .52.96 1.0143 | 0.0129 37.50| 403.125)3.488|244.126 1.94
6 0.16 | 20,75 1.0177 0.0161 13.17] 335.42 [0.517]103.50 | 3.33
7 | 0.6 | 32.54 | 1.0177 0.0161 20,66 335.42 [1.2731139.75 | 2.47
8 | 0.16 | 44.25 1.0177 0.0161 28.10| 335,42 |2.354]|184.75 | 2.16
9 0.16 | 52.96 1.0177 0.0161 33.63| 335.42 |3.372(206.00 | 1.90
10 0.16 | 62.46 1.0177 0.0161 39,66 335.42 [4.689[224.75 | 1.66
11 0.16 | 17.20 1.0246 0,0223 9.31| 348,44 [0,249] 87.25 | 4.45
12 0.16 | 20.75 1.0246 0.0223 11.23] 348.44 |0.362]107.25 | 4.26
13 0.16 | 32.54 1.0246 0.0223 17.61| 348.44 |0.890]137.25 |3.00
14 0.16 | 44.25 1.0246 0.0223.  |'23,95| 348.44 |1.646/168.50 | 2.44
15 0.16 52.96 1,0246 0.0223 28,67 | 348,44 |2,359(187.25 | 2.13
16 | 0.16 | 62,46 1.0246 0.0223 33.81( 348.44 |3,281(206.00 | 1.88
17 0.16 | 70.53 1,0246 0,0223. -| 38.18| 348,44 |4.184]217.25 | 1.69
18 0.16 | 20.75 1.0199, 0.0178 12,54 |1112.5 Jo.141]231.0 |7.93
19 | 0.16 | 32.54 1,0199 0.0178 19.67 J1112.5 |0.348]287.25 | 5.41
20 | 0.16 | 44.25 1.0199 0.0178.. ..1:26.75 [1112.5 - |0,643]306.00 | 3.82
21 0.16 | 13.31 1.0246 0,0223 7.20} 348,44 |0.149| 72.88 |5.24
22 "1 0.16 | 44.25 1.0246 0.0223 23,95 { 348,44 |1.6461162.25 | 2.35
23 0.16 | 52.96 1.0246 0,0223 28.67 | 348.44 |2.359(181.00 | 2.06
26 | 0.16 | 62.46 1,0246 0,0223 33,81 | 348,44 [3,281[202.25 |1.85
25 0.16 | 17.20 1.0248 0.0223 9,31 696.875[0,124[143.50 | 7.33
26 0.16 | 20.75 1.0248 0.0223 11.23 | 696,875]0.181(177.88 | 7.07
27 0.16 | 32.54 1.0248 0.0223 17,62 | 696,875[0.446]231.00 | 5.04
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Run No Jb,(¢m) [ U, (emys)| m(g/cm®)| Apo(g/cm® ) . F, S, N | X¢/by €7
1 0.74 4.68 1.0081 0.0072 '2,0621(299,48| 0,014 17.591 8.53
2 0.74 - 7.19 1.0097 0.00388 2,858 (104,17 0.0784 17,50 6,12
3 0.74 8.76 1.0087 0.,0078 3.694 (126,12 0.1082] 20.15]| 6.46
4 0.74 9.46 1,0127 0.0117 3,269 85,02 0.1257 14.381| 4.40
5 0.74 10.86 1.0088 0.0079 4.559 144,87 0.1444 24,31 5.33
6 G.74 9,53 1.0081 0,0073 4.1501113,711 (,152 15.30¢} 3.69
7 0.74 10.86 1.0091 0,0082 4,469 [108,62| 0.185 22,16 [ 4,96
8 0.74 11,72 1,0092 0.0084 4,774 1104,07| 0,219 22,311 4,67
9 0.74 17.97 1.0083 0.0074 7,7721198.249| 0,305 29,98} 3,86

10 0.74 14,88 1.00838 0.0080 6.219(110,44 0.350 27.41 ] 4,412
11 0.74 714.69 1.0163 0,0155 4,414} 50,37 0,387 14,45 3,27
12 0.74 19,79 1.,0092 0.0084 8.066 |105.86} 0,615 ir.811f 3,82
13 0,74 21,04 1.0085 0,0077 8.953|121,78] 0.658 29.01 | 3,24
lﬁ 10.74 25.39 1,0133 0,0122 8,587 ] 84,43] 0,873 21.92 2.55
15 0,74 26.24 1.,0090 0,0081 10.869|131,70| @,897 37.79 1 3.48
16 0.74 | 30,94 1.0078 0.0071 13,708 |116,36] 1,615 | 37,09 2.71
17 0.74 40.09 1,0076 0.0069 18,017 1124 ,45] 2,608 43,94 | 2.44
18 0.74 45.58 1,0165 0,0157 15.614 50,78] 3.650 29.79| 2.19
19 Q.46 52,92 1.0092. 0,0082 27.5721173,06] 4,393 60,031 2,18
200 [o0,46 | 58,05 1,0088 0.0078 30,907 [202.29] 4,722 | 63.49| 2,05
21 0.46 | 61,64 1,0136 0,0122 26.372 [140,10( 4.964 | 492,85 1.89
22 0.46 55.88 1,0089 0,0079 29,583 169,09 5,176 53,66 1,81
23 0.46 68,73 1,0174 ¢,0159 25,8371 94,Q0| 7,101 46.82 1,81
24 0,74 74,66 1,0161 (3,0153 22,615 |°82.:431 9,754 38,00 1,68
25 0,74 | 91,04 1.0129 0.0118 31,340 90777 |10.821 | 47,90 1,53
26 0.46 94,21 1,0134 0,0120 40,634 1138,72 11,902 67,181 1,65
27 0.46 114,97 1.,0128 0,0115 50,642 146,04 |17,561 73,481 1,45
28 0.74 105,60 11,0148 00,0139 33,507 | 61,48]18,263 45,12 | 1.35
29 0.46 126 .88 1,0172 0,0157 47,935 | 94,28124.3711 64.24 | 1,34
3G G.74 150.27 1,0164 0.0154 45,303 59,38 |34.564 50.19| L,LE
31 0,46 233,51 1,0175 0.0160 87,537 195,45 |80.,278 82.331 0,9
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HEAERFOES - KERMARREL T BB HSF  AARREEMLRENOERENR
B BRBES SRR DN —G T o B R EE ARG ORISR LMY HRNEEN
B e A ERERRAR NRARAAT » SESE GBEEENHA 28 - AICH A % 9 E TR
#HE NOAA-6 M_EMBEMET AVHRR 5 MA i EBREZ #REBEHARNAS
BE: REFASAEKATEERRENTBRENER DURSHEE X E - BEHNSH KL
R FREVGEEREEBERNEL® BI2°CZM - 4 AREERBEANFRKTLRES
M S AGRIT EE R ERAK AR ER > DREDHED S RLENDE EXGITFS o

E v
TN CHT

Dul-

RETREFTE ZFE A HARFFERREBELR ) BRTEFERARE  LIRXKS
WASE  HARBHLURHZE - MEREEENAR - RTEEZ A » HEWS B THKIBT Bk
s R EHE FEROBNTT R BN EHEE AAELECES ) TURNGSASWR - %
MBERXKENEESH - EENEERELUXEHEE - XEMAY » EFESERCHBDH T K
B}%ﬁﬂ&jﬁfﬁ@tﬁﬁﬁﬁENOAA— 6 5% A Wy 8EBIET AVHRR ( Advanced Very High Reso-
lution Radiometer ) FiEMIFIMEHEE X NETEMEENIE SHEEEERSERIR
BEENEREZ2H - CEASHRUZHNE - BB EARBELTEFA RS EEFEENAS
o EAEMEXARBRAMBHE RS - EERECEEENRABH - :

FEALAE » HIREENHHRREER 1 - Bt » ERFENARRKHEET » K“ﬁéﬂ@
mmﬁ#ﬁmﬂﬂmﬁﬁﬁﬁﬂﬁﬁﬁﬁﬁ HE 5@&ﬁﬁ&%%ﬁﬁﬁﬂﬁ%§ﬂﬁ&ﬁﬁ°
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A~ BHARAITER

NOAA-6 SRMEE BN AVHRR » BGMEA /A BE S8 3.7 ¢4mF 11 pm o 38
F ALK R BBETERERENIE - EARF RONEEFE LA BRI EFENBEELS (
Liou , 1980 )

I, =B,(T, ), (r.sec @ >—f" B, [T(z" )] dg”(dr',sec“ de! (1)
9 T
Heb v SHE > B, S Plank Hl - VR b RMEEAEE RS « L@ EES
rzfcj k.(z'" )Yp(z' Ydz’
) REHE A c E CREL ) - BHER T . (o) fEES
Jvcf) =e" "
z T F
O o oRes. 1 s
W1 SHEE s
HARHER T, SEELE » VRTES
I, =B, (T.)J" +j3‘“ B, (TCe')JaT, coooeecoieeeeeeereeese. (2)
Hp
J.o=et
FIARMWER » (2585 ( Chedin et al 1982 )
1, =B, (T, )3::” +8,(1 _3'::°' Y eerrrereeeriane e eeren e an e (3)
% B, BAK Planckl - ERKBREAEIEIEE » RFTHT FLEMN
3::1:0 — e—rllecﬂzl_rlseca ............................................................... (4)
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FREEENERN CEA - BEEE RN

sE)R e A8 » ®&M%& ( Anding and Kauth | 1970 fiPrabhakara et al , 1974 )
I, =B, (T.)+ 7t SEC[ B, =B, (Ty) ]  rremeeeerrrrrmmni i, (5)
BERHFTRUGEH k. RS Ez &R B

T _—,J‘o k, pdz :k,ﬁ pdz =k, u,

CHu, RAEKE - RHEEO)ARR

| [,=B,(T.)+kouy [B, =B, (Tq)JIsec s v (6)
®&B, (T, )f1l, e > MAB, (T, ) M B, w4 PH%F - RFTLUERT T Taylor #7125

aB, : -
Iv‘_Bv (Tu ) = (_—5:1‘7 )a ( TB ""Ts. )+'

_— aB, —
B, =B, (Ta) = Gy 0 (T =T )4

g L —RAX@RXEEH ( Anding aﬁd Kauth , 1970 #iPrabhakara et al , 1974 )

Ty =T, — (T, ~T) u,sec bk, s [T 7>
RS BRAWELARERY » TUBEME (Ts, k. ) HRAE  RERTRAWERDN
T, A1( Te —T Yu,secd o EH=MELLHBEBET, TARNFEHERS o FREEARYT
o EMRTH  REBET. T n BEEFUEE L Ts HERLELET 8

Te =A +é1 Ay Ts(vy)

% NOAA - 6 B E#ATHY ST AVHRR TS » McClain (1981 ) H T AIA@E
Ay =1.58 A(3.7u4m)=1.55 A1l pm) =—0.55 '
BRaOER XERET. IRE
T. =Tp(11pm) +1.55( T (3.7pm) —Tp (11 pm) J+1.58 ecveeereeres (8)
O R BHEEEEN REHE » McClain BERE 0.6 C o

A HELER

FXFRBOER » BHRKRSHEER SR UEAT Rk # BIUEHENOAA -6 HERETL
£ 4 A 11 BREHRERREE 10 & 17 SF SR AVHRR S o R RIE A 470 B8 120°5] 145° » £
{t# 5°8I35°K 5 » ASBEATHE - SREED/

AVHRR Sl gg FAEH » BBRKESZ® » THHHER BN EESEKRITESE » REKKK
ldich-Z: I

AUhHESHERYETESE (RE2 ) L AZIEER 2 REREEBHIMBRTHH -
3B B Rg0 A L & M Ay Y R A AE 3 AR o
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BMAREFRXOFEE L » B3R » MAMHABENNBXKEEXNGEFRANZLEELX A LH®
HEMWER  FUEESNEINETEENURE  B—4+oREwE - B2 BTHERN
BBy MM THEEFEN VRS EEN SR EHEERE > HNEGHEE -

REPRLIFEREHRN4+A L BBEXEE (B2 ) BEAGCMS B4 A1 B 10 HNES
HiEE (B4 LREMEXEARFTBGHRAIHE (ES5 F6 ) » KANFAREBEHEBEEFOH
EZEAWELICH 2 CZME -

B B

FIE
St W1

A SEERE ARSI EEAR SARRKOEE - —BRAERELENHRREREHEE
AL ERRBEEREE L AR PARRSZH - B 3.7 im BEREZRABAGHLE
HUEE BT RDBEWY - FUARM NI - Hi - WEEESE 0 EAIE - 5 AR
T~ R RS B W LR MES - (VA% B /B R0 R o

HISEAACERIS I ED » RRMERRATRAN LA - ELR=HZ “NRAREL
| REREHD > BERSILEN KRS FRAS > CERKFENTRIERRH - ABHEY
BERE AREFET S5 BEASWEANCHET GE  SRYARTER - SHER
KEHBR » BN E—EEMADER - MEARENGES - HEAKHBEA—BHY |
B o

AN G
EETARRNEE » SHPRERBEELS MR CHRY - £EREHFTH O FHHE

RE TSI

Anding, D. and R. Kauth, 1970: Estimation of sea surface temperature from space, Remote Sensing

of the Environment, 1, 217-220.
Chedin, A., N. A. Scott, and A. Berroir, 1982: A Single channel double viewing angleé method for

sea surface temperature determination for coincident METEQSAT and TIROS-N radiometric mea-
surements, J. Appl. Meteor., 21, 1005-1014. '

MeClain, E. P., 1981: Multiple atmospheric window techniques for satellite derived sea surface tem-
peratures. In "Oceénog'raphy from Space" edited by J.F.R. Gower, Plenum 73-85.

Liou, K. N., 1980: An Introduction to Atmospheric Radiation. Academic Press.

Prabhaksara, C.., G. Dalu and V. G. Kunde, 1974: Estimation of sea surface temperature from remote
sensing in ghe 11 to 13 um window region. J. Geophys. Res., 79, No.33, 5039-5044.
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B S A SR M A 0 AN Y 0 A ORI E RS o st T TR - AREAH
B AE 2 R SRS TR 4y o ML (b R AR SHE » Singer O R#1960
ERFERAT > E—BE R BEL —BREGTE  EHEEMER (Rating ) X UFRRE—E
AN S SE R EEHBRBZFE o £ - Seinfeld ” MARERUHBFTELERR
BB » RES PEHERERD TSRS R RGBS » —% 56 ME SEasS S SR
A A » EO MR B 2 G TR E A2 R 5 - Hougland A 0 » Lee A 7 00
» Nakamori ZA " HIFIFE —&fE¥2H%E ( Operation Research ) #i# » MEHHE L ITERHK
o LU AR 4 - T B MR s Et o

A K VBT > K TR A B T MR SN e B B S (AR A Noll
g A GO OOFTEE g R R » B — TS R SHE R AR SRB AR E - BREB%
SRR - T Smith G A O FRMEFSSABUNNRILE » HENEDE ST -

AL EEE Noll HAR Smith % ARFHBAG » PHMLHE EPA FI LRI BA
HRME R MRS R EBTE RE G LRSS CES Y B ER@Z R
CI/D A B BHE HRSM S0 - E—HEBEEWEREAE B > LEASBORL 68T SRE
BB AR DERRELRE » 7 REHR 2S5t - ‘

A~ REFEHE X,
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#is%, ( Climatological Dispersion Model , CDM ). » 2R R E L2 2R A EEELE (Gaus- '

sian-plume Multiple Source Air Quality Algorithm, RAM ) B —HER i ( Single Source
CRSTER Model ) » R#&MKBHR ( Texas Climatological Model , TCM )% 17
HEDASERR AT THEER » HEEERFEHA Sutton ¥ » Pasquill 9 & A » HRHER
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BhzERRE > EEERRM2RA L 2% M& Hisr i ( Gaussian Distribution ) o AKX ek
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2o 48, SR W R BB RERIE R

Pasquill BELEH BEHEEH P(S)
A 0.10
B 0.15
C 0.20
D 0.25
E 0.30
F 0.30
ﬁ: 0.9 Cmnx ﬁ L] XEo ’ X;oﬁxma.x ZQ%"&
= A B C D E F
: a 0.8588 0.7978 0.7988 0.7741 0.7660 .7348
X3
' b 1.0078 1.0183 0.9873 0.96089 0.9705 .9602
- a 1.0931 | 1.2273 1.3297 1.3757 1.4631 .4037
i1+
b 0.9000 '0.9978 0.9985 0.0448 1.0298 .0400
ﬁ: i@ﬁﬁﬁﬁﬁi&ﬁx;o =aX I:lx szo max;l!
£Z 0.8 Coux B+ X507 Xoo 3§ Xuax 2 EBF 2
W 73 ‘
ER A B C D E F
X a 0.8275 0.7377 0.7355 0.6974 0.6811 .6793
[ 1]
b 1.0379 - 1.10241 ~0.9882 0.9550 0.9563 .9422
< a 1.1666 1.4011 1.0043 1.6053 1.6958 .5876
80 - [
b 0.8840 0.9885 0.9880 1.0467 1.0459 .0632

.

H EFHFERARB X500 = aXoa: B X750 = 2 X oax
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im 0_ 7 Cmax ﬁ L4 X?O 4 X-;.n %Xmax 23@%#&
REE A B C D E ¥
a 0.8155 0.6903 0.6835 0.6287 0.6281-| 0.5971
X7o
b 1.0721 1.0210 0.9923 0.9612 0.9515 | 0.9277
. a 1.2001 1.5537 1.7045 1.8732 1.9460 | 1.9848
X7
b 0.8420 0.9826 0.9897 1,0557 1.0602 | 1.0735
2 EHAERERBK= 2 XnuRX7o = 2 Xnu
*=H n,,qﬁﬂﬁﬁﬁZﬁﬁ"“
A v q w p
B E ® :
( km) (m, km ) (m, km )
A 0.927 102.0 -1.918 250 .189
B 0.370 96 .0 ~0.101 202 .162
c 0.283 72.2 0.102 134 0.134
D 0.707 47.5 0.465 78, .135
3%2
E 1.070 33.5 0.624 56.7 .137
F 1.170 22.0 0.700 37. 134
N wXx WX ,
[fE: o, = X ' g, = X » R X BT RAERE - BZRkmo
1+—)°* 1+— )¢
( 4—A ) ( 4—A ),
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¢ R SER WA 23 E R RE A
£4 BEASHABREROANERZME

: = ;
5 E #® By N eyt

1 0.0-1.5 0.7%

2 1.6-3,3 2.45

3 ) | 3.a-5.4 4.40

4 5.5-7.9 6.70

5 8.0-10.7 | " 9.35

6 ) 10.7-13.8 \ ) 12.30

#t HEHRRBEZSEGRESEE

N 2 3 g 5 6 7 8 9 10 ot

I NI/S 7 ‘ B,

#N 43i439%ﬁa3ﬂf@!1.0min-zaf1‘§rtfﬁ .
oW R o ( hr) BEM@(C.F)
1 2.4
3 S 4.2
10 - 7.7

#Fh (3 IRRCHEG (4 IRNCEZ LB ©°

s/ 0 |01 | 02|03 |04 |os | 04 07| 0.8 0.0 1.0
0.3 1.00 | 1.00| 1.00| 1.00 | 1.00| 1.00| 1.00 | 1.0¢| 0.99| 0.90 |0.50
0.4 1.00 | 1.00| 1.00| 1.00 | 1.00| 1.00! 0.99 | 0.98] 0.92] 0.78 |0.50
0.5 1.00 | 1.00| 1.00| 1.00 | 0.99| 0.98 | 0.95 | 0.92| 0.83| 0.69 {0.50 :
0.6 |0.99 | 0.99! 0.99/ 0,98 | 0.98 0.94 | 0.90 | 0.84] 0.75] 0.64 |0.50
0.8 0.92 | 0.92) 0.90| 0.89 | 0.86| 0.82! 0.77 | 0.72) 0.65| 0.58 |0.50
1.0  10.79 | 0.78] 0.77|0.76 | 0.73| 0.70 | 0.67 | 0.63| 0.59] 0.54 ]0.49
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#+ HMoRSEREE = AR RGREZEEZ A HE

DISTANCE CONC.(1) CONC.(2) CONC.(3) C.TOTAL C. FITTING
{KM) (PPM) (PPM) (PPM) (PPM) (PPM)
0.124E+01 | 0.201E+00 0.133E+00 | 0.426E-01 | 0,377E+00 0.376E+00
0.125E+01 0.201E+00 0.136E+00 0.430E-01 0.380E+00 0.379E+G0
0.126E+01 0.201E+00 0.138E+00 0.433E-01 0.384E+00 0.382E+00
0.127E+01 0.201E+00 0.142E+00 0.436E-01 0.386E+00 0.3B4E+00
0.128E+01 0.200E+Q0 0.145E+00 0.439E-01 0 .389E+00C 0.387E+00
0.129E+01 0.200E+00 0.147E+00 0.441E-01 0.391E+Q0 0.389E+00
0.130E+01 0.199E+00 0.150E+00 0.442E-01 0.393E+Q0 0.391E+00
0.131E+01 0.198E+00 0.152E+00 0.444E-01 -0.395E+00 0.383E+00
0.132E+01 0.197E+0C 0.154E+00 0.445E-01 0.396E+00 0.394E+00
0.133E+01 0.196E+00 0.156E+00 0.445E-01 0.397E+00 0.395E+00
0.134E+01 0.195E+00 0.158E+00 0.446E-01 0.398E+00Q 0.396E+00
0.135E+01 0.,194E+00 0.160E+00 0.445E-01 0 .398E+00 0.397E+00
0.136E+01 0.193E+00 0.161E+00 0.,445E-01 0.398E+00 0.397E+00
. 0.137E+01 0.191E+00 0.162E+00 0.444E-01 0.398E+00 0.397E+00
0.138E+01 0.190E+00 0.164E+00 0.444E-01 0.398E+00 0.397E+00
0.139E+01 0.189E+00 0.165E+00 0.442E-01 0.397E+Q0 0.397E+00
0.140E+01 0.187E+00 0.166E+00 0.441E-01 0.397E+00 0.396E+00
0.141E+01. |- 0.185E+00 0.166E+00 0.438E-01 0.396E+00 0.395E+00
0.142E+01 Q.184E+00 0.167E+00 0.438E-01 0.394E+00 0.394E+00
0.143E+01 G .182E+Q0 0.168E+00 0.435E-01 0.393E+00 0.392E+00
0.144E+01 0.180E+00 0.168E+00 0.433E-01 0.392E+00 0.391E+00
0.145E+01 0.179E+00 0.168E+00 0.431E-01 0.390E+00 0.389E+00
- 0.146E+01.| 0.177E+00 0.168E+Q0 0.428E-01 0,.388E+Q0 0.387E+G0
0.147E+01 0.175E+00 0.168E+00 0.425E-01 0.3B86E+00 0.384E+00

% : (1)CONC. (1) » CONC. 2)» CONC, Q)B=ZH L Mz, &l (HKRE) -
(2)C. TOTAL B =% g5t HME A » C. FITTING BiE8HHE °
@EEHERSC (X )=—1.30X* +3.56X — 2.04
WRERR: (i) r=0.995 ( ii ) F=0.557
CEREGEREBEEA -RE26CH RAFSE04™ -

#t— 1980FESFELBEANETNA F9E |

A AR @ (°) | AE(m/sec)| RE(C) |EHAE(S)
1 109 6.2 15.4“7 --------- 75.7
2 89 : 7.8 14.4 82 .4
3 113 6.3 16 .8 79.1
4 140 5.1 1 20.0 73.0
5 154 5.1 23.7 81.9
3] 210 4.1 28 .6 ' 76.3
7 206 5.0 29.9 71.3
3 217 4.5 28.8 74 .4

B 9 114 T 5.9 o 26.5 N 75.7

10 104 5.2 ] 24,1 74.5

11 83 7.3 i o ~_2i:;dd7 73.3

12 82 6.9 16.1 71.1
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£+ Pasquill kFEBEESE O

R E H X B & E ' & B
(m/s?) 1 3
(10ARE) IR s 5 %iz; %is;
2 A | A-B B - -
2-3 A-B i B c E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 - c D D D D
#H:(OFREXAKS » E2RERERS /8% BEEHR/D -
@QHRA—BE - HREJLIA ~ BIHEZHERTHE

- FTE PAXRTFREREREMRERREREEZARBEESHE 2

& = & = 1 ® o
A 22.5° <o _
B 1%5°§m<2a5°.,
o 12.5°<gp <17.5°
D ~1.5 °<3dT/IZ <—0.5°
E —0.5°<3T/9Z< 1.5°
F 1.5 °<aT/9zZ

#+E  LATANEBELREES ASBEEE S

B O K o # L ® mWM(°)

22.5> gy >17.5

17.5> a5 > 12.5

12.5> as

mEBO|OlW|




2RI WA BB R I A
#+A LAFRARESHEEZARBEESRERNZBE O

Xz 5 53 & B

7 (") B (m / sec) BEE
g5 >22.5 A u< 2.4 G

B 2.4 <u<2.9 F
2.9<u<3.6 E
, 3.6 <u D
22.5> 00 >17.5 B u<2 4 F
2.4 <u< 3.0 E
3.0 <y D
17. 5> 00 > 12. 5 c u< 2.4 E
o ' 2.4 <u D
12.5> 0 > 7.5 D At A BE D
7.5>0s > 3.8 E A RE E
3.8 > 00 > 2. F T a A& F
2.1> 04 G Gigi:0 % G

F AR T AR 3 TyiE R R—/NEEE B — VR Z Rl

#+t HHEE - -KBREA () REEZHMH®K

£ 4 4

T?\\\ﬁﬁg 23 <3
0F ~ 35 A 4

35" ~66° 55 h

60° ~ 90° ch 5

FHA WEICBEY > Cou KR 0.3ppmz SO HEMKE

NO MON | DAY HOUR WO STAB AVE US| MMIM) | XMAX(KM) | CMAX(PPM)
1 4 8 11 14 1 1.9| 904 0.137E+01 |0 .398E+00
2 4 19 10 14 1 1.9| 967 0.137E+01|0.401E+00
3 4 29 13 16 1 1.9| 778 0.137E+01|0.399E+00
4 5 4 11 1 1 1.9} 841 0.137E+01[0.401E+00
5 5 29 | 12 13 1 1.91 778 0.137E+01]0.399E+00
6 5 29 | 14 12 1 1.9] 778 0.137E+01{0.401E+00
7 9 6 10 12 9 3.81 967 0.101E+01|0.482E+00
8 i 9 .7 8 3 2 9.2| 904 0.169E+01|0.311E+00
9 9 T 21 10 15 1 5.2| 841 0.109E+01|0.462E+00

10 10 7 11 14 1 3.8| 904 | 0.101E+01|0.479E+00

11 10 16 11 15 1 2.5| 904 0.121E+01[0.434E+00

& : No. SiEFF » Mon. 581 » Day 5 H » Hour B > WWER Y » STABRREE - AVE.
WS SEREHEERT BE - MIBRATEEE - XMAX . RRERAREVE » CMAXREK

WMEME
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| | K B WA 2 R B FR S
ﬁ:.i_ ﬂﬁﬁ Xnax ﬁ H. %@ﬁﬁﬁﬁ ' Cmnx xm 0 - 3 mez SO 2 %EE%

NO |MON | DAY| HOUR| WD | STAB|AVE WS{MH(M) | XMAX(KM) |CMAX(PPM)

1 9 7 8 3 2 9.2, 204 0.167E+01| 0.309E+00

B Az RERE VAR

S BEEAR  Xaw=aHe 28 BBERRE

Xoax ( km) » Ha (m) B T S F

Xmex {0,011 |0,087) 1,11]1.18 }1.30 (1,38 | 1,47 .

7 { : ——— 0:0475|0.4906 |0,999 |'0
H. 1417 | 487 | 598| 697 | 848 1907 .{ 1100

. . A
D FT+T AEEARS KOS RERKBE N o Coux K1 0. 3ppmZ SO B &
No | MON | DAY {HOUE | WD | STAB |AVE WS ME(M) | XMAX(KM) | CMAX(PPM)
1 4 |.8 | 11|14 1 1.9 904 | 0.137E+01 0.398E+00
2 | 4 |19 |-10 |14 1 1.9 967 | 0.137E+01 | 0.401E+00
3l 4 |20 | 13|16 1 1.9 778 | 0.137E+01 0.399E+00
4 E. 5 4 11_2 1 1 1.9 841 | 0.137E+01 0.401E+00
5 1 5 |20 | 12113 1 1.9 778 | 0,137E+01 0.399E+00
6 ‘{ 5 (20 | 14 | 12 1 1.9 778 | 0.137E+01 Q.401E+00
71 916 |10 12 1 3.8 967 | 0.101E+01 0.482E+00
8 | o 7 | 813 | 2 9.2 904 | 0.167E+01 : 0.309E+00
o I 9 ls1 |16 |15 | 1 3.2 841 | 0.109E+01 .| 0.462E+00
10 Lo | 7 |1 |1a 1 3.8 904 | 0.101E%01 0.479E+00
é11 | 10 |16 | 11 |15 1 2.5 904 | 0.121E+01 0.434E+00

| B REtAR - ' .
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2T REATAFLEL > Coes 7(1?&\_0-399(11_2 SOzE‘l’ﬁﬁ%

NO MON DAY ! HOUR ] WD STAB {AVE WS | MH(M) |XMAX(KM) CMAX(PPM )
1 4 8 | 11 14 1 1.9 904 0.134E+01! 0. 303E+00
2 4 19 10 14 1 1.9 967 0.134E+01{ 0.306E+00
3 4 | 20 13 16 1 | 1.9 778 0.134E+01; 0.304E+00
4 5 4 11 1 1 t1.9 841 0.134E¥01! 0.306E+00
5 5 29 ; 12 . 13 1 ;1.9 778 0.134E+01| 0,304E+00
6 5 29 | 14 12’ 1 1.9 778 0.134E+01| 0.306E+00
7 9 : 6 10 12 11 . 3.8 967 0.100E+01] 0 .436E+00
8 9 | 21 10 15 1 | 3.2 841 0.108E+01| 0.405E+00
9 10 7 11 14 1 ! 3.8 004 0.100E+01| 0 .433E+00

10 10 18 11 | 15 1 | 2.5 904 0.119E+01| 0.362E+00

F . RETAE

- #2o+F RETAH » Chaer AR 0.25ppm 2 S0 HEFER

NO MON DAY | HOUR WD STAB |AVE WS | MH(M) | XMAX(KM) CMAX(PDPM)
1 3 23 11 | 3 3 21.1; 1029 | 0,195E+01!0.259E+00
2 3 23 12 3 3 21.9] 1092 | 0.192E+01}0.259E+00
3 3 23 13 3 3 21.9| 1082 | 0.192E+01}0,260E+00
3 4 8 11 14 1 1.9 904 | 0,134E+01] 0.303E+00
5 1 4 19 10 14 1 1.9 967 | 0,134E+01| 0.306E+00
6 - 4 29 13 16 1 1.9 778 | 0.134E+01|0.304E+Q0
7 . 5 4 11 1 1.9 841 | 0.134E+01|0.306E+00
& ' 5 12 | 10 | 2 3 14.9, 841 | 0,233E+01|0,257E+00
9 5 19 11 2 3 16 .4 778 | 0.221E+01|0.260E+00

10 | 5 19 12 3 3 18.8 841 | 0.205E+01] 0.264E+00

11 . 5 19 | 13 2 3 17.2 904 | 0.215E+01| 0.263E+00

12 | 5 19 | 14 3 3 14.1; 1029 | 0.240E+01{0.256E+00

121 5 29 12 13 1 . 1.9 778 | 0.134E+01|0..304E+00

147 5 29 14 12 1 1.9] 778 | 0.134E+01|0.306E+00

15 6 Tof 11 12 3 14.11 778 | 0.240E+01|0.256E+00

6 | 6 10 1 12 12 3 | 13.3] 778 | 0.248E+01|0.253E+00

17 | 6 13 | 11 12 3 - 13.3 904 | 0.248E+01] 0.253E+00

18 | 6 14 12 12 3 . 13.3 967 | 0.248E+01)0,253E+00

19 | s 14 | 14 12 3 i 13.3 904 | 0.248E+01|0.253E+00

20 | 7 5 13 12 -3 | 18.8] 1092 | 0.208E+01|0.268E+00

D S 6 | 11 12 3 { 14.1: 1029 | 0.239E+01|0.257E+00

22 | 7 6 | 12 12 | 3 }13.3] 1092 | 0.247E+01|0.254E+00

25 L 7 . 8 i3 12 3 | 16.4! 1092 | 0.218E+01|0.266E+00

24 7T 6 14+ 12 | 3 | 14.1! 1029 | 0.239E+01|0.257E+00

25 17 30 12 ! 12 3 | 16.4 495 | 0.219E+01| 0.264E+00

26 b 7. 30 | 14 | 12 3 17.2 291 | 0.213E+01!0.266E+00

27 8 13 11 12 3 14.1 587 | 0.240E+01}0.256E+00

28 19 4 11 13 2 7.0 753 | 0.195E+01]0.261E+00

29 9 4 13 14 2 7.0 451 | 0.195E+01| 0.262E+00

3 I 9 6 | 10 12 1 3.8 967 | 0.100E+01|0.436E+00

5L 9 7 i 8 3 2 9.2 904 | 0.166E+01|0.290E+00

32 | 9 7 12 3 3 19.5 554 { 0.199E+01|0.268E+00

3 | 9 7 13 2 3 17.2 410 | 0.213E+01|0.266E+00

34 9 8 11 3 3 14.1 474 | 0.242E+01| 0.253E+00

35 8 12 13 2 3 13.3 607 | ©0.249E+01| 0.251E+00

36 9 21 10 15 1 3.2 841 | 0.108E+01} 0.405E+00

37 9 22 13 1 2 7.0 778 | 0.196E+01} 0.260E+00

38 10 1 13 3 3 15.6| 1029 | 0.227E+01|0.258E+00

39 10 7 11 14 1 3.8 904 | 0.100E+01|0.433E+00

40 10 16 11 15 1 2.5 904 | 0.119E+01|0.362E+00

41 12 8 11 3 3 15.6 841 | 0.231E+01| 0.251E+00

42. ..} 12 ] 10 .3 3. 15.6|. 1155 |..0.230E+01] 0.252E+00 -
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- 206 -



2o 4 B R M S I L

S+ BETAFE  Care KR 0. 2ppmZ SO2 5t HEE

NO MON DAY HOUR WD STAB AVE WS{MH(M) IMAX(KM) CMAX(PPM)
1 3 8 iz .14 2 5.6 841 0.228E+01| 0.224E+00
2 3 21 11 2 3 10.2 778 0.300E+01! 0.220E+00
3 3 21 12 1 3 8.6 778 0.336E+01 | 0.201E+00
4 "3 21 13 1 2 4.2 778 0.250E+01 0.203E+00
S 3 22 1t 1 2 5.6 904 0.228E+01} 0.224E+00
6 3 23 11 3 3 21.1 10292 0.195E+01 | 0,259E+00
7 3 23 12 3 3 21.9 1092 0.182E+01 | 0.259E+00
8 3 23 13 3 3 21.9 1082 0.192E+01 | 0, 260E+00
9 4 4 11 1 2 4.9 904 | 0.249E+01| 0,205E+00

10 4 4 13 14 2 5.6 778 0.228E+01 | 0.224E+00

11 4 8 11 14 1 1.9 a04 0.134E+01 | 0.303E+00

12 4 15 13 2 3 11,7 1092 0.273E+01 | 0.232E+00

13 4 17 12 1 2 4.9 1595 0.248E+01 | 0.208E+00

14 4 17 13 16 2 5.6 1595 0.227E+01 | 0.226E+00

15 4. 18 11 16 2 i 4.9 1092 0.249E+01 ! 0.204E+00

186 41 18 13 15 2 i 5.6 1029 0.228E+01{ 0., 225E+00

17 4 19 10 14 1 1.9 967 0.134E+01; 0, 306E+00

18 4 19 . 12 15 2 i 4.9 1029 0.248E+01 | 0.207E+00

19 4 19 13 15 2 ;] 6.3 1092 0.210E+01 { 0.245E+00

20 4 29 13 18 1 i 1.9 ‘778 0.134E+01 { 0.304E+00

21 e 4 11 1 1 | 1.9 841 0.134E+01 | 0.306E+00

22 5 14 11 12 2 5.6 1 904 0.226E+01 | 0.230E+00

23 5 14 14 12 3 I 9.4 | 841 | 0.312E+01! 0,218E+00

24 5 15 13 12 3 | 9.4 904 0.310E+01 | 0.219E+00

25 5 19 10 2 3 | 14.9 841 0.233E+01 ¢ 0.257E+00

26 5 19 11 2 3 ! 16.4 778 0.221E+01 | 0.260E+00

27 5 19 12 3 3 18.8 841..1 0.205E+01 | 0.264E+00

28 5 19 13 2 3 [ 17.2 904 0.215E+01 | 0.263E+00

29 5 19 14 3 3 ;14,1 1 1029 0.240E+01 | 0,256E+00

30 5 20 10 1 2 i 5.8 841 0.227E+01 | 0.228E+00

31 5 29 12 13 1 P19 778 . 0.134E+01 | 0.304E+00

32 5 29 14 12 1 i 1.9 778 0.134F+01-! 0.306E+00

33 5 30 14 12 2 ! 5.6 841 | 0.228E+01 ; 0.,230E+00

34 5 31 12 12 3 : 8.6 ! 841 0.330E+01 | 0.208E+00

35 5 31 13 12 P03 9.4 | 841 0.311E+01 | 0.218E+00

36 5 31 14 i3 E 2 6.3 | 841 0.209E+01 | 0.247E+00

37 6 1 11 i2 I3 14.1 | 778 0.240E+01 | 0.256E+00

58 6 10 12 12 03 13.3 778 0.248E+01 | 0.253E+00

39 6 i2 11 12 2 6.3 967 0.208E+01 | 0.250E+00

40 © 12 12 12, 3 8.6 867 0.328E+01 | 0.210E+00

41 8 13 11 12 3 13.3 904 0.248E+01 | 0.253E+00

42 6 13 12 12 3 1z2.5 841 0.257E+01 | 0.249E+00

43 6 14 12 12 3 13.3 967 0.248E+01 ; 0.253E+00

44 6 D14 13 12 3 12.5 204 0.258E+01 | 0,248E+00

45 B | 14 14 12 3 13.3 904 0.248E+01 | 0.253E+00

46 6 15 11 i2 3 9.4 267 0.310E+01 | 0.220E+00

47 <] 15 i2 13 3 10.2 2967 0.294E+01 | 0.229E+00C

48 6 15 13 13 3 10.2 1029 0.294E+01 | 0.228E+0C

49 . 8 15 14 12 3 8.6 1029 0.328E+01 | 0.210E+Q0

50 6 16 1z 12 3 1i0.2 967 0.294E+01 | 0.229E+00

51 6 16 13 13 3 10.9 904 0.280E+01 [0.236E+00

52 6 16 14 12 3 10.9 904 0.280E+01 | 0.236E+00

53, 6 17 11 12 3 9.4 904 0.310E+01 | 0.219E+00

54 6 17 12 12 3 11.7 267 0.268E+01 | 0.244E+00

33 6 17 13 12 3 12.5 967 0.257E+01 | 0.249E+00

56 6 17 14 12 3 12.5 967 0.257E+01 | 0.249E+00

57 6 18 11 12 3 9.4 967 0.310E+01 (0.220E+00
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gE_ T~
NO MON DAY HOUR | WD STAB |AVE.WS | MH(M) | XMAX(RM) | CMAX(PPM)
58 6 18 13 12 3 12.5 967 | 0.257E+01| O.242E+00
59 6 18 14 12 3 10.9 967 | 0,280E+01] 0.237E+Q0
60 6 19 11 12 3 9.4 904 ! 0.310E+01| 0.219E+00
61 8 19 12 12 3 10.9 967 | 0.280E+01| 0.237E+00
62 6 19 13 13 3 10.9 | 1029 | 0.279E+01| 0.238E+00 |
63 6 19 i4 12 3 10.9 904 | 0.280E+01| 0.237E+00
64 6 20 12 12 3. 11,7 967 | 0.268E+01| 0.244E+00
65 6 20 13 12 3 10.9 | 1029 | 0.279E+01 | 0.238E+00
66 6 20 14 12 3 9.4 967 | 0.310E+01}{ 0.220E+00
67 8 21 12 12 3 8.6 | 1029 | 0.328E+01| 0.210E+00
68 6 21 13 13 3 10.9 967 | 0.280E+01| 0.237E+00
69 6 22 12 14 3 8.6 | 1002 | 0.328E+01| 0.210E+00
70 6 22 13 15 2 5.6 | 1092 | 0.224E+01} 0.233E+00
71 6 22 14 15 2 6.3 | 1029 | 0.208E+01] 0.249E+00
72 8 23 12 16 2 6.3 | 1092 | 0.208E+01| 0.250E+00
73 6 23 13 1 3 8 8 | 1092 | 0.328E+01| 0.210E+00
74 6 24 10 14 2 5.6 g67 | 0.225E+01| 0.231E+00
75 6 24 11 15 3 8.6 a04 | 0.329E+01| 0,209E+00
76 6 25 13 14 2 6.3 967 | 0.208E+01! 0,249E+00
77 6 25 14 14 .2 6.3 967 | 0.208E+01| 0,249E+00
78 6 26 11 14 2 3.9 987 | 0.245E+01 | 0.211E+00
79 6 29 11 13 2 4.9 | 1092 | 0.245E+01| 0.211E+00
80 6 29 12 15 2 5 6 | 1082 | 0.225E+01: 0.232E+00
81 8 29 13 15 2 5.6 | 1029 | 0.225E+01| 0,232E+00
82 6 30 12 14 2 6.3 | 1092 | 0.208E+01: 0,250E+00
83 6 30 14 14 2 5.6 | 1155 | 0.224E+01[ 0.233E+00
84 7 1 iz 14 2 4.9 | 1155 | 0.245E+01| 0.212E+00
85 7 1 13 15 2 4.9 | 1155 | 0.245E+01| 0,212E+Q0
B6 7 1 14 18 2 4.9 | 1155 | 0.245E+01| 0,212E+00
87 7 2 12 13 2 6.3 | 1029 | 0.208E+01| 0,249E+00
38 7 5 13 12 3 18.0 | 1092 | 0.208E+01| 0.268E+00
89 7 6 11 12 3 14.1 | 1029 | 0.239E+01| 0.257E+00
90 7 6 12 12 .3 13.3 | 1092 | 0.247E+01| 0.254E+00
91 7. 6 13 1z 3 16.4 | 1092 | 0.218E+01| 0.266E+00
92 7 6 14 12 3 14.1 | 1029 | 0.239E+01| 0.257E+00
93 7 12 12 16 2 6.3 | 1029 | 0.208E+01] 0.250E+00
94 7 15 13 13 3 9.4 | 1092 | 0.308E+01 | 0.222E+00
a5 7 15 14 13 3 10.2 | 1082 | 0.202E+01| 0.231E+00
98 7 28 10 12 3 10.2 723 | 0.203E+01| 0.230E+00
97 7 30 12 12 3 16.4 495 | 0.219E+01] 0.264E+00
08 7 30 14 12 3 17.2 291 | 0.213E+01 | 0.266E+00
.99 8 11 11 16 2 5.6 400 | 0.226E+01| 0.230E+00
100 B 13 11 12 3 14 .1 587 | 0.240E+01| 0,256E+00
101 8 13 13 12 3 12.5 460 0.257E+01| 0.249E+00
102 8 16 11 14 3 5.6 546 | 0.225E+01| 0.231E+00
103 8 16 13 13 3 9.4 433 | 0.310E+01| 0.220E+00
104 8 18 11 15 2 5.6 556 | 0.225E+01| 0.232E+00!}
105 8 18 12 16 2 4.9 461 | 0.245E+01} 0.211E+00
106 8 18 13 186 2 6.3 366 | 0.208E+01| 0.250E+00
107 8 19 11 14 3 8.6 597 | 0.328E+01| 0.210E+00
108 8 19 12 12 3 9.4 495 | 0,309E+01| 0.221E+00
109 8 19 13 13 3 8.6 383 0.328E+01! 0.210E+00
110 8 20 11 14 2 4.9 451 . | 0.245E+01| 0.211E+0QQ
111 8 22 12 15 2 6.3 329 | 0.208E+01| 0.249E+00
112 8 23 11 15 2 5.6 586 | 0.225E+01| 0.231E+00
113 8 23 12 16 2 4.9 461 | 0.245E+01| 0.211E+00
114 8 23 13 16 2 5.6 366 | 0.224E+01] 0.233E+00
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g GEE AR R ERERER

#;E_+A
NO MON DAY | HOUR ] WD STAB | AVE WS] MH(M) XMAX(FM) CMAX( PPMO
115 3 34 12 14 2 4.9 524 0.245E+01{ 0. 211E+00
116 8 24 13 13 3 8.8 460 0.32BE+Q1| 0.210E+00
117 8 25 12 13 3 10,2 301 0.294E+01} 0. 229E+00
118 8 26 12 14 2 6.3 398 0.208E+01]0.250E+00
119 8 29 11 15 2 4.9 441 0.246E+01j0.210E+00
120 8 31 13 12 3 10.9 244 0.280E+01|0.238E+00
121 9 1 11 15 2 6.3 514 0.208E+01|0, 248E+00
122 9 3 10 2 2 5.6 753 0.226E+01!0.230E+00
123 9 4 11 13 2 7.0 753 0.195E+01(0,261E+00
124 Q 4 13 14 2 7.0 451 0.195E+01|0.262E+00
125 9 5 12 13 3 8,6 784 0.329E+01|0,209E+00
126 9 5 13 13 3 10.2 602 0.295E+01|0.228E+00
129 9 5 14 13 3 8.6 4420 0.330E+01|0.208E+0Q0
128 9 6 10 12 1 3.8 967 0.100E+01|0.436E+00
129 g 6 12 15 2 4.9 | 791 | 0,247E+01|0.208E+00
130 9 7 8 3 T2 9,2 904 0.,166E+01|0,290E+00
131 g 7 12 3 3 19.5 554 0.189E+01|0,268E+00
132 9 7 13 2 3 17.2 | 410 0.213E+01|0.2686E+00
133 9 8 11 3 3 14.1 474 - | 0.242E+01|0.253E+00
134 9 9 12 2 3 11.7 | 554 0,270E+01{0.240E+00
135 9 ] 13 2 3 12.5 410 0.259E+01/0.245E+00
136 9 g 14 2 3 12.5 266 0.259E+01/0,245E+00Q
137 8 12 13 2 3 13.3 607 0.249E+01|0.251E+00
138 3 12 14 2 3 12.5 467 0.259E+01{0,246E+00
139 9 13 14 1 3 11.7 758 0.269E+01|0.242E+00
140 9 20 13 16 2 4.9 880 0.246E+01|0.209E+00
141 9 21 10 15 1 3.2 841 0108E+01|0.405E+00
142 9 21 12 13 2 5.6 967 0.226E+01 (0. 230E+00
143 9 21 13 14 2 6.3 967 0.209E+01|0.247E+00
144 9 21 14 14 - 2 6.3 736 0.209E+01!0.247E+00
145 g 22 13 1 2. 7.0 778 | 0.196E+01[{0.260E+00
148 9 22 14 1 3 8.6 632 | 0.331E+01|0.207E+00
147 9 24 8 1 3 11.7 652 | D.272E+01/0.236E+00
148 9 28 8 3 3 9.4 904 | 0.315E+01]0.213E+00
149 9 28 13 .2 3 11.7 967 0.272E+01{0.237E+00
150 9 29 9 2 3 8.6 904 0.334E+01{0.203E+00
151 9 29 13 1 3 13.3 967 0.251E+01|0,249E+00
152 -9 30 8 3 3 12.5 904 0.261E+0110.243E+00
153 10 1 " 13 3 3 15.6 1029 0.227E+0Li0, 258E+00
154 10 3 8 3 3 13.3 778 0.251E+01|0.247E+00
155 10 7 11 14 1 3.8 904 0.100E+01|0.433E+00
156 10 8 11 1 3 8.6 967 0.331E+01)0.207E+Q0
157 10 15 11 15 1 3.5 904 0.119E+01|0.363E+00
158 10 16 13 15 2 4.9 967 0.247E+01 {0 .207E+0Q
159 10 17 12 1 2 5.6 778 0.227E+01|0.227E+00
160 11 27 10 15 3 10.9 590 0.287E+01 ({0 .226E+00
161 11 28 10 2 2 6.3 778 0.212E+01 |0.239E+00Q
182 11 28 11 2 3 9.4 204 0.317E+01 (0.211E+00
163 11 30 15 1 3 8.6 3186 0.336E+01{0.201E+0Q0
164 12 1 11 2 3 10.9 715 0.286E+01{0.227E+0Q
165 12 2 9 15 2 4.9 652 0.252E+01 |0.200E+00
166 12 5 13 1 3 12.5 880 0.262E+01 [0.240E+00
167 12 8 11 3 3 15.6 841 0.231E+01}0,251E+00
168 12 9 10 3 3 15.8 1155 0.230E+01|0.252E+00
169 12 11 12 13 2 4.9 1218 0.251E+01 (0. 201E+00
170 12 14 9 2 3 14.9 841 0.237E+01 |0.249E+00
171 12 22 10 1 3 12,5 527 0.266E+01 |0, 234E+00
& RETAS
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EF+A BA=TAFMEE s Cux AR 0.25ppm 2z S0: 5TEER

NO | MON | DAY| HOUR [WD | STAB [AVE.WS| M (M) | XMAX(KM) |CMAX(PPM )

1| 3 1231 11 | 7 3 | 21.9 |1029 {0.135E401:0.259E400

o| 3 1231 12 | 7 3 1 21.9 {1092 {0.192E+01/0.259E+00

3| 3 [23} 13 | 8 3 1 21,9 {1092 {0.192E+1|0.260E+0Q

41| 4 6 { 11 |[31 1 1.9 | 904 {0.134E401|0.303E+0

51 4 |18 | 10 |31 1 1.9 { 967 |0.134E401|0.306E+)0

6| 4 |28 | 13 |36 1 1.9 | 778 [0.134E+01|0.304E+0

71 5 4] 11 | 2 1 1.9 | 841 [0.134E401{0.308E+0

8| 5 |18 10 | 4 3 | 14.9 | 841 |0.233E+01|0.257E+00

915 (191 11 | 5 3 |.16.4 | 778 |0.221E401{0.260E+00

10| 5 18| 12 | 6 3 | 18.8 | 841 |0.2053E+401|0.264E+00

11| 5 18| 13 | 5 3 | 17.2 | 904 |0,215E401|0.263E+00

12| 5 |18 ! 14 | 8 3 | 14.1 [ 1029 |0.240E+01|0.256E+00

13| 5 |20 | 12 |20 1 1.9 | 778 |0.134E401|0.304E+Q0

14 | 5 20 | 14 |27 1 1.9 | 778 |0.134E+01|0.306E+0

15| 6 1| 11 |28 3 {14.1 | 778 |0.240E+1|0.256E+0k
16| 6 1| 12 |24 3 | 13.3 | 778 |0.249E+01|0.252E+00}4p
17 | 6 |10 | 12 |28 3 1 13.3 | 778.|0.248E+01|0.253E+00/g
18! 6 |13 | 11 |28 3 | 13.3 | 904 !0.248E+401|0.253E+00

19! 6 |13 | 13 |25 3 | 15.5 | 841 {0.225E+01|0.262E+golM=
20 6 |13 ]| 14 |25 3 | 17.2 | 841 |0.213E+01{0.266E+00}S
211 6 |14 | 12 |28 3 | 13.4 | 967 [0,248E+1|0.258E+q0

22 67 115 | 14 |27 3 | 13.3| 904 [0.24BE+01[0.253E+00

231 7 5 | 10 |25 3 | 15,6 | 1082 [0.224E+01(0.264E+0

24 | 7 5 11 |25 3 17.2 | 1092 10,213E+401|0.267E+q0|&
25| 7 5| 12 |25 3 | 18.0.} 1155 [0.207E+01(0.269E+00

26 | 7 5| 13 |28 3 | 18.0 | 1092 |0,208E+)1|0.268E+Q0

27 | 7 5| 14 |25 3 | 15.6 | 1092 [0.225E+01|0.268E+0l.,
28 1 7 6 | 10 |25 3 | 16.1 | 1029 |0,219E+1|0.265E+H)0

29 7 [ 11 |27 3 14,0 | 1029 (0.239E+1/|0,257E+00

30{ 7 6 | 12 |28 3 1 13.8 (1082 |0.247E+01|0.254E+0Q

31} 7 6 | 13 |28 3 :16.4 |1092 |0.218E+01|0.266E+00

32| 7 6 | 14 |27 3 | 14.1 {1029 (0,239+mM1{0.257E+0

33| 7 (28| 12 |24 3 119.5 | 770 |0.198E+01|0,271E+0

3 | 7 l28{ 13 j25 3 | 15.6 | 793 10.224E+1/|0.265E+00

35 7 29 11 |25 3 16.9 514 |{0,218E+01|0,266E+0)

36| 7 |20 | 12 i25 3 |'18.6 | 426 (0.208E+01|0.2688+00

37| 7 |29 | 13 i25 3 | 17.2 339 10.213E+1|0.267E+0)|

38| 7 |30 | 10 l24 3 115.4 | 699 |0.235E+01|0.263E+

39| 7 |30 | 11 |25 3 | 15.6 | 597 |0.225E+01|0.263E+00]l!]
40 | 7 |30 | 12 iz6 3 | 16.4 | 495 [0.219E+01|0.264E+00kE
41 | 7 |30 | 14 |28 3 | 17.2 | 291 |0.213E+01/0.266E+00

42 | 7 |31 10 i25 3 | 19,5} 651 |0.189E+1|0.269E+00

43 | 7 131§ 11 tio4 3 | 16.8 | 524 |0.203E401/0 269E+00}s
44 | 7 131 1] 12 j24 3 | 19.5 | 398 |0.198E+#1|0 271E+00
45 | 8 2111 1251 3 | 16.8 | 597 |0.203E+010 269E+00[]
46 | 8 2 | 12 |25 3 | 16,4 | 495 |0.218E401/0.2687E+00

47 1 8 113 | 11 (26 | 3 | 14.1| 587 |0.240E+01|0 . 256E+00lK
48 | 8 113 | 12 |22 3 | 14.9 | 524 |0.233E+01|0.260E+0Q

49} g 4 { 11 |30 2 7.6 | 753 |0.195E+)1|0.261E+00

50! o 4 | 13 |31 2 7.0 1 451 [0.195E+401|0.262E+00

51| 9 6 | 10 |28 1 3.8 967 |0.100E+01|0.436E+00

52 | 9 7 8 | 7 2 2.2 | 904 |0.168E+01|0.290E+0

53| o9 7| 12 | 8 3 | 19.5 | 554 |0.199E491|0.268E+00

541 9 71 13 | 5 3 | 17.2 | 410 |0.213E+Q1|0.266E+00

55| 9 g | 11 | & 3 | 14.0 | 474 |0.242E+01|0.253E+00

56 | 8 (12 | 13 |-a 3 | 13.3 | B607.]0.249E8+1|0.251E+00

ST 9 1211 10 |33 1 3.2 ] 841 [0.108E+01|0.405E+qQ|

58| 9 |22 13 4§ 2 2 7.0 778 |0.196E+)1{0.260E+00

59 [10 | 1§ 13 |6 3 | 15.6| 1029 | 0.227E+)1]0.258E+00

60 | 10 71 11 33 1 3.8 | 904 |0.100E+01}0.433E+00

61 | 10 18 11 34 1 2.5 904 | 0.118E+01|0.362E+0Q

62 | 12 81 11 | 7 3 | 16.8 | 841 |0.231E+10.251E+00

63 1 12 g 10 | 8 3 | 15.8 | 1155 | 0.230E+010.252E+00

- 210 -

CMAX(PPM)

0.405E+00
0.433E+0Q0

XMAX(EM)

0.134E+01 | 0.308E+00
0.134E+01 | 0.304E+00
0,134E+01 |0.305E+00
0.134E+01 | Q. 304E+00
0.134E401 ;0.306E+00

0.100E+01 |0.426E+00
0,119E+01 |0, 362E+00

0.134E+01 |0, 303E+00

0.108E+01
" 0.100E+01

904
967
T8
841
778
778
967
841
904
904

AVE .WS | MH(M)
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14 1’.34 2 0,936 0.91 0,09 0.09 1 1
15 1.08 '2 0.408 0.91 0.09 0.18 3 4
1 1.34 i 0.336 1.00 0,00 0.18 3 7
: (HWD R Ry » (2)me B A bR A

E=tt BEHTASE > a0.95 » Coux ZRMO.9 » SOz » Cone KR 0.25ppm + P ENT

ZEHHEBR
WD | Xmz(km) [N (Z %) CRs CRr [Pi=1—CRr| 3P:i=P | NN({) NT=3NN
12! 2,18 8 0,576 | 0.47 0.53 0.53 1 1
:I_ .
31 1.99 7 0.576 | 0.51 0.49 | 1.02 1 2
! i | |
H i
12! 2.47 5 11.224 | 0.62 0.38 1.40 1 3
' e
2i 2.13 4 0.6 |0.70 0.30 1.70 2 | s
14] 1.34 2 '0.456 | 0.91 0.09 1.79 2 7
21 2.49 1 0.50 1.0 0.00 1.79 2 9
F:RAE=TAZE
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s=+A BREFABE s aB50.95 ) Cnas BEMEO0.9 > SO2 » Coux KR 0. 20ppm » PHENT

ZETERER
WD | Xmx(km) | N(Z /%) CRs CR+ |Pi=1—CR1 IPi=P | NN({#H)|NT=XNN
12 | 2.68 19 0,288 | 0.25 0,75 0.75 1 1
12 | 2.93 15 0.384 | 0.30 o.70 | 1.45 | 1 2
i s
| i
.14 | 2.03 12 0.36-i 0.35 0.65 . 2.10 1 3
— 1 !
13 | 2.92 11 0.36 | 0,38 0.62 ; 2.72 1 2 5
i | | '
15 | 2.08 11 036 1 0.38 o.62 | 3.3 | 2 . 7
: . :
| ¢
2 | 2.70 ! 8 0.312, 0.47 0.53 | 3.87 L 9
;
12 | 2.39 8 0,24 | 0.47 0.53 4.40 2 11
Z: AR=TAFE

EE'*‘?L ﬂﬁﬂf_""?“'\'ﬁ&’ aﬁogs * meg[ﬂfﬁO.Q R SOZ ’ lex j(m 0.3ppm’ PﬁNT

> SRR
WD | Xmax(km) |N 2&/#) CRs | CRr |[Pi=1—CRqr 3P =P NN { f8)| NT= 3NN
31| 1.34 2 ‘3.112 0.91 0.09 0.089 1 1
29| 1.34 1 2.16 L1.00 0.00 0.09 1 2
F:RE=TAH o
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ERGAE AR RERERER
FHF REAZTANM: ¢R0.95 » Cax BEME 0.9+ SOz + Coux AR 0.25ppm » PENT

ZAtERR
WD |Xn,, (km) | N (& ) CRs CRr [Pt =1—CRq 3P: =P [NN () | NT=SNN
25 | 2.18 15 1.272 |0.20 0.70 0.70 1 1
6| 1.99 6 [1.272 |0.56 0.44 1.14 1 2
26 | 2.18 | 6 1.32 0.56 |- 0.44 1.58 1 I3
24 | 1.98 5 {1.512 |0.62 0:38 | 1.96 1 E 4
+
26 | 2.48 4 2.784 10.70 0.30 E 2.26 1 - 5
5 2.13 3 1.344 [0.79" 0.21 2.47 1 6
27 | 2.39 2 2.232 |0.91 0.09 | 2.56 1 7
28 | 1.34 | 2 1.008 |0.91 0.09 2.65 1 8
4| 2.49 1 |2.712 |1.00 0.00 2.65 1 _' 9
F: RE=1TAF

F+— RA=FABH @aB0.95 + Cou: ZBRMEO0.9 » SO2 » Cuux AR 0.2ppm s PENT
ZEHEER

WD | Xmex (km) |NC &%) CRs | CRr |Pi =1—CRe SPi=P |NN(f)| NT=SNN
26 2.68 16‘ l. 0.648 |0.40 0.60 0.60 i ‘l
29 2.92 8 0.816 :0.47 0.53 i.13 1 2
33 2.08 - . a8 0.816 ,0.47 0.53 1.66 : 1 3
25 2.67 7. 0.648 (0.51 E Q.49 2.15 % 1 4
26 2.93 7 0.84 0.51. § 0.49 | 2.64 % 1 5
27 | 2.68 6 0.648 |0.56 i 0.44 3.08 E' 1 6
41 : 2,08 6 0.816 (0.56 0.44 3.52 E - 1 7
32 2.08 3] 0.816 [0.56 ~0.44 3.96 i 1 8
-5 2.:70 5 0.672 0,62 0.38 4,34 1 2
33: 2.47 5 12.016 |0.62 0.38 4.72 1 10
H:RRZTAR
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200+ = BALABE > B 0.95 » Coas BREOC. 9 » BPEH » Coux AP 150028 /m’ >

PENT ZEHE&ER
WD | Xmx(km) | N(ZK, ) CRs CRr | Pi=1—CRq IP: =P | NN({#) | NT=2NN
14 1.21 2 0.48 0.91 0.09 0.09 2 2
T - -
15 1.06 2 0.408 | 0.91 0. 09 0.18 3 5
14 0.885 1 0.48 1.00 0.00 0.18 3 8

g RR=1TFE

FM+= BE+FAHE: aB0.95 1 Cau BRE 0.9 » BEHE > Coux AR 1000 pg /o’
» PRNTZEHHABR

WD | XuweCkm) | NCH/E)| CRe | CRr |Pi=1-GRf SPi=P | NN(A)|NT=3W
14 2.68 32 0.288 | 0.16 | 0.84 0.84 1 1
1| 2.3 21 0.36 | 0.23 | 0.77 1.61 1 2
12 2.93 20 0.36 | 0.24 | 0.76 2.37 1 3
12 2.12 19 0.216 | 0.25 | 0.75 3.12 2 5
16 2.63 18 0.528 | 0.26 | 0.74 _2;;;; 1 6
15 1.94 16 0.312 0.28 0.72 4,58 1 7
12 2.50 15 0.264 | 0.30 | 0.70 5.28 2 a
16 2.70 ' 15 0.288 | 0.30 | 0.70 5.98 2 11
g:.RBE=TRE
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HE+E RE=HASE s a E50.95 1 Coux REAE 0.9 » MEEH > Crnux AR 1500 prg /m!
» PENT ZEHEER

WD | Xuex (km) | N(R4E) CRs CRt Pi=1—CR+{3IP;=P |NN{{) |NT=3XNN

31 1.21 2 1.08 0.91 0.09 ¢.09 2 2

29 1.21 1 “1.04 |- 1.060 0.00 ' p.09 2 4

& AR=TARZ

LT BESTABE @ B 0.95 » Cuux BEM 0.9 + BIBER » Coux AR 1000 g / m’
 PENTZ3HER

WD | Xmax(km) | N(ZK,/%E)| CRs CRr |Pi=1—CR1| ZPi =P |NN{(fH) | NT=3NN
32 | - 2.90 17 0.768| 0.27| 0.73 0.73 1 1
) ]
25 1.71 15 ‘ 0.432| 0.30 0.70 . 1.43 11 2
.31 2.68 15 0.648, 0.30 0.70 2.13 1 3
26 2,97 13 "0.888| 0.33 0.67 2,80 1 4
2 2.93 11 0.576] 0.38 0.62 3.42 1 5
2 2.95 10 0.672| 0.40 0.80 4.02 1 6
26 2.12 10 - 0.48 0.40| 0.60 4.62 1 7
29 2.68 9 0.648| 0.44 0.56 5.18 1 B
32 2.63 9 1.128] 0.44 0.56 5.74 1 9
36 1.95 9 0.744| 0.44 0.56 6.30 1 10
——— o -
. RE=1TRE
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HiGH EXCITED o CLUSTER STATE CALCULATION OF NUCLET*

5. Y. Lee, E. K. Lin and C. W. WANG

Recent studies on the intermediate structure of the light heavy
ion rection indicate that the cluster configuration may be the origin
of the intermediate structure (AE = 600 kev, [ = 400 keV) [see e.g.
S. Y. Lee, H. Wilschut, and R. Ledoux, Phys. Rev. C25 (1982) 2844].

We shall perform a cluster model calculation based on the method
developped by Bloch and Brink [D. M. Brink, Enrico Fermi School Lectuxe].
The single particle wave function of nucleons are assumed to be the

Gaussian, i.e..

- - .
mi<?) - n e (F T RHR (1)

The Slater-determinant |¢> of the trial wave function for 4N nucleons

is used to calculate the energy from the variational principle, i.e.
§ <o|m|¢>/<t|d> = 0

Based on the Brink-Boeker force, or thé N=N interaction derived .
from the shell model calculation by Hsieh et al in Tsing-Hua University,
we shall calcualte the high excited states of Z%Mg with 120120 con-
figuration. a~?Ne configuration and a-YP0-c configuration to investigate
the relevance of these cluster states in the heavy ion reaction of

12p,12¢ system.

# published in Annual Meeting of the Physical Society of the Republic of
china, February, 14, 1982.
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THE a-"L1 AND a-?2C ELASTIC SCATTERING AT Ey = 5. AND 6. MEV*

C. W. Wang, G. C. Kiang, L. L. Kiang,
G. C. Jon and E. K. Lin

Institute of Physics, Academia Sinica, Talpei, Taiwan, 115, RoC,

The differential cross section of 0-'Li and a-tic elastic scattering
have been measured at energies q} = 5 and 6 MeV. fThe results are
interpreted by using real phase-shift analysis. It has shown that the
real phase-shifts interpreted the a-12¢ scattering data very well at
the energies investigated. The o~'Li scattering data are also fitted

. quite good by the real phase-shifts. The states at Ex_= 0.4776 Mev
in 71i and at Ex = 4.439 MevV in 2¢ play little role in this experiment.
For scattering angles BC.M. > 1500; the results.are found to show very

prominent glory scattering and fit to the glory model very well.

* Published in Journal of the Physical Society of Japan Vol. 51, Ne. 10,
October, 1982, pp. 3093-3097.
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EXCITATION SPECTRUM OF NEUTRAL AND SINGLY IONIZED
BERYLLIUM ACCEPTORS IN GERMANIUM

L. T. Ho
J. W. Cross and 4. XK. Ramdas,
Department of Physics, Purdue Uniyersitg,
Lafayette, Indiana
R. Sauef

University of Stuttgart

Stuttgart, Germany

Beryllium, a group Il impurity, enters germanium substitutionally-
hence it is a double acceptor. Neutral Be, Beo,_binds two holes and the
excitation spectrum of Ge(BeO) shows lines with spacings close to those
for the other group II impurities Zn and Hg and those recently ocbserved
for Mg. - We have examined the Ge(BeO) with a high resolution Fourier
transform spectrometer equipped with a liguid helium cooledrbolometer.
We have discovered that all the prominent lines are split into doublets
with a spacing of 0.09 meV. We interpret this splitting as a con-
sequencé of closely spaced Fl + F3 + TS ground states. This ground
state multiplicity is due to the double acceptor nature of Be®.

| When Beryllium in germanium ig suitably compensated it is possible
to obtain singly ionized Be, Be . The excitation spectrum of Ge(Be }
shows that the spacings of the lines are four times those of the

corresponding lines in Ge(BeO).

Published in Purdue University Twenty-First Progress Report on Materials
Sciences Research, 172 (1982).
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EXCITATION SPECTRUM OF MAGNESIUM ACCEPTORS IN GERMANIUM

L. T. Ho
J. W. Cross and A. K. Ramdas
Department of Physics, Purdue University

Lafayette, Indiana

Magnesium is an interstitial impurity in silicon (Si) with a
Ty site symmetry. It exhibits an excitation spectrum characteristic
of a shallow, "He-like" double donor. With a view to explore the
behavicr of Mg in germanium (Ge), we have diffused it into the pure
crystal and examined its excitation spectrum. Ge crystal with the
impurities diffused into it is p-type thus strongly indicating that
unlike its behavior in Si, Mg is a double acgeptor. The excitation
spectrum measured on a Fourier Transform Spectrometer shows excitation
lines ﬁery similar to that exhibited by Ge(2Zn), Ge(Hg), and Ge(Be).
The spacings of the lines G, b, C, B,.A', and A" for the various
impurities are remarkably clese; their relative intensities are also

vary similar.

Published in purdue University Twentieth Progress Report on Materials
Sciences Research, 187 (1981).
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THE INFLUENCE OF CR AND W CONTENTS OM THE ISOMER SHIFT,
HYPERFINE FIELD DISTRIBUTION, AND MAGMETIC ANISOTROPY
OF FE-BASED AMORPHOUS ALLOYS*

5. T. Lin, L. ¥, Jang, W. T. Ku, L. 8. Chou
Departmént of Physics,'National Cheng Kung University
Tainan, Taiwan, R;O.C.
and
Y. D. Yac
In;s'titute of Physics,

Academia Sinica, Taipei, Taiwan, R.0.C.

The effect of transition metals on the magnetic properties of
Fe-based‘amorphous alloys has been studiéd by magnetization measure-
ments and Mossbauer spectroscopy. Magnetization results show that
the addition of transition metals such as Mn, Cr, V and Ti to Fe-based
alloys decreases the mean magnetic moment per metallic atom dréstically.
This is attributed tb.an antiferromagnetic coupling between the magnetic
moments of iron atoms and those of solute atoms. MSssbauer studies of
amorphous (Fe, Mn, Mo)75(P, B, Al)zs allo?s reveal that the hyperfiné
field distributions in these series of amocrphous alloys have a double-
peak structure and the reiative intensity of the two peaks is depen-~
dent on Mo and Mn concentrations. One of the advantages of Mossbauer
study superior to magnetization measurement is to be able to invest;—
gate inhomogeneous magnetic character, a characteristic of amorphous
magnetic alloys. In this paper we report our results on studying
the influence of Cr and W contents on the isomer shift, hyperfine
field distribution, and magnetic anisotropy of amorphous FEBO—xcrx

314516 and Feao—xwxal4516 alloys.

* published in Proc. 4th Int. Conf. on Rapidly Quenched Metals, p. 1105 (1982).
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ELECTRICAL RESISTIVITY AND MAGNETORESISTIVITY

OF AMORPHOUS FEgoBoq, FEgBygSTps FEgqB13S1,C; AND CUgeZRyq ALLOYS®

Y. D. vao®, S.'Arajsb and §. T. Lin®
a Institute of Physics, Academia Sinica, Taipei, 115, China
b Department of Physics, Clarkson College of Technology, Potsdam,
N. Y. 13676, U. S. A.

¢ Department of Physics, Cheng Kung University, Tainan 700, China

In recent years amorphous alloys have been a subjécf of consider-
able interest. The temperature dependence of the electrical resistivity
in these alloys has been studied in a variety of systems. Recently the
temperature dependent analysis and the explanation are subjects of con-
troversy.

Much work has beén done on the magnetic property of amorphous
ferromagnetic alloys. It has been shown that for transition metal-
metalloid amorphous magnetic alloys either transition metal or metalloid
can play a significant fole to these magnetic properties such as the
magnetization, Curie temperature ahd coercivity etc.. However, systematic
investigation on the magnetoresistivity a; well as on ferromagnetic
anisotropy'of resistivity of these alloys is not very extensive.

In this dinvestigation we report measurements on the temperature
dependent electrical resistivity and on the field dependence of mag-

netoresistivity on amorphous non-magnetic alloy Cu_ Zr

50ZF 40 and amorphous

Fe_ B _Si_ and Fe_  B._.5i.C

ferrcmagnetic alloys FGSOBZO’ g0B185%2. 80P13514C5-

* Published in Proc. 4th Int. Conf. on Rapidly Quenched Metals p. 839 (1982).
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ELECTRICAL MAGNETORESISTIVITY OF AMORPHOUS (FE—NI)aoBza,
(FE-ND)goP14Bgs (FE-W)goB,,Si., AND (FE-CR)goB, ST ALLOvS*

Y. D. Yao
Institute of Physics, Academia Sinica

&ankang, Taipei,‘Taiwan, R.O.C.

§. Arajs
Department of Physics, Clarkson College of Technology,
Potgdam, New York 13676
S. T. Lin
Department of Physics, Chen khng University

Taiwan 700, R.O0.C.

The electrical magnetoresistivity of amorphous Feao—xNixBZD

(x=0, 10, 20, 30, 40, 50), Fe Ji P B (x =0, 10, 20, 30, 40, 50, 60,

80- Xx 1476
7Q), Fe WEB Si, (x=20, 2, 4, &, 8), and Fe Cr B, 5i_  (x =0, 2,

80-x ¥ 14776 B0-x""x 1476
4, 6, 10, 14, 16, 20) alloys has been measured at both 77 and 300 K in
applied magnetic fields up to 6 kG. The ferromagnetic anisotropy of
electrical resistivify (FAR) decreases much faster with increasing con-
centration of Cr or W than Ni. -Our experimental data suggest that FAR
is closely related to the magnetic saturation moment (ﬁ) per transition

metal atom at 0 X, i.e., FAR = Aﬁm, where A and m are temperature-dependent

parameters.

* Published in J. Appl. Phys. 53, 2258 (l982).
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SURFACE EFFECTS ON RAMAN SCATTERING FROM SEMI-METAL SB
DEPOSITED ON ISLAND AG FIrms

N. T. Liang
Institute of Physics, Academia Sinica,
Nankang, Taipei, Taiwan, 115 R.O.C.
and
T. T. Chen, Hua Chang
Y. C. Chou and Shou-Yih Wang
Department of Physics, National Tsing Hua University

Hsinchu, Taiwan 300, R.C.C.

Enhancement in Raman spectra (115 cm—l and 150 cm_l) of crystalline
Sb deposited on island silver f£ilms has been observed. The excitation
profiles, as well as the dependence of Ramén intensity an the thickness
of Ag films, weré found to be similar to the surface enhanced Raman
scattering (SERS) from molecules-adsorbed on rough Ag surface. This
is the first observation of SERS from crystal vibrational mo@es rather

than the vibrations of individual molecules.

* Published in Annual Meeting of the Physical Society of the Repuhlic of
China, February, 14, 1982.
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OBSERVATIONS OF CRYSTALLINE AND AMORPHOUS
Sb FILMS BY RAMAN SCATTERING*

N. T. Liang
£ Institute of Physics, Academia Sinica
Nankang, Taipei, Taiwan, 115, R.O.C.
Y. C. Chou & Shou-Yih Wang
Department of Phgsics, National Tsing Hua University
Hua Chang
Department of Chemistry, National Tsing Hua University

Hsinchu, Taiwan, 300, .R.0.C.

We have observed Raman spectra (145 cmfl) of 50n200 ; amorphous Sb
films and the c¢rystalline peaks (115, 150 cm_l) of 10720 ; annealed Sb
films. Also observed was the transition to crystél when a silver overlayer
was deposited -or an amorphous Sb film. This same phenomena was not found
for Al overlayer, so that the conjecture of this transition being originated
froem temperature effect during deposition was ruled out. The determination
of phase change in such thin films via the conventional electron diffraction

or other methods is very difficult and has not been reported before.

* published in Annual Meeting of the Physical Society of the Republic of
China, February, 14, 1982.
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INHIBITION OF DOPAMINE BIOSYNTHESIS BY
GONADOTROP IN-RELEASING HORMONE IN PAT'

w. X. wang, L. 5. Jenq, Y. Chiang and N. K. Chien
Biophysics Laboratory
Institute of Physics, Academia Sinica,

Taipei, Taiwan, 115, R.O.C.

There is evidence that the neurcendocrine system can be modulated
by enddgenous opioid peptides (for a review see ref. 1). Recently
Rotsztejn et. al. have ruled cut a direct effect of Met-enkephalin on
release of gonadotropin-releasing hormone (GnRH). Instead they postulated
that Met-enkephalin inhibits the secretion of dopamine from dopaminergic
neurcnes thereby reducing the dopamine-stimulated release of GnRH from
the hypothalamus. We report here evidence‘that GnRH can itself supress
dopamine synthesis in the rat. ‘The fact that the dopamine neurone and
GnRH~secreting cell are adjacent to,eaéh cther suggests a feedback

mechanism of regulating GnRH release.

* published in Mature 296, 354 (1982).
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HEAT TRANSFER FROM AN IMPULSIVELY
STARTED CIRCULAR CYLINDER

Lai~chen Chien and In-shieh Kung
Institute of Physics, Academia Sinica

Taipei, Taiwan, 115, R.C.C.

Bnalytic sclution for forced convection heat transfer from an
impulsively started heated circular cylinder is studied. The mon-
linear energy equation‘ié solved by'the method of matched asymptotic
expansion to the third order. Solution for the temperature field in
term of exponential and error function is found. The time developr
ment of the temperadture field is plotted. The local Nusselt number
over the cylinder surface and progress of minimum Nesselt numbex
point with time obtained are compared with the existing solutions

with satisfactory results..

In Computational and Asymptotic Methods for Boundary and Interior
Layers, pp. 177-182, ed. by J.J.M. Miller, Boole Press, Dublin,

Ireland, 1982.
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LABORATORY STUDY ON THE TWO-DIMENSIONAL FLoWs
- OF STRATIFIED FLUIDS OVER BARRIERS*

Robert R. Hwang and Shain-Way Jang
Imﬂﬂ&bf%meAm@MaﬁMm

Nankang, Taipei, Taiwan, 115, R.0.C.

This paper describes an experimental study of a stratified fluig
of finite depth flowing over cbstacles which induce flow seperation and
turbuelnce on the lee side, in whlch the inviscid model is no 1onger
useful. various properties of the flow field, such as the development
of lee waves behind the obstacle, the blocking effect upstream, . the
effect of viscosity, and in particular the criterion for the onset of
graVLtatlonal instability in the lee~wave field are observed and
analysed. The results show that. lee waves produced by obstacles in
stratified flow depend on the internal Froude number the ratio of
the height of obstacles to the channel depth, the ratio of the height
to the half width of obstacles and the Reynolds number of the flow.,
Therefore, it can be found that the existence of upstream influence
and the flew seperation induced by the cbstacle have great effect in

some flow conditions on the development of the lee-wave field.

- * Published in Journal of the Chinese Institute of Engineers, vol. 5, No.

pp. 167-177 (1982)
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MIXING AND DIFFUSION OF HEATED WATER
DISCHARGE FOR POWER PLANTS*

Robert R. Hwang, Shian-woei Jeng and B. 5. Shiau

Institute of Physics, Academia Sinica

The present study treats a buoyant surface discharge into

a large body of water and integrates the near-field and the far-field

analysis in predictions of water temperatures resulting from the

surface discharge of heated water in ambient flow configurations.

The main objectives are to develop a framework for integrating the

near-field and the far-field models. The near-field model includes

‘buoyant jet interaction with a shallow bottom while the far-field

model is capable of predicting temperatures in a large body of

water which is subject to a range of transient current conditions.

Therefore, the study is then to investigate the basic behavior

of buoyant surface dischafge and to improve our ability to predict

water temperatures resulting from these discharges.

a

Published in Journal of Civil and Hydraulic Engineering Vol. 9 No.
(1982} .
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NUMERICAL STUDY ON FLOW DEVELOPMENTS
FOR THE RISE OF BUOYANT PLUMES
IN A STRATIFIED ENVIRONMENT*

Robert R. Hwang and Chyi-Jang Shiau
Institute of Physics
Academia Sinica

Kankang, Taipei, Taiwan 115, R.0.C.

Numerical technique for integratiné the-fﬁll Navier-Stokes and
diffusion equations through an initiallvalue problem has been used to
investigate the time developmenﬁ of a line buoyant source issuing in
a density-stratified environment. The basic physical features and
some structures of the interactions of the motion ﬁt the intermediate
mi#ing region are obtainéd. Results show that the stratification
tends to inhibit the'flow;development of the buoyant source and to
encourage the formation of récirculatory vortex on the lower region

near the source and the upper region.

* Published in Journal of the Chinese Institute of Engineers, Vol. 5,
No. 1, pp. 13-18, (1982).
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VIscous FLOWS OF STABLY STRATIFIED FLUIDS OVER
SEMI-CIRCULAR OBSTACLES*

Robert R. Hwang and Shain-Way Lang
Institute of Physics, Academia Sinica
Nankang, Taipei, R.O.C.

(Received, 27 August 1981; Accepted, 23 October 1981)

Numerical techniques of ADI method for integrating the time-dependent
Navier-Stokes .equations, which have provén useful in the study of homogeneoﬁs
viscous flows, have been extended to handle the flow of a stably stratified
viscous fluid over a ridge of semi-circular ¢ylinder of infinité length.
Various properties of the flow field and the éharacteristics of the 1ee‘
waves formulated are inves;igated.

Results show that the stratification tends to encourage the develop-
ment of overturning flow regions (rotors) on the lee slope of the ridge
and the formation of such region on the upstream slope and down-stream
from the ridge. For stratified flows over chstacles, the fluid below
the top of the obstacle hecomes patially blocked for flows of slow

motion or small values of intermal Froude number.

* published in Proc. of the National Science Council Vol. 6, No. 1, pp. 1-8,
1982. .
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Boson MAPPING IN THE DEFORMED NILSSON SCHEME

g. T. Chen, 5. Y. Lee, L. Lin and 5. F. Tsai

We analyze the importance of S and D bosons in the Dyson boson

mapping of the deformed Nilsson scheme, i.e.

aua8 > RQB =‘§3B - ﬁuYBBGB
Y6
aYa6 - RéY = BSY (1}

a ooy
a’ag > Ryg = B 'Bgy

where o, 8, Y and § are the appropriate guantum members for the Fermion
states in the Nilsson orbit, we hve used thé convention that a” and
a8 are fermion creation and annibilation operators for state O and B
respectively. Double indices in egquations (1) is summed implicitly.
Based on the Dyson mapping, we can obtain the analytic solution for the

Nilsson Hamiltonian with pairing interaction.

H= Eekakak - GEakakak,aE, (2)

From the mapped boson Hamiltanian

, - -
H =3I 8¥B, - ce¥Ft - pikgkk2

B k kk B

kyko Ptk (3)

the analytic solution of the Hamiltonian system with N bosons is given

by

+

la> = b (E,)|0)
1

I =

i=1

where

__ L gkk{o (a)
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SYSTEMATIC ANALYSIS OF MEDIUM HEAVY SPECTROSCOPY IN
THE INTERACTING-BOSON MODEL

H. ¢. chiang, §. T. Hsieh, M. M. King, 5. Y. Lee,

Interacting boson model (IBM) of Arima and Iachello is a very useful
theoretical tocol in the spectroscopy of the medium heavy deformed nuclei.
IBM assumes that the nucleon pairs can be considered as a boson where the_
bosons with angular momentum 0 and 2 dictate the low-lying spepfrum of

‘nucleus, i.e.
H=es's+ L5 atd +3 i CL(d+d+)L-(d at
+ 4 ugs+s+ss +§V°[(d+d+)°ss + st 3)"]
vt B @ @ . @dhHh P H @

+ 1 wrEtsH @ o2 @ )

Several attempts in fitting the Hamiltonian to a series of nuclear
spectra have been performed. Yet these efforts are limited by the limited
nunber of parameters used. A much more general xz-fitting is still lacking.
Our study shall concentrate our effort in calculating the spectra and the
transition rate of the rare earth nucléi systematically to understand the

physical meaning of the parameters in equations (1).
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provided that the pair energy Ei satisfies

1
+ K =L
... E. — E, 2e, - E,
J#i E] EL x B

(5}

&

These solution has been obtained previously by'Richardson et. al.
Te analyze the inportance of S and D bosons, we can simply investigate

the boson sﬁngle particle energy

Hél) = g Bkk'B -G Bkk

k Kk’ k'k' (&)

The bosons with spherical tensor rank J, K, and be constructed from

these Nilsson orbit i.e..

ak = cjk aJk
J
k1 ka2 Jaika_Jzk2
a = C, , ., a a
® Jik1 d2k2
or
kika Jikijzkz
R = , \ R
Jiki Jake
U (3132)9%
= [o38 <ji1k ks [JKE> R
L1k izka J1%132 2]
(F1i23F  (j132)0K
T Xrkg k. X

Jid2
analysis of the theﬁe spherical bosons can be carried out easily. At
present, our fesult indicates that the S.D.G. and I bosons are important
in the single J shell case. Multi-J shell analysis is currently under

investigation,

- 56 -




	v12-pg.10-17
	v12-pg.cover
	v12-pg.contents
	v12-pg.1-9
	v12-pg.18-28
	v12-pg.29-36
	v12-pg.37-53
	v12-pg.54-58
	v12-pg.59-66
	v12-pg.67-76
	v12-pg.77-86
	v12-pg.87-102
	v12-pg.1103-118
	v12-pg.119-139
	v12-pg.140-165
	v12-pg.166-172
	v12-pg.173-237
	v12-pg.238
	v12-pg.239
	v12-pg.240
	v12-pg.241
	v12-pg.242
	v12-pg.243
	v12-pg.244
	v12-pg.245
	v12-pg.246
	v12-pg.247
	v12-pg.248
	v12-pg.249
	v12-pg.250
	v12-pg.251
	v12-pg.252
	v12-pg.253
	v12-pg.254
	v12-pg.255-256

