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The Collisional Broadening of Hydrogen Lines in the Nebulae

Ta-You Wu (REED
Deparitment of P_hysics and Astronomy

State University of New York at Buffalo

Abstract

The theory of Baranger and Griem of the collisional broadening of spectral lines as
applied to the observed widths of hydrogen lines in the nebulae seems to lead to rather
low values for the electron desnities of the emitting regions. In Griem’s work, in calculating
the collisional transition probabilities, the dipole approximation is made for the interaction
between the hydrogen atom and the colliding electron., In the present work, an estimate.
has been made for a correction factor for this approximation. It is found that for states
n = 170, n = 240 and electron temperatures 7000°K - 10%*°K, the dipole approximation

overestimates the transition probability rates by a factor ~—0151- . This correction will

reduce the theoretical collisional width in Griem’s theory by a factor 0.5.
In the present work, it has also been found that the effect of exchange on the transition

probabilities for the above states n and electron energies is entirely negligible.

I. INTRODUCTION

In recent vears, radioastronomy has been extended to the observation and the accurate
megsurement on the emission lines of hydrogen in the HII region in certain nebulae,
corresponding to transitions from high levels n (n=253, Penfield, Palmer and Zuckerman,
1967; n=248, Parrish, Pankonin, Hailes, Rankin, Terzian, 1972). From the measured
widths of the spectral lines, it is possible to deduce some information concerning the
physical state of the emitting region, such as the “temperature” and the electron and ion
densities. The theoretical analysis is based on the theory of such processes as Doppler effect
and the collision effect. By the latter is meant the broaderning of the energy levels due to
the interaction between an incident electron or ion and the emitting atom. The theory of
this collisional broadering has been developed by Baranger (Baranger, 1958, 1963), Griem
(Griem, 1967) and others (Brockehurst and Leeman, 1971, and Peach, 1972). The observed
widths however, for H248« by Parrish et al(Parrish et al, 1972) and for H2258 by Williams
(Williams, 1957) seem to have been completely accounted for by Doppler broadening
alone. If the theoretical values for Jwe are accepted, they will set an upper limit to the
electron density in the emitting region.

Since the disagreement between the observed widths and the theoretical values is of
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concern in relation to the question of the temperature and the electron density of the
region of emission, it is of interest to reexamine the problem of "Stark” or "collisional”
broadening of the energy levels of an atom, in view of certain appro:{imations made in
Griem’s theory.

One of the approximations is the dipole approximation for the interaction between the
hydrogen atom and the colliding electron in the evaluation of the transition probabilities,
i.e., the replacement of

*

- g I
V = -et ( B V=g )] (1}

by
Vi = et _(r%fj) i (©)

where t is the atomic electron coordinate and R the incident electron coordinate.
Consider the transition probability Wa,=’ per second of the hydrogen atom in an inelastic

collision with energy "2311_ h3k? | It is given by

Wan' =25 [ <n, k1 V|n’ ,k’;‘:-]ﬂﬂ?ge‘%??sin 8480 ®

where <{n,k|V|n’ , k'>> is the matrix element between the initial and the final state of
the system (atom + colliding electron) , 2 the normalization volume of the colliding

electron, and the integration is over the scattering angles 6,¢. In Born approximation,

- 1_ goies : 1.
B> === gikes pr> =L e
| &> Vo ¢ R~ 5= ¢
and
<no k| VIn' R = = e <nlee i > ()
o ’ B 7o 4
2
k| V! > = = A a2l ©
where
R%D gy BT
En tam T Ea” 2m (8)
Q3 =k 4 R'Y — 2kk’ cosh M

@ being the angle between k’ and k, the scattering angle.

The evaluation of (5} is elementary, but the evaluation of (4) in spherical polar
coordinates for |n> is extremely inconvenient for large values of n and £. To estimate
the effect of the dipole approximation (5), we may evaluate both (1) and (5) for [n>>, |n’>
in parabolic coordinates. Consider the transition

|7,0,0,n-I> k> =~ [n+i,l,0,n-0>k' > (3)
where n (n,ky,k;,M) are the quantum numbers of a state in parabolic coordinates. With
the formulas given in the Appendix, we obtain, for V in (1),

. Xmax d
¢ _ mpagled 2n {2 4-2 2n+1 2 _.._ax
Wam' = S Ul 170 G | x(1Fx)Tars )

Xmin
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and for the dipole approximation (2,

Win,a = THdo g4 C 2n(9»;+2) Jzn_li_]_ n3(n+1) Jnxmax dx

! s g 3
£ i (TnF1)e fmin ¥
where
Ymin = E—'%%%_ji'l)"‘ao“f"'efl i, ' 1
tmax = (D g0 k) g

For large n, the irtegrand in (9) is much smaller than that in (0 for both small and large
x, showing that the dipole approximation overestimates the contribution for both large and
small distances.

The integral in (5) can be calculated

2
fxm“ — i ames— = An Fmiatl ~""42§2 - nFmaxtl
Xmia I(1+x) Xmia i=1 } Xmax

For the relevant values of k, k’ and n, xmpmin is 0(107%*) and =xmax is 0(10%). Actual
caleulation gives for the ratio of the two integrals in (9) and (0, and hence

H n,ﬂ+1

T’V norel -= 0.51] __for n = 170 (-121

= 0.510 for n = 240 .
The value of the ratio of the two expressions in (§) and {0 is not sensitive to the value of
k within such a range of temperatures as 10* °K - 7x 103 °K. For other transitions such
as [n,1,0,0~2>> - |n+1,2,0,n-22>, the integrals corresponding to (9) look more complicated,
but thesratio (12 remzins practically the same.

In Griem’s theory, the dipole apprt)ximafion has been used. Thus we suggest that a
correction be applied by multiplying the Jwc on that theory by the above factor 0.51, even
though in griem’s work the incident electron is represented by a classical trajectory whereas
the ratio {12 has been obtained on the Born approximation./

Another effect in all electron-atom collisions is the exchange effect as the result of
the Pauli principle. To estimatz this effect, a somewhat lengthy calculation has been carried
out and it is found that for such transitions n—n’ as n,n’ ~ 240 and Te ~ 10%°K (electron
energies about! electron volt), the effect entirely negligible. This is just as expected since
the electron energy is 10% times the binding energy of the electron in these states and is
not “slow”.

_ The writer is grateful to his colleague Dr. Y. C. Lee for helpful discussions and to
Dr. V. Pankonin for ussful comments.

4 The classical approximation should be valid for slow electrons, although the
introduction of maximum and minimum impact parameters in griem’s work leads to the
ratio

pinax _‘/ 6 v, "n h*

; ()
pmin
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which becomes less than | for n < 24 — a somewhat unsatisfactory feature even though
we are not here concerned with such "low” states.

On the other hand, the Born approximation has neglected the “distortion” of the plane
waves and the coupling of all scattering states. The ratio (12, however, may be expected

to be valid even though the absolute values of the transition probabiliiies are not accurate.

~ APPENDIX

The matrix elements of V in (3)

. 1. 1 : L
| <_1’1,K[—R~—-—’ﬂi-—ln’ K> Q’ T <n|l-e: ‘”E n’>
can be evaluated in parabolic coordinates. The hydrogenic wave function is _
_H M + iM¢
2 Py 2 L () Lk, ) €

Wby kg, M=V ke e, ME

Nnkiks M ‘{/z EZ(M+2kf)lfi=@E’ﬁ;+kz)ﬁJ /2 p ., M=o0,1,..n1,
n=—L o, dr=——(e4n) & dy d . - (AD)
One meets integrals of the type '
I:O e"lx xe+d L;(ax)L: (bx)dx ,d = 0,1,2,... (A2)
Re 4> 0 .

Elwert (Elwert, 1955) has applied Kallmann and Pisler’s (Kallmann and Pé#sler, 1950)
method of Laplace transform to evaluate this integral. The result is expressed in the form
of a series whose successive terms contain various orders of differentiation of a certain
function, and is therefore not quite explicit. We have obtained, by the method of

generating functions, the following result for « =.0,1,2.

The associated Laguerre polynomial L‘f (x) here is as defined in the physics literature
(differently from many mathematical works) |
LS () = (~D)F n'v ( ) p ("
Let

A-a i-b_ _b+a-2 . _ o7
g = 1 , T = 2 s | 2 r v P .

oo c
fo= [ M e L Cax) L (b2) do
0 m

_ominl o gmeanit (m+s)! . A3).
- C+[P 7 :-.=0 (TI—C—S)'(H’I ﬂ+5)" ol < ( )

co c c
IIEJ‘ e—lx xS+ Lm Cax) Ln (bx) dx

o

—_— 4 —
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— min! -c _me-n Cm+1'+_5).r 3
T pC o : ?:'o (h—c—s)(m—n+s)!s!
1 & (m+s) s 1 e (m4s)! 3
+Tom s§) {(n—c=1=s)(m—n+s)ls! $ Z“o (m—c—s)(m—n—1+5)s! ¢
— -g_r:-c‘: (m+1+5)" £3 ) . (A4)

P z, (n—c—1—s)(m—n+1+s)Is!

0 [+
Iy f ¢ AT yres L; (ax) L_ (bx) dx

o
_ min! a e (m+2+s) s
TyiveT PR 6™ {;0_..._ n—c—s)(m—n+s)s! ¢
4R Onla e 1% (o s .
+—.me 5=0 (n—c—l—S)!(m—ﬂ+S)!5-’ +p:l 520 (n—c~—2—s).’(m—n+s)!’s! ¢
2 T (mtl+s) s 2075870 (mt24s) g
o imo (n—c—s)Y(m—n—1+s)!s! p o (m—c—1—s)m—n+1+s)s;
9 Tza-1 (m+s)! . 20 "% (m+1+s)!

ap g., (?ivljci—ll':s):"(;n——-n—l+s).’s!E e sEo (n—c—2—s)Y(m— n-l—l—l—s)’s"

(m+s) =5 (m+2+5) s
a“ sgo (n—c—sY(m—n—2+s)sl” & sz (n—c—2— s)’(m—n+2+3)fsr$ }

(A5)
(A3), (A4), (A3) are for m = n. For m < n, one interchanges the role of m and n (and
a, b). In all cases, s must be such that there are no factorials of negative integers. From
these formulas, one obtains for the case

_eth . 3
="y - CEE

the results of Kallmann and Pisler (Kallmann and Fésler, 1950) in a different form. (A3),
(A4) express the result of Elwert (Elwert, 1955) in a much more explicit form.
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Gamma Rays from Therrﬁal Neutron Capture in 128Te

H Y YU (## %), EK. LIN (AR AE)
and W.N. WANG ( W!ii

Tsing Hua University and Academia Sinica, Taiwan
(Received 20 September 1972)

Thermal neutron capture gamma rays from *¥Te have been measured by
means of 2 43 cm® Ge{Li) detector and a Nal(Tl) scintillator. A great number
of gamma rays has been identified belonging to the epergy levels in 1%9]
populated in the beta decay of '®Te from ™Te (#, v} reaction. The detailed
dacay scheme of '] was constructed. Possible transitions between levels of
1¥] were given and discissed.

I. INTRODUCTION

HE measurement of gamma rays is one of the principal ways of establishing
" the decay schemes of radiocactive nuclei and of observing the levels excited
in nuclear reactions. ‘An analysis of the transition energies as derived from
g'amma-r_ay measurements is a convenient étarting point for the construction of
an energy level scheme. The method of analysis is based on the Ritz combination
principle first employed in optical spectroscopy. If one has three gamma rays
“which are thought to connect three.levels and it is believed that two of the
gamma rays are in cascade while the third is a Ccross over transition, then the
sum of the first two energies must equal to the third within the errors of
' measurement. Measurements of coincidences between gamma rays or conversion
iines are useful for determining the cascade relationships between - transitions.
Such data alone can establish cascades or they can confirm cascade-crossover
sum relationships.
Gamma-ray energy, intensity, and coincidence measurements can do much
toward establishing the positions of levels and the order of transitions. For
example, the nuclear energy levels of "’ have been investigated experimentally¢‘-"

* Work pexformed at the Physics Research Center in Hsinchu and supported by the Academia

Sinica and Tsing Hua University.
(1) W.E. Gtaves and A. C. G. Mitchell, Phys. Rev. 101, 701 (1956).
(2) A V. Ramayya, Y. Yoshizawa, and A.C.C. Mitchell, Nucl. Phys. 56, 129 (1964).
(3) S.H. Devare and H.G. Devate, Phys..-Rev. 134, B705 (1964).
(4) J.P. Hurley and . M. Mathiesen, Nucl. Phys. 73, 328 (1965).
(5) D.D. Bornemeier, V.R. Potnis, L. D. Ellswoith and C.E, Mandeville, Phys. Rev. 138, B525 (1965).
(6) G. Berzins, L. M. Beyer. W. H. Kelly, W. B. Waltets and G. E. Gordon. Nucl. Phys. A93, 456 (1967).
(7) W.C. Dickinson, S.D. Bloom and L.G. Mann, Nucl. Phys. A123, 481 {1969).

*This paper has been publish in Chinese Jaurnal of Physcis

vol 11, No. 1(1973) 1 - 11 _. "
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through the 4~ decay of '™Te (33 days) and Te (70m). Results of these
experiments show that ***®Te decays by de-excitation of the 105 keV isomeric
state to the "*Te ground state and both ***Te and »*Te decay by 8- transition
to the excited states in *°I. However, the observed gamma rays and iaroposed
decay schemes in these experiments showed somewhat disagreement with each
other. In the present work we undertook a detailed study of the decay spectrum
for the energy levels of "*°I, employing a 43 c.c. coaxial Ge(Li) detector of better
energy resolution and efficiency than those of previous works. Also, the decay
scheme was studied with slow gamma-gamma coincidence measurement.

II. SOURCE PREPARATION

The '***Te and ***Te sources were obtained by irradiating 100 mg samples
nf tellurium powder, enriched to 99.46% in **Te (see ref. 8), in a thermal neutron
Jux of about 5x10™ 7#-cm~2sec~' for 30 hours in the reactor of National Tsing
Hua University. After 10 days cooling period the '*Te sample was chemically
purified in a procedure similar to that described by Hahn®. The priminary
thermal neutrons capture reaction .on **Te produced the desired source material
**Te. However, the presence of small amounts of '**Te, *Te, **Te, ®Te and
130T in the enriched **Te sample® produced the -activities of *'Te, *¥*Te, 2*=Te,
2"Te, ¥ Te, ¥1Te, respectively, all with hqlf-lives'longer than that of 33 days
129%Ta, - In addition to the tellurium impurities an easily detectably admixture of
‘®Ag was found to be present in the prepared source. Since in the chemical
purification, silver is added routinely as a carrier and then removed subsequenﬂy
in the separation, appreximately 0.1% of the silver remains after ohe separation
procedure. Because of high thermal neutron capture cross section a small amount
of silver contanmination will lead to considerable production of 250 days “""Ag
in the irradiation process. We have identified a number of gamma rays belonging
to the decay of '“*"Ag inm present measurement.

ITI. APPARATUS

The electronic circuit used in the single spectrum measurement consists of
413 mm diax36.5 mm length (43cc) Ge{Li) coaxial detector, pre-amplifier, linear
amplifier, biased amplifier, pulse strectcher. and 1024-Chénnel.puIseheight analyzer.
The biased amplifier module is designed for pulse amplifiers. For high resolution
spectrostopy with a multichannel analyzer, the biased amplifier provides a variable
bias level and subsequent gain to expand a region of interest in a spectrum.
When used with the linear amplifier, this combination offers high counting rate

{8) The sample and its impurities information were given by Oak-Ridge National Laboratory,
(9) R.L. Hahn, I. Chem. Phys. 39, 3482 (1963).

—8
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capability, good overload recovery, and excellent resolution necessary for use with
semiconductor, gaseous, or scintillation detectors. But when a biased amplifier
is used in a linear system, there is a problem of pulse width variations below
some minimum impractical width feeding into the multichannel analyzer. These
can be eliminated by using a pulse stretcher to strech all input pulses to the
analyzer to a suitable width. The pulse stretcher module accepts linear signals
from a‘sou'rce such as a linear amplifier, linear gate, or a biased amplifier and
‘reshapes the input signal to a waveform that is suitable to drive a multichannel
analyzer. The pulse stretcher stretches the peak voltage of narrow, input signals
to :some selectable minimum width, without altering the linear nature of the
input signal. Th‘e_' linear parameter of the input signal is its relative amplitude.
The stretching reduces the band-width requirements of subsequent analog-to-
digital - circuits in multichannel pulse height analyzers and thereby accomplishes
Improved linearity. For this system the énergy resolution (energy per' channel
xFHW) for ®Co 1.332 MeV . peak is 1.96keV, and for *'Co 0.122 MeV peak is
1.23 keV. | :

A block diagram of electronic circuit used in the gamma-gamma coincidence
experiments is shown in Fig. III-1 which consists of 7.6 emX76cm Nal(T1)
detector, a 43c.c. Ge(Li) detector; pre-amplifiers, linear amplifiers, biased amplifier,
tiulse strectcher, delay amplifiers, time-pickoff unit, time-pickoff control, timing
single channel analyzers, time to pulse height converter, linear gate and 1,024-
channel analyzer. The time-pickoff unit is a time derivation unit for systems

Detector
Blas~
supply
P. M.
Tube
- P e AND .« f e ﬁ;?ar‘ hrnegpd 5. C . AL
NaI(TI) P
Q
A
n
Time to
Pulse : .
*Source € nerator ?giig;é;:}sh* ﬁ.c.:l
‘ !
+
Iy
-
=i Time Time E Linea 1024
G g r
Det:E:I;tu)r Preamp. [~ ™Pick-off ™™ ick-ors cate [—™u.c.a.
F. Univ Control
Detector | Linear Blased | ._.gl Pulse ltnd Delay
Bias~- ' Amp ., Amp. igifﬁ" Amp .
supply

Fig. III-1. Electronics for coincidence measutement
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GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN “Te

capable of “state of the art” subnanosecond time measurements. It obtains a
timing signal by sending the charge collection current from the detector to a
charge-sensitive preamplifier. A unique pulse " transformer method of leading
edge time signal derivation applies to both semiconductor and scintillation detectors
delivering fast rise time output pulses. The time pickoff control furnishes dc
power and remote control bias for the fast time deriviation discriminators in
time pickoff. The time resolution of this system for **Co measurement is 17.6 ns.

-

IV. CALIBRATIONS

(1) Energy ealibration for the single spectrum

‘Several well known standard gamma-ray sources were used for the calibration
oi energies of observed gamma-rays:. From the energies of the well known
gamma rays and with using of the IBM 1,130 .computer under going first and
second-order least squares fit in the calibration, we can determine energies of
the prominent "’I gamma radiation. These prominent gamma-rays in turn served
as calibration points for the weaker '*°I gérnrna-rays. The quadratic fit to the
calibration points was found 'desirable to take into account the deviation from
linearity of the electronics which was typically 0.2%. The position of the centroid
of the peak was taken to be the peak energy. Uncertaines in the determined of
gamma-ray energy. were baséd primarily on rms deviation from mean value. ‘In

cases of weak gamma-ravs, larger errors arise because of poor statistics.

(2) Photo-peak efficiency for 43e¢. c. Ge-(Li) detector

The measurement for the photo-peak efficiency was formed with - several
standard sources at a distance 10cm along the detector axis. The energieé of
the stadard sources range from 87 keV to 1.332 keV. The efficiency was determined
by the relation

= :——A——
T pw
where A: photo peak area per sec.

D: absolute disintegration of the sources.
W: solid angle extended from the source to the detector.

{3} Time resolution of electronic circuit for coincidence measurement

In th’é measurement the positive high voltage applied to the Ge(Li) and
Nal(T!) detectors are 3,000 keV and 1,200 keV respectivily. The fasting timing
output from the Ge(Li} detector is accumulated by time pickoff unit and  time
pickoff control, and serves as a start signal for the time to pulse convertor. The
energy output from the Nal(Ti) detector péssing through the preamplifier, linear
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amplifier and singie channel analyzer serves as a stop signal for the time fo
pulse height converter. The range of the time to puise height converter is 4,000
nsec and the full amplitude range is 10 V. By increase the delay time of. the
single channel analyzer step by step and record the peak locations then plot a
delay vs channel curve, from this we can obtain the time resolution of th1s
system which is given by relation: (the slope of this curve)

-

Time resalutfon (r)= 031 (FWHM),
} [

where 0D and dch are the shift of the delay time and shift of channel numbers
of 1,024-channel analyzer respectively and FWHM is the full width half maximum
of the spectrum. A *Co standard source was used for the measurement and the
result is 17.6 ns and the FWHM is 4 channels.

V. SINGLE GAMMA-RAY SPECTRUM

Figs. V-1 to V-9 s‘mw the measured. gamma.ray spectra” of %] from beta
decay of %= “Te The gamma- ray spectrum from Fig. V-1 to Fig. V-5 was
: measured in 3 hours runs, Fig. V-6 to Fig. V-9 was measured in a 10 heurs run.
Half. life measurement showed that among the 54 radiations detected, only 33
lines belong to the '**I decay. The comparision with their corresponding resuits
reported by some previous workers is listed in Table 1. In Figs. V-1 to V-4 the
energy resolution is 1.23 keV for *'Co 122keV peak. The peak shown at 343 keV
appears to be a doublet. In Figs. V-5 to V-9 the energy resoiution is 1.96 keV
for *°Co 1.33 MeV peak. Several radiations which were reported by W.C. Dickin-
son™ such as 551.5, 559.7, 716.8, 794, 825.8, 829.9, 925.8, 1,013.6, 1,204.2, 1,254.2,
1,282, 1,374 keV lines were obviously missing from the single spectrum in the_
preser‘t measurement. '

We have carried out a measurement in 6 hours run with '**Te taken right
after the:2 hours ridiation in the reactor of National Tsing Hua University. All
of the above mentioned gamma.-rays were also not observed. In general our
result agree fairly well with the measurement bY G. Berzins (M.S.U.)™®, except
they missed the 270.3, 705.6, 768.9 and 1,265 keV radiations. '

VI. COINCIDENCE MEASUREMENTS AND DECAY SCHEMES .

Pulses from the Ge(LI) detector in coincidence with the desmed pulses from
the Nal(T1) detectot‘ weére stored in the memory of the analyzer. The good
resolution in the Ge(Li) detector makes this technique valueable in spite of the
low efficiency of the Ge(Li) detector. From coincidence measurement and single
spectrum it i¢ possible to determine gamma-ray decay scheme of '**i.

11—
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Table 1. Comparison of observed gamma-rays from the decay of

*1 in the single measurement

This work ref. 6 P

(keV) MIT MSU ret 7
27.8 27.7 17.77
1055 105.7 105.5.
209 . 209.2 | 208.82, 208.98
251 250.8 250.3 250.65
271 . 2703

278.5 278.7 2785 278.43
280.9 281.7 281 281.16
343 3435 343.2 ' 342.6
o 342.8

459.6 459.5 459.7 - 459.6
4873 487.3 487.6 487,38
'532.2 5318 532.3 531.83
o 5515
556.5 | 556.2 556.9 556.65
. 560 559.7
624.3 624.8 g24.1 624.4
6715 672.1 6721 672.03
695.4 696.1 . 696.0 1695.98
702 702.0 701.8
705.6 705.6
' 716.8
730 730.0 7296 729.62
741 7411 741.0 741.1
769 769 768.9
’ 794.9
802.2 "802.0 802.2 802.17
8165 816.9 817.1 817.2
‘ 8298 829.9
832.9 8335 833.1 8334 -

844.5 844.7 844.6 5449
. . 925.8.

982.5 '982.0 981.7 © - 982.4
E 10036

1,013.8

1,022.76 1,022.8 1,021.9 1,022.6
1,650.4 1,050.2 1,049.9 1,050.4
1,083.9 1,084.4 1.083.7 1,083.99
1,112 11,1120 1.111.4 1,113.74
' 12042
1,233.75 1,232.1 12319 1,233.0
1.254.2

1,261 '1,259.8 1,260.9 1,260.8
1,265 1,263.3 _ 1.264.4
1,374 . L3738

1,402 1,402 1,401.6




GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN ##Te

From single Speétrum, there are 8-pairs of gamma-radiations namely 250~
278 keV, 460-487 keV, 702-730 keV, 741-769 keV, 817-845keV, 1 ,022-1.050 keV,
1,084-1,112 keV, 1,233-1,261keV, which all have the same energy difference of
28keV. We can propose that there exist 28, 278, 487, 730, 769, 844, 1,050, 1,112
and 1,261 keV excited states of '*°],

“The results of the coincidence measurements are shown in Fig. VI-1 to Fig.
VI-5 and are discussed as follaws: D

(1) Figs. VI-1a and 1b show the r"adiatiO'ls' in coincidence with the radiations
in range 700-800 keV. Single spectra in Fig. V-5 and Fig. V-6 show five gamma-
rays in, 700-800 keV regions, 701, 705.6, 720, 741 and 769keV. From the peak
ratio of corresponding radiations in Fig. VI-1a 4and Fig. VI-1b, which are taken
as a 1,500 min. run f(_)r purified sample and 400 min. run for unpurified sample
respectively, we can sure that the true radiations that caused by “*Te(s-)™°[
transitioh are 343, 532, 557, 672, 696 and 730 keV lines. The gate also included
Compton scattered contribution from the 817 and 845 keV radiations. The 343
line is in coincidence with 741 and 769 keV radiations to the 28 keV and ground
state respectively. The 532keV line is.in coincidence with 702keV line which
means that there exists a 560 keV level such that the 1,262 keV excited state
decays by deexcitz:ion of 702 keV gamma-ray to the 560 keV level and then
decays to the 28keV level by radiate 532 keV gamma- ray. The 672 keV line is
“in- coincidence with 702 and 730 radiations which means that there exists a
1,402 keV level which decays to the 730 level by radlatmg 672 keV gamma-ray
and then foIlow by 702 and 730 keV radiations transition to the first excited state
and ground state respectively., The 1,402keV state can decay drrectly to the
ground state by radiating 1,402 keV gamma- ray which has been observed in the
single spectrum. The 696 keV line is in coincidence with 7055 keV line which
means that there exists a 696 keV state such that the 1,402keV level decays to
this state by radiating 706 keV gamma-ray and then decays to the ground state.
The summary of these results are shown in Fig. VI-lc. The line at 557 keV is
attrlbuted to the inciusion with the gate of the 817 and 845 keV Comptons. The
others 658, 677, 687, 707, 742, 764, 817, 885, 937, 1,384, 1,478, 1,502 and 1,562 keV
lines are caused by the impurities. We can sure this by the peak-height ratio
of Fig. VI-l1a and 1b which are taken a 1,500 min. run for purified - sample and
a 400 min. run for unpurified sample respectlvely, and the lmpurlty has been
identified as "Cd (ref. Fig. VII-2).

(2) In the measured coincidence spectrum gating with the region 450-4R82
keV, several lines at 343, 460, 556, 624, 658, 833 and 932 keV were observed. The
343 keV line is in coincidence with 460 keV radiation which means that there
exists a 830 keV excited state which decays to the 487 keV by radlatmg 343 keV
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GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN '“Te
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Fig. Vi-lc. The decay scheme of coincidence with gate 700-800 keV
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Fig, VI-2. The decay scheme of coincidence with 460 keV gamma-tay

gam‘ma-'raf and then decays directly to the 28keV level.. The 624keV line  is
in coincidence with 460 keV gamma-ray which means that the 1,112keV level
also decay to the 487 keV level by radiating 624 keV gamma-ray. These results
are given in Fig. VI-2, The 460 and 557 keV lines are from the contribution of
the Comptons. The others are from coincidence with 447 keV radiation in '°Cd
(Fig. VII-21. §

(3) In the coincidence spectrum gating with the region 798-857 keV which
include radiations 802, 817, 834 and 845 keV, there appear four lines at 250, 278§,
557 and 658 keV. The 557 keV line is in coincidence with 845 and 817 keV tran-
sitions. This agrees with 845 and 1,402 keV levels that the 1,402keV level decays
to the 845 keV level by radiating 557 keV gamma-ray and then decays to 28 keV
and ground state by radiating 817 and 845 keV gamma-rays respectively. There
is no indication for any other gamma-rays decay to 845keV level. The 250 and
278 keV 'lines are in coincidence with 833 keV line that is, the 1,112 keV level
lecay to the 278 keV level by radiating 833 keV gamma-ray and then the 278 keV
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level decays to 28keV and ground state by radiating 278 and 250 keV gamma-rays
respectlvely ’I‘he results are given in Fig. VI-3. The 658 keV line is in- coin-
cidence with 818 keV transition of **°Cd (Fig. VII-2).

(4} The coincidence spet:ﬁrum‘ gating with 730 and 741 keV lines in the
region between 725 and 750 keV shows that the 343 keV transition is in coincidence _
with 741keV radiation, that is the 1,112keV level decays to the 769keV level
. and then decays to the 28 keV. level by radiating 343 and 741keV gamma- ray-‘_ ,
respectively. The 672keV gamma- ray is in coincidence with 730 keV line which' -
means' the 1,402keV level decays to the 730keV level and then decays to the .
ground state. “The result is in consistence with the discussions in (1). ’I‘.hé.
6568 and 707 keV lines are in coincidence with 744 keV line in "°Cd. | ‘

(5) In the coincidence spectrum gating with 557 keV line, we observed
the 557, 658, 817 and 845keV lines. The 817 and 845 keV lines are from ttue
coincidence with 557 keV transition and agree with the statement in discussions
(1). The 557keV line is caused by chance and Compton effect; and the 658 keV
line is caused by the impurity °Cd.

” 1402 -
1112
3 84S
'. LN uy
T *pey \f: .-.:
o) ol =4
in ANy
o o
uy | b
3] ] ;
278.5
4
28
]

Fig. VI-3. The decay scheme of concidence with state 798-857

Table 2. Summary of results from coincidence measurements

Type of coincidence )
Gate range ) e _ _
(keV) * Photopeak \ Compton l Chance: Impurity*
e (keV) (keV) (keV) (keV)
450-482 343, 624 | 460, 557 ! 658 885, 940
540-265 817, 84 - | 557 1{ 557, 658 _
. } i
725-750 343, 672 | ; 658 707
700-800 343, 532, 672, | 557 . 658, 707, 817, | 677, 687, 742,
696, 730 ' | 1,384, 1,502 764, 885, 940,
E 1478, 1,562
798-857 | 2505, 2785, 557 658

* The impuzity is from "°Cd.
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A decay scheme of the "I is proposed from the present work and is shown
in Fig. VII-1. The diagram displays 15 energy levels and 33 gamma-;ayvs. '
A summary of the coincidence measurements is listed in Table 2.

VII. CONCLUSION

In this work we obtained a decay scheme of **l from. measurements of
single gamma-ray spectrum and- gamma-gamma coincidence spectra as discussed
in last section. We have chserved thirty-three gamma-rays and their correspond-
ing energies were accurately determined. As shown in Fig. VII-1, there are
fifteen energy levels of ™ obtained up to 1.402 MeV' excitation. ‘The results
_agree, in general, fairly well with previous measurement by G. Berzin et al.®
and W.C. Dickinson e al.” Some important findings of present work are sum
marized as follows: o '

(1) We observed a new line at 702keV corresponding to the transition
~from the 1,262keV level to the 560keV level. " The spin and parities of both
levels are known to be 3/2*. S : .
| (2) No indication for the existence of the levels at 1,282 and 1,204 keV as
reported by W.C. Dickinson e . was found in the present measurement.

-Our result agrees with the measurement of G. Berzins et al.®

129,
gaTeqy
ll/2- 34 :
hed o
3/2+ @ ‘.‘,’\ : iy
-~ 9/2+ =
70m @ ——— 102
. ]
(172+,3/2+) oy Mo H S »
'3/2+ e s L 126]
(12T .V o~ =
o alk-ge oo _
5/2+ = o — 1112
(9/2+) il 1050..
oo > wow
oM o o T
:\T\’:;\ GQJ 7/2+ 3 ; 8us
3/2+ E ‘-:ﬂ': :;"g,?, 8130
(;g:) - =) : ;gg
(l1/2+) . - 696
o ma & ;
o ma ;o
(3/2+) RS 560
(5/24) e == 487,13
n
n - .
5/2+ T 278.5
[-+]
-
5/2+ o [ X 27.8
772+ 3 0
129,
53776

Fig. VII-1. The decay scheme of °] from bata decay of tha isomets of ! Te
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Fig. VI¥-2.‘ The decay scheme of !°Cd from beta decay of *'mAg

(3) The transitions from 830 and 560 keV levels to the ground state found
in the privious work®™ were not observed in the present measurement.

(4) There is no evidence for existence of the 551.5 keV radiation as reported
by W.C. Dickinson ¢ al.™® Our result agrees with the measurement of G.
Bérzins et al.® A . |

(5) We observed the 705.6 keV radiation as reported by W. C. Dickinson
et al.™ This was not observed by G. Berzins et al.® .

The '°Cd level scheme was also obtained in the present work and is shown

in Fig. VII-2. The result agrees fairly well with the report given by S. M.
Brahmavar ef al.¢%

(10) S.M. Brahmavar, J. H. Hamitton, A.V. Ramayya, E.F. Zganjat and C.E, Bemis, J:r. Nucl. Phys.
AL2S, 217 (1969).
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Target Chamber for Use with Radiative

Transition Reactions Studies(*)

T.H. Hsu, E.K. Lin (HEg&) and Y.C. Liu

Tsing Hua University,” Academia Sinica and Taiwan University

Abstract: A target chamber with a continuously moving target holder was designed for
the investigation of radiative transition reactions on the medium-weight nuclei. This
chamber has been successfully used to ghthef data from the 10Ge(p,7)" As, “2Ge (p,r)’?As.

‘-5Cu(p,r)“2u, aud "TAI(p,T)“Si reactions, Some of these results are presented and
described.

1. Introduction

The radiative transition reactions induced by charged particles, such as (p,7), (p,ar)
and (a,y) reactions etc, have been successfully studied in various laboratories for several
vears!=?). The simplicity and the usefulness of this type of reaction in yielding nuclear
structure informations have been hampered by the fect that the rezaction crecss section is
rather small compared with other accessible reactions. This has resulted in the following

technical obstacles:

1) target contamination due to long hours of heavy current bombardment,
2) deterioration of fragile target, '

3) requirement of high efficiency and goed resolution gamma ray detectors,
4) requirement of a high accurzey beam current integration system.

Accordingly the radiative transition reactions have rarely been explored beyond the
1f,/; shell nucleit). In order to overcOme the above mentioned obstacles, considerable
amount of effort has been paid in this laboratory on the improvement of design and constr-
uction of a target chamber suitable for investigation of the radiative transition reactions.
In this paper, we report a taiget chamber comstructed specially for measuremants of gamma~
ray spectrum, its angular distribution, and excitation functions from the radiative tracsition
reactions induced by charged particles. With this. chamber we have successfully investigated
the {p,7) reaction on the medium-weight nuclei*-¢), namely #°Cu and 7°»73Ge, in the

region beyond the I[:/; shell.

(*) Work performed at the Physics Research Center and supported by the National Science
Council of Republic of China.
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2, Chamher design and construction

The essential feature of the constructed chamber is as follows:

1) Targst is surrounded by a wall of a cylindrical cold finger with a small circular
window for the incident beam, and as located as close to the cold trap reservoir as possible.
Thus, the target could be well free from the contamination due to incoming residual vapour
in the system. Viton O-rings wete used for all vacuum couplings. For a better vacuum in
the chamber and also for more rapid oscillation of the target, it was suggested that nickel
bellows can be used for the couplinz of the brass shaft to the chamber. However, in
presant application, the Viton O-ring coupling was found to be satisfactory.

2) The target holder is made to move up and down uniformly and repeatedly so as to
avoid deterioration due to the continuous bombardment of heavy current beam at the same
spot on the fragile target. This capability makes it possible for accumulating gamma-ray
spectrum over a long period (24 hours or longer) which is necessary in order to accumulate
sufficient counts for an enough statistical accuracy.

3) The size and the shape of the target chamber are kept as small and compact as
possible so that the gamma-ray detector can be brought very near to the target for a large
geometrical efficiency. Thus, the requirement of high efficiency and good energy resolution
of the detection can be fulfilled by the use of this target chamber together with a high-
resolution Ge(Li) detector.

4) By a properly insulated coupling to the beam tube, the target chamber itself becomes
a Faraday cup. The entrance for the incident beam to the target is designed to consist of
a long tube (30 cm from the entrance slit to the target) and a small window at the
cylindrical cold finger. This arrangement gives no way to the secondary electrons for
escaping away from the Faraday cup. Therefore, an accurate current integration can be
achieved through an integration system.

A schematic drawing of the target chamber is shown in fig, 1. The main body of the
chamber is a T-shaped stainless steel tube 4 cm in diameter and an inner copper tube 2.5
cm in diameter which was used as cold finger. At the top of the chamber is a 2.5 liter
liquid nitrogen cold trap reservoir. The copper tube finger is then attached to this reservoir.
A 1.5 em hole was bored through on= side of this cold finger to make access for the beam
to strike targets. The copper target holder is soldered directly onto a hollow brass shaft.
The assembly of the target holder inside the target chamber can be made by slipping it
into the cold finger at a proper position. Near by the target chamber a Ge(Li) detector can
be placed at a small distance of ~2.5 cm from the target.

Shown in fig. 2 is the layout of the movable target holder driven by a motor. Fine
threads were cut at the bottom end of the brass shaft. A gear disc made from nylon was
attached to a nut which is made to fit these threads. By rotating the gear disc one may
ascend or descend the target holder inside the chamber with respect to the beam.

The orientation of the target holder with respect to the beam direction was monitored
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by an angular scale marked on a rotating disc which was fixed at the end of the shaft.
Two small slots were cut to this disc at 0° and 180°. By sliding one of the slots along the
micro-switch arm, which was fixed at outer body of the chamber, the target can then be
raised or lowered without changing its angular orientation inside the chamber. Uniform
and slow motion of the target holder was produced by an one rpm motor, driving the gear
disc with a gear ratio of 1:10, Two micro-switchs were set-on upper and lower sides of the
micro-switch arm. They were activated by the contact of the moving disc, The target
holder, therefore, traveled automatically and repeatedly between an adjustable distance
set by the micro-switchs.

The chamber was maintained at high vacuum by a 100 /sec Vac-Ion pump which was
installed just in front of the beam entrance slit. Typical vacuum at 3X10-?7 torr can be
readily obtained within a period of 30 min pumping.

As many as four targets can be mounted on the target holder, two targets on each
side of the target holder, thus they can be interchanged inside the chamber as desired
without breaking the vacwum. This is specially convenient for the calibration and
background runs. Because of heavy current bombardment it is necessary to provide cooling
of targets. This was done by cutting a cooling canal into the target holder as shown in
fig. 2. Running tap water was used for the target indirect cooling.

3. Performance of the chamber

The constructed chamber has been used for a series of (p,7) experiments-7) in this
laboratory. In the measurements, thin targets of about 2-10 gg/cm® were prepared by
vacuum evaporation of uniform deposition of metallic elements onto a 1 ¢cm x 3 em gold
sheet of 0.4 cm thickness. A few examples of measurements are presented in figs. 3 and
4. Fig. 3 shows part of the gamma ray spectrum from the 79Ge(p,7)™As reaction®) at
Ep=2434 keV measured by a 50 cc Ge(Li) detector. The measurement was performed with
2 3 MeV Van de Graaff accelerator at Tsing Hua University. The 7°Ge target used is of
~5 pg/cm? in thickness. It was found that under the bombardment by a 2434 keV proton
beam at 5 #A for a period of 24 hours, no noticeable deterioration of target and carbon
build-up on the target were observed. Fig. 4 shows the vields of the gamma-rays from the
"*Ge(p,y)7'As reaction®) measured in the proton-energy range 1293-2185 keV at a step of
AEp ~1 keV. It is seen that many resonances which correspond to the energy levels of 7!As
at energy excitation ~6 MeV are sufficiently resolved.

In the similar way, we have successfully measured the gamma rays from the
"#Ge(p,7)7* As reaction®). Further measurement was made for the **Cu(p,7)**Zn reaction®),
and performance of tHe chamber was found to be quite satisfactory.

In order to show the stcbility and resolution of our system used for the measurement.
An aluminium target of ~1.5 keV thickness was bombarded with proton beam in the
region Ep=1.38-1,40 MeV7). The typical beam current was 5 pA. Well separated resonances
at Ep=1381 and 1388 keV 2s shown in fig. 5 were obtained by repeated separate measurem-
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ents. These data were taken .at proton-energy step of .0.5 keV. The result shows the
stability of our system to be within 0.5 keV.

The successful measurement with the constructed target chamber for the (p,y) reaction
on the medium-weight nuclei has encouraged us to take advantage of this chamber for more
detzailed investigation of the (p,r) reaction. It is. believed that the measurements with this
chamber for the («,r) reaction can also be achieved.

:Ifhe author acknowledges the help rendered by the members of accelerator laboratory at

Tsing Hua, University..
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Calibration of a Time-of-Flight Neutron Detector

W. S. Hou and B. Chen
Institute of Physics, National Tsing Hua University
W. N. Wang*(FME#> and L. P. Liang (@2&FT)

Institute of Physics, Academia Sinica

Abstraci:

A new calibration technique for obtaining the relation between absolute neutron
detection efficiency vs energy is discussed. The coincidences between alpha particles and
monitor neutrons, zlpha particles and recoil protons in a “‘scientillation” target were
measured. This measurment was used to obtain wuseful informations for determination of
the absolute efficiency # (E). The corrections for neutron attenuation in the scientillation
target are also considered. The measured » (E) and the calculated values were compared.
The agreement is better than 5%.

1. Intreduction

The accuracy of the experimental absolute cross sections on neutron scattering depends
on the accuracy of 7 (E) of the detector used in its measurment. By comparing the results
of many exparimantal data on the 11M2V neutron scattering serious discrepances can be
observed (ref, 1,3,3,4 5) Iz our opinion on2 of the most important sources of error is the
incomplete kaswledg: of th: energy depandence of the neutron detection efficiency % (E)
(ref.®). The 5 {E) is determined both by the scientillation efficiency and the electronic
efficiency. As discussed by C. C. Jonker-et al (ref.”), an experimental determination of
the 7 (E) must b2 preferred to its calculation, which does require detail knowledge about
both contributions. - -

The efficiency 7 (E) up to 12.5 M2V has been dzetermined by measuring the scattering
of the 14.1 M2V n=sutrons from a ‘‘scientillation” target. The » (E) is then obtained from
the known ¢ (#) for the n-p scattering (ref.?,?). Apart from the measmements of the
n=utrons scattered from the scientillation targst, the coincidence counts between the alpha
particles and monitor neutrons and betwesn alpha particles aad recoil portons in this
scientillation target ware also measured. This mrasurmznt caa bz used to eliminate the
inaccurate factors, the bias level of the scientillation target, which are required previously?
for the caleulation of ths 7 (E). Bz2sidas, the backeround of chanze coincidence is lower
and the neutrons scattered from carbon in the target {(ref.1,3,®) do not produce true

coincidence.
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To avoid extrapolation of the 7 (E) up to 14.1 MeV the 7 (14.1) was measured
independently by counting alpha particles resulting from T(d,n) He* reaction directly.

Flux attenuation in the target was calculated by two different methods: one was based
on the simple transmition equation and the other was based on the same method as discussed
by Engelberecht (refi®s*t), The experimental efficiency 7 (E) were then compared with the
calculated value based only on simple n-p scattering as discussed by Zafirator (ref?).

]

2. Principle and Method.

2-1. Experimental determination of 7 (E) at 14.1 MeV.

The % (14.1) was determined by counting the alpha particles emitting from T(d,n)He*
reaction. When the reaction occures, one alpha particles is produced simutanteneously
with each neutron. By counting the alphas one can know the number of neutrons to within
1 to 2%. The angular relation between a neutron emitted at angle # and an associated
alpha particle at angle ¢ is given by

sin ¢ = (maEa/ma Ea)*/? sin ¢
Where mn En and me Ea are the mass and energy of neutron and « particle respectively.
Let Na is the number of alpha particles incident on the a-detector per second and N %P
the experimental counting rate of it,

then N'*® = Na ¢, where e, is the electronic efficiency of the a-detector,
determining mainly by the bias levels. If the aperture of the a-detector is very small the
incident neutrons can be considered approximately as parallel “beam”. Then the neutron
flux ¢n = Na/Ap, where A; is the area of the nentron detector which received all the
associated neutrons. In order to reduce background contributions, in stead of measuring
neutron pulses directly, we measure the a-n coincidence outputs. The coincidence rate
Neoin can be expressed as

Nootn = én Ap €. e 70 (E) = Na'*? ¢ 50 (E)

where 7o (E) = the scientillation efficiency of the neutron detector.

¢, = the electronic efficiency of the neutron detector. then 7 (B) = 76 (E) o =
Necin/Na®=P, which is independent of e..

9.2 The determination of 7 (E) up to 12.5 MeV by the “plastic scientillation” method,

The counting rate at angle ¢ due to hydrogen nuclei in the “scientillation’ target is
N = Sa (0% V (8 0 ca a2~ 7(E) Fy Fu(E) W

where V = the volume of the scientillation target.
R = the distance from the target to the detector.
ca = the electronic efficiency of the “scientillation™ target.
Sz (0°) = neutron flux at angle O" and | ¢cm apart from the source.
ny = No. of hydrogen atoms per cm® of target.
o (8) = n-H differential section at neutron energy 14.1 MeV at angle ¢
F, and F.(E) are the flux attenuation factor of the incident and outgoing mneutrons
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respectely.
The coincidence rate between the monitor neutrons and the alpha particles is

A
Ny = Sa(0®) R’i ¢a Tu F (2
whare A, = the area of the monitor normal to the incident neutrons.
n, = the absolute detecting efficiency of the monitor at neutron energy 14.1 MeV.

F == the frzction of neutrons remaining in the beam after passage through the
“scientillation” target.
R = distance from the target to the monitor,
The coincidence rate between the alpha particles and the recoiled protons in the

scientillation target is
Ny =820 p3=7a V 0. €0 € Fi @

where V is the volune of the scientillator,
Ry = distance from the target to the scientillator.
ot = n-H total cross section at nentron enerqy 14. 1 Mev.

Ng can be obtained experimentally by using a weak neutron beam.

" NgA 2,
From egu. (2) and (), es =g a2 o5 U

From Egu. (1), (2) and the es valve, » (E) can be expressed following

By = N®) RY Awne F N(8) o¢ R1
7 —jv,\{ Ry Vd(e) A.D F]_ Fg €g R’.\I NB AD R’H 0'(8) Fa

with the known o: and ¢(#) for n-p scattering, the 7(E) can be obtained.

ar

3., Apparatvs and Procedure.

:3-1. The measurment of scattered neutrons by Time-of-Flight techniques.

The neutrons scattered from the "scientillation” target were measurment by Time-of-
flight techniques. The arrangement was shown schematically in Fig. 1.

Neutrons from the T(d,n)He* reaction were produced by 130 KeV deuterons striking
a thick Ti%H target. The measured time was that between the detection of a recoiled
alpha particle from the reaction and the corresponding scettered neutron in a NE213
scientillation counter 2m away. The 14.1 MeV neutron cone was at about 90° to the
deuteron beam, cnd the associated alpda particles were at about 82° on the other side by
the deuteron beam. The dimensions of the cone of the neutrons were determined by the
‘geometry of the alphs counter. The alpha detector was a piece of NEI02A plastic
scientillator, 50 pm in thick, mounted cn a pyrex glaSs' light guide (2.5 cm in length),
which was in contact with a 56 AVP photomultiplier, A Ta slit, 4 mm width and 8 mm
high, ot distance 6.7 cm from the center of Ti3H target defined the aperture of the alpha
counter, and thus the coincidence cone of incident neutrons, The neutron cone had an
approximately Gaussian profile in both the vertical and the horizontal (scattering) planes.
“The experimental half angle (FWHM) of the cone was about 9.7° for the verticle profile
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aScientilation Counter
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deutron beam ~ .
_—— s - -’?{"T_ Ti®H target

1l 28.6¢m

neutron
—
detectar

\f i
Eﬁj “— Monitor

Fig. 1..

A schematic diagram of the experimental set-up used to measure differential Cross
Section for n-p scatteirng.

and about 5.5° for the horizontal profile. The energy spread of the incident neutrons was
about 150 KeV as seen from the spectrum of source neutrons. The mein neutron detector
was a NE213 liquid scientillator, 2 in. thick and 5 in. in diameter, mounted directly on a
58 AVP photomulipiler. A second neutron detector, also a NE213 liguid scientillator, 2 in.
in diameter and 2 in. length, was used as monitor. The bias levels of the neutron detector
and the monitor were determined by observating the spectrum of gamma sources, and
checked carefully before and after each run by measuring the counting rates of these
sources. A Am?*! a-source, about 0.1 curie in strength seated on the Ta slit, was used to
check the bias level of the alpha counter. )

A copper and wolfram “shadow bar” 1l m long, was mounted between the neutron
target and the neutron detector to reduce the flux of neutrons going directly from neutron
spurce to detector.

The scattering target was supported on a light wood frame =t distance 29 c¢m from the
neutron source., The target was a NE 102A rlastic scientillator, 1 in. in diameter and 2 in.
long, mounted directely on a 56 AVDP photomutiplier. The bias level of this “scattering’
target was set at about 1.1 MeV proton energy to reject oll recoiled carbon rucleus. A
electronic block dizgramme used to measure the flight time was shown in Fig. 2.

The constant fraction of pulse height trigger (ref. 13,2%), time pickoff method was
used in the neutron side channel which provides good walk characteristics and optimum
time resolution available from the NEZ213 liquid scientillator (ref 13,18,17),

Overall time resolution better than 0.8 ns (FWHM) had been observed for gamma-
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gamma coincidence measurment. Time resolution about 1.3 ns full width at half maximum
and about 3 ns full width at 0.1 maximum were observed for 14.1 MeV neutron measur
ment. Pulse shape discrimination method was used in this circuit to separate neutrons
from gamma rays. The output of the r-n TPHC (time to pulse height converter) was shown
in Fig. 3

After passing through Timing S.C.A. (3) the neutron pulses were selected to gate
the 256-multichannel analyzer.

The a-particle spectrum was contaminated slightly on the high-channel side by
neutron pulses and on the low-channel side by electronic noise as shown by Fig. 4. The
low enerqy He? and H3-particles were stop by a thin myleér foil, about 0.9 mg/cm?* covered
on the surface of the alpha detector.

It was necessary to use a amplitude restriction in the a-particle spectrum to cut down
the contamination. The Timing S.C.A. (1437) set a broad pulse height window around the
a-particle peak and thus determined the electronic efficiency ex. It’s value was about 0.5,
knowing from the ratio of counting rates of the a-counter from a a-source with and
without the use of the amplitude restriction.

The background coincidence rate was low and approximately constant over the region
of the pulse height spectrum displayed.

Measurment of scattered neutrons were taken from 20 degree to 60 degree at 5 degree
intervals.

3-2 Detecting alpha particles.

The detecting efficiency of the monitor ns (14.1) and the main neutron detector 7
(14.1) were obtained by counting rate of the alpha counter. A Ta slit, 2mm in diameter,
at distance 6.7 cm from the center of the Ti®*H target defined a narrow “beam” of neutrons.
The inner walls of the alpha counter were covered by thin sheets of Ta. A narrow pulse
height window around the alpha particle peak was  set, thus the contributions from
background protons at high-channel side and the electronic noise at low-channel side could

be neglected. The electonic arrangement was shown in Fig. 5

4. Results and Discussion

For 14.1 MeV neutrons, the measured absolute efficiency of the monitor » , (14.1) was
(9.22+0.40)45. The 7 (14.1) of the main neutron detector was (7.66+0.18)%.

The time-of-flight spectrum of neutrons scattered from the ‘‘scientillation” target
were shown in Fig. 6-1,2, were Ny was the total neutron counts of the monitor. At scattering
angles of 20°, 25° and 30°, “‘tails” were presented at the low channel side of the spectru
m. We considered the *‘tail”’ neutrons also as true coincidence. The total counts N(8) of
the scattered neutrons can be found from the area of peak in the spectra and its uncertainty
arises from background and statistics. The absolute efficiency » (E) at the neutron energy
E were obtained using the formulas expressed in section 2-2.

The symbols in Table | had the following meanings:
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Fig.5. Block diagram of electronics used for the determination of n(14.1)

n(E) were the absolute efficienci

es without the corrections of neutron flux attenuation
in the scientillation target, i.e. setting F1 = F.(E) =1,

71(E) were obtained by the assumption that the flux attenuation in the scattering
target has the following simple form:

=3 (14.1)R
F1 = e
. —S(E)R
f'g(E) = £ E(E) = Hc O'GCE)'*‘?EH CFH(E)
were R = the radius of the scattering target.
oe{E) = n-C cross section at neutron energy E.
ne = No. of carbon atoms per cm? of the target.

n.(E) were obtained with the neutron flux attenuaion as calculated by

(ref.1?+1%) where the detail shape of the target and the effects

Engelberecht.
considered.

of proton recoil were

pon (E) = were the efficiencies calculated from the equation

—-3(BE)L Eg
n.1.(E) = K(1-e CE YA~ D
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Fig.6-1 Time-of-flight spectra for neutrons seattered from hydrogen (plastic scientillator).

kL

] Aw=128688
|EET 4_0' 4_5'
o o 500 . 55°
Nm > [78181 MM = 150007
Nu = 36529 Ni 220013
106
0
L) Hu77842
b 13 136 120 ; 100 .Wﬁ’ﬂ.

Fig.6-2 Time~of-flight spectra for neutrons seattered from hydrogen (plastic scientillator).
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where [ = the thickness of the neutron detector.
Es = the hias level of the neutron detector.

The value of Es, determined by the 3.3 MeV point, was found of be 2.7 MeV proton
energy- .

K = the electronic efficiency of the meutron counter, excluding the bias level Ea.
Tts value was determined from the experiment.

SWE) = na 0u(E) | ,

As shown in Fig. 7 and table 1, good agreement between the calculated and experimental

12.5 MeV and

neutron detection efficiencies were obtained at most neutron energies. At
observed by others

14.1 MeV the agreements were not good. This is similar to that
(ref.18,19), The disagreement might be due to the presence of the “tail” of the time-of-
flight spectra, The detail shape of the efficien@y curve was not reproduced by the more
sophisticated calculation.of Kurze, (ref.%0) whé_ had considered the effects of multipole
scattering. | i : _

As also shown in Table 1, the values of the corrected ‘- efficiencies 73 (E) were about

245 greater than #n; (E) at most neutron energiés. However, at 3.5 MeV, the difference
was greater than 5% (%L). The effects of proton recoil might become importance for

neutrons with energy near the bias level of the neutron detector,’
We are very grateful to Mr. M.S. Chen for maintenance and operation of the neutron
generator throughout the experiment. )
The results were given in table | and shown in Fig.7.
Table 1. Absolute neutron efficiency of the NE213 Counters

Exp. method

Brerey Bn | y(B) (%) | m(E) B 7a(E) (%) | TESE detector in direct
4.1 \ 7.66+0.17 i 7.02 | (n,p)seattering at
12.5 7.45+£0.21 | 8.22£0.23 8.400.24 7.61 ©20°
11.6 6.77+0.28 . 7.48£0.31 7.67+0.32 7.89 25°
0.6 | 7.25:0.21  8.02:0.23 8.21+0.24 8.21 30°
9.5 7.00£0.20 | 7.77:0.32 7.97+0.33 8.55 35
8.3 7.12:0.25 | 8.05:0.28 8.27+0.28 8.55 40°
7.1 7.57+0.29  8.36£0.32 8.62+0.33 9.01 45°
5.8 7.19+0.30 ‘ 8.11+0.34 8.35+0.35 ' 8.82 50°
4.6 6.78£0.29 . 7.89+0.34 8.20£0.35 |  7.84 55°
3.5 3.60:0.34 4.41£0.42 4.66+£0.43 | 5.09 60°
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Study of Excited States of 75 As with the

74 Ge (p, 7) 75 As Reaction*

C. W. Wang (FR#%) , Y. C. Liu, E. K. Lin (##&s) , C. C. Hsu and
G. C. Kiang TR

Tsing Hua University and Academia Sinica

Abstract

The gamma-radiation following the proton capture reactioms, 7*Ge(p,7)7%As, has been
studied with a Ge(Li) detector. From the analysis of the measured gamma-ray spectra, a
detailed decay scheme of 73As was constructed in which the energy levels of "5As up to
2938 keV excitation were determined. Among these three are new levels. Spin and parities
for some levels are suggested. The deduced level-schemes are in good agreement with results
of Wilenzick et al and Moreh and Shahal.

I. Introduection

Early information on low-lying levels in the 7*As nucleus has been obtained from the
radioactive decay's? of75Se and 75Ge, Coulomb excitation® and neutron inelastic scattering*.
Energy levels below 822 keV together with their spins and parities have been well-established.
Only a few information on levels above 822 keV is available. In recent years investigations
of the energy levels of 75As above 1 MeV have been reported’s® from high resolution
measurements with the use of the Ge(Li) detector. Wilenzick et al® has observed r-ray
transitions in 73As in their (n,n’y) reaction experiment and obtained the energy levels of
T5As up to 1606 keV. Moreh and Shahal® has measured the energy levels of 7As up to
2687 keV excitation in a resonance scattering experiment, and proposed a decay scheme of
T5As from the resonance at 7616 keV. Among the energy levels reported in these two works,
many are new. The energy levels of 73As measured through (n,n’y) reaction experiment
are apparently not all populated in the resonance scattering, additional information is
necessary to verify the new levels reported. .

By using the 7+Ge(p,7)?%As reaction it is possible to measure levels of 7°As up to
rather high excitation. A brief study on the 74Ge(p,7)7%As reaction has been made in 1957
by Chick and Hunt?, who obtained many resonances in 7#As at excitation energies between
about 8.0 and 10.0 MeV. Among these three prominent resonances at Ep=2342 keV, 2528

(*) Work performed at the Physics Research Center in Hsinchu and supported by the

National Science Council.
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keV and 2664 keV were observed. In the present work we used the 7*Ge(p,7)75As reaction to
determine the excitation energies of 75As up to 2938 keV and suggested the corresponding
spin values. The aim of this work was on one hand to supplement the information on
the energy levels of 75As higher than 822 keV and also to verify new levels reported
recently, and on.the other hand to confirm the 2331 keV resonance from the 7+Ge(p,r)7*As
reaction and to determine the branching ratios for r-ray tr_ansitions and decay scheme
of 75As levels observed.

The experiment consists of yieldq measurements of y-ray de-excited from the 9399 keV
eresonance at proton energy Ep=2531 keV. The measurements were carried out by using
a large volume, high resolution Ge(Li) detector. Level energies were determined to within
1.5 keV.

This paper is one of a series describing experimental investigations on the decay
schemes of the arsenic isotopes by wusing proton capture reaction. Some data of (p,7)

reactions have been recently published®»?.
II. Experimental Procedure

The proton beam was provided by the Van de Graaff accelerator at Tsing Hua
University. The beam intensity was a few microamperes. The beam energy was determined
by uswal nuclear magnetic resonance method Several resonances in the 37 Al(p,y)235i reaction

were used as proton energy calibration standard,

The target was isotopically enriched 7*Ge deposited on a 0.4 mm gold backing, mounted
in a2 specially designed target chamber®. The thickness of the prepared targets was between
10-30 pg/cm3. In the course of the experiment, the target was water cooled.

The gamma rays from the 7*Ge(p,7)7%A; reaction were recorded by a 350 c.c. Ge(Li)
detector and a 3 x 3% NaI(Tl) crystals enclosed in lead shields. These two detectors were
mounted oppositively at 90° to the beam direction. The Ge(Li) detector was used for y-ray
spectra measurement, while the NaI(TD) crystal for the 7y-ray vyields measurement. The
data taking procedure was as follows:

1. The yield measurement was made in the proton energy range from 2450 keV to . 2350
keV in steps of about 1 keV to confirm the 2528 keV resonance previously observed by
Chick and Hunt?. The resonance energy was accuratly determined to be 2331+2 keV.

2. The proton beam energy was then kept at 2331 keV for r-ray spectra measurement.
Data were collected in a period of 24 hour run. The obtained y-ray spectra were
stored in a TMC 4096 channel analyze’r with a conversion gain of 3 LeV per channel.
A detailed description of the experimental method and data analysis has been described

in a proceding paper®.
III. Resvits

1. Level scheme of 75As
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The results of the y-ray spectra measurements at Ep=2531 keV are summarized in Table
I. Fig. 1 chows the high energy part of the measured 7-ray spectrum at Ep=2331 keV.
The y- ray energies obtained were used to construct a level scheme for the " As nucleus as
shown in fig. 2. The first column of Table I shows the observed y-ray emergies. The third
column lists the energy levels of 75As as dsduced in the present work, which are seen in
good agreement with those reported by WIIEI}Z'C[{ et 2l% and Moreh and Shaha.lB as given
in the fourth and fifth columns. '

In the excitation energy range of E . <1605 keV we obtained twenty-three levels, and
confirmed zll levels observed in the (n,n’y) work by Wilenzick et al®, except the 1595 keV
le\.fel which, because of large background, is somewhat uncertain according to the present
data. It was not observed in the resonance scattering experiment®. In the excitation energy
range of 1603 keV < E.x< 2938 keV we observed ten enmergy levels, among these three are
not previously reported. These are levels at 1808 keV, 2663 keV and 2938 keV.

2. Decayscheme of 73As

The observed y-rays (a total of 113 lines), except few, were all identified. The
information from identified r-lines was used to construct a decay scheme as shown in fig.3.
For the low-energy 7-lines, this is similar in general detail to the scheme published in
ref. 5, however, we have not observed the r-ray lines corresponding to the 619-265 keV,
822-279 keV and 1422-400 keV transitions. It is seen that the decay scheme of 75As is
extremely complex 5 a result of the high level density of 75As. It is remarkable that the
9399 keV resonance decays directly to all lower states except the 822 keV (7/2°) state.
The sum of the branching ratios for the transitions fitted to the total decay.
- The broken lines in fig.3 indicate uncertain transitions and hence uncertain levels
(the 1262 keV, 1593 keV and 2470 keV). The numbers in fig.3 are the percentage of the
branching ratio for the y-ray transitions. These were determined from the analysis of the
observed y-ray spzctra, with correction for attenuation and detector efficiency. The errors
in the branching ratios are probably low, Most are due to the errors in the peak area
measurements. The relative accuracy is in the range 3 to 104 except for very small values
where the error is larger.

3. O value

The Q value of the 7*Ge(p,7)7°As reaction was re-determined from the y—ground and
lower excited states transitions in the Ep——;_‘3531 +2 keV resonance, The excitation energy
of the resonance was accurately calculated to be E.x=9398.6+5 keV, and the Q value
obtained is 6901.6 £5 kaV, which is in reasonable agreement with the one reported in the

Nuclear Datal.
IV. Liscessicn

In the present expsriment we obtained more information on the energy levels of 75As
than those being reported previously*~®. A total of thirty-three energy levels up to 2938
keV were determined. Due to the use of an absorber in front of the detector, the r-lines
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with Ey <270 keV could not been observed. In general, the level scheme of 7°As and
decay scheme obtained in this work are in excellent agreement with recently available data
of Wilenzick et al® and Moreh and Shahal®. Our data give additional evidence for the
existence of the 865 keV level, and confirm the existence of the level at 1044 keV, 1064
keV and 1422 keV as reported in ref. 5, and also of the levels at 1872 keV, 2064 keV, 2097
keV, 2176 keV, 2572 keV and 2687 keV as reported in ref. 6.

Levels at 1134 keV, 1262 keV, 1353 keV, 2233 keV and 2596 keV found recently in the
resonance scattering experiment® have not been observed in the present experiment.
However, we obtained twelve emergy levels between 279 keV (5/2-) and 2683 keV which
have not been found in the resonance scattering experiment®. These levels are most with
spins of =5/2, since the resonance scattering experiment selectively populates only those
levels which have large dipole matrix elements and hence one observed only levels in T5As
with spirs of 1/2 or 3/2. '

In the present 4Ge(p,7)7%As experiment at low energy of Ep=2331 keV,  the angular
momentum .of protons carrying into the resomance state is mainly of value £==0, it is expected
that the levels with spins of 1/2 or 3/2 have appreciable branching ratios. It is seen from
Table I that for the levels which were known or previously assigned to be (1/2,3/2), the
measured branching ratios for the transitios r—these levels up to 2098 keV are falling into
values of =4.0%. Only one level at 573 keV is exceptional, the mezsured branching ratio is.
4.2%, but it is known to be 5/2- as reported in ref. 1, The above consideration suggests
that three new levels at 1808 keV, 2663 keV and 2938 keV and also the 28683 keV
level may have spins of 1/2 or 3/2. In the subsequent decay from the 1044 keV level 10 per
cent of the total decay was found to feed the 279 keV level and 45 per cent to feed the 304
keV and 400 keV levels, respectively. The 279 keV, 304 keV and 400 keV levels are known'
to be 5/2-, 9/2+ and 5/2*, respectively. From.consideration on the M! =znd El transition
probabilities, it is favorable to suggest the 1044 keV level to be 7/2-. A summary of
suggested spins for the levels obtained in the present investigation and those assigned
previously are listed in the last column of Table I. It is believed that the present data

would give an useful information on the level structure of the 7T%As.
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Table I

Gamma energies, branching ratios and level energies in
73As from 74Ge(p,7y)7%As reaction

High E7 Branching Energy Level (keV) Spin and
Present .
(keV) Ratio work (ra7) (n,n"7) Parity
9398 4.7 0 0 0 3/2-
9200 6.2 199.3£1.5 199 198.6 1/2-
9133 5.2 264.9+1.5 25 2647 3/2-
9120 2.6 278.7+1.5 . — 279.0 5/2-
9093 1.6 304.1+1.5 — 303.2 9/2+
8997 24" 400.4x1.5 (404> 400.3 b/2*+
8930 4.5 468.6+1.,5 468 468.8 (1/2)
8828 4.2 . b72.6+1.5 (568) 872.8 5/2~
8779 4.7 619.1+£1.5 618 617.9 (1/2-,3/2*)
— e 822 — 821.8 7/2-
8536 3.9 864.8+1.5 — 864.5 —
8353 1.0 1044.0+1.5 — 1043.6 (7/2)®
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8343 <1.0  1065.4+1.5 - 1063.8 Q23
8331 <1.0  1077.0%1.5 1076 1076.4 —
8268 2.1 1128.6£1.5 — 1129.3 (1/2-,3/2-)%
— — - 1134 - (1/8-;3/2-)2
8193 5.5 1204.5+1.5 1203 1204.4 (1/2-,3/2-)3
- — (1262) 1262 —

8046 3.7 1351.3+£1°5 — 1349.7

- — — 1355 —

7976 1.9 1422.0£1.5 — 1422.1

7966 2.1 1431.7+1.5 1432 1431.9 (1/2-,3/2)*
7891 3.7 1504. 1.5 1505 1503.2 (1/2,3/2)*
— — (1595) — 1595. 4

7793 4.2 1605. 1.5 1607 1606.4 (1/2,3/2)*
7591 4.1 1808 £2 — (1/2,3/2)b
— — — ' (1843)

7524 6.0 1874 +2 1872 (1/2,3/2)*
7335 <1.0 2061 =3 2064

7299 6.2 2098 +3 2097 (1/2,3/2)
7221 2.4 2180 +3 2176 (1/2,3/2)*
_ — — 2233 (1/2,3/2)2
- — (2470) (2470)

6824 <1.0 2572 +3 (2572)

— — — 2596

6733 4.8 2663 +4 - (1/2,3/2)b
6713 5.2 2683 14 (2687) (1/2,3/2)b
6461 6.7 2938 4 — (1/2,3/2)"
a) ref. 6

b) suggested from present work.,
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Fig. 1 Part of gamma-ray spectrum of the 74Ge(p,7)7°As" reaction at Ep=2531 keV.
Numbers over peaks refer to gamma-ray energy. ( ) C Y () refer to the full-
energy, single-escape, and double-escape peaks, respectively.
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Zn RREEABUZEBRSAOY > Na THREEABMZEERSE 170 %
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~ \
B | 1.33 | 1.72 | 1.67 | 1.58 | 1.43 | 1.32 | 1.55 I[ 1.00
| 139 | 173 | 1.51 | 1.86 | 1.35 | 1.26 | 1.49 | 1.00
#% | 1.00 | 1.32 | 1.20 | 1.62 | 1.53 | 1.54 | 113 | 1.00
| |
%% : Na
- .
N A I B c D E F | G H
\7A ! o
3 | 4.60 ! 3.10 | 2.30 | 4.50 | 1.70 | 3.50 ! 1.10 | 1.00
s | 3.8 | 2.00 | 1.60 | 2.90 | 1.90 | 2.70 | 1.60 | 1.00
% | 2.50 ‘ 2.60 | 1,60 | 1.20 | 1.70 | 1.70 ‘ 0.65 | 1.00

ST ARRFR\AERRANSEERTHEES Zn,Na,Br

®8
BA L BB
\}i Zn Na Br }ﬁ: Zn Na Br
A AN '
% 1.00 | 2.50 | 1.8x10-3 s 1 1.00 | 1.30 |1.1x10-3
th 1.00  2.10 |6x10- 1 1.00 | 0.89 | 2.2x10-3
& 1.00 | 3.80 | 4.1x10°3 1.00 | 2.10 | 1.1x10-
BRC ' ED : |
DNy ' N LR
\ﬁ'ﬂ - Zn Na - Br , \ﬁ; - Zn 1 Na. Br
g{s b H‘ \ '
AN fiz ™
#i 1.00 | 1.00 | 7x10-% | 100 | 210 |1.1x10-
h 1.00 | 0.85 | 6.6x102 1 1.00 | 1.20 |1.5x10-2
% 1.00 | 2.00 |8.9x10-% % 1.00 | 1.10 {1.1x10-3
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A F 107 300 1.00
B | 68.0 120 1.00
C ‘ 132 170 .1.00
D 81.3 120 1.00
VI. &R

ARBREABREFMSEXEELIRGD » RAXPSHRNP TEORKEBKEH14ELHE 7 k14
BTELFE—HSHYTEE  MEVEE VAR » BTEANERSEESEEL Na,Zn,Br,Hg 55
s HEBTRZLE  BE—HANEENS - RRERRE » &8R- 28R HAEROR
7% BENARAF S TRZBERRSENEE > MHE—-AZEEMNS » A2 ELREGRER
» T4 REER {5 2 A HL G BURE B 1 2 N R TR 4 FH A » JEE VIR 3% 6 s '

ARBBESF T s FA—AZEER » BRCZTNEETRMZEZRRN  InZZRESR0%
MNa ZERTE—E » METEAZRENES » £REZ 8 G » ELFZSEERAREE » ¥ Zo MW
S EESE-Z N Na METREGHE - BHARAWES » REEREMIEBZITE » HFEAWER
#7) AELEEEE AR TTHAENREZBTIERE '

EE I BREMEEEERSTRHBRNEGETEREME  ARRPRELR  TEFERERS
RAERTGSHER/ M A S ERE - EAMBEREZHERRERBRSEYS  B¥ P THRE
B ANAERERT - AERNESEMRAEEN (Ippm HTH) ZnRFLRERBZZT T FR
F—RE o
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Annual Report of the Institute of Physics. Academia Sinica, 1972

Size Effect of Indium Antimonide at Room Temperature(*).

Yu-TunG YaNnG, HonGg-Tzer Ho, CrENG-CHIH PEI,
SHUNG-CHEN YANG and B1ao-Suian Yu

Physics Department, National Tsing-Hua University, Hsin-Chu; Taiwan

(ricevuto il 22 Novembre 1972; manoscritto revisionato ricevuto il 19 Gennaio 1973)

Summary.—Skin depth and related parameters of InSb have been measured
by using the damped-radiowave technique at room temperature, The
results show that there is difference between the data obtained with a
marginal oscillator-detector system and with a fixed-frequency signal
detector system, We found that the latter is more reliable. The former
can only give qualitative results. Moreover, the mohility # and the carrier
concentration # found with the traditional galvanomagnetic (Hzll and
conductivity) methods are substantially different from those by the fixed-
frequency method. We show the comparison of the two,

(*) This paper has been published in Nuovo Cimento 16B (1973) 188-202, also in Annual
Report of the Institnte of Physics, Academia Sinica 1971 (1972)113-125
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The Equation of State of Solid Mdlecular Hirdrdgen

Wu-Shyong Wu and Shou-yih Wang (EF&)

Institute of Physics, Naticnal Tsing Hua Universily

ABSTRACT

QOur work here is to employ the quasi-crystal approximation of Woo and Massey s
to compute the ground state energy of solid molecular hydrogen at O°K for a wide range
of densities, extending from p=2.67X10‘3A'3 to 5.574Xx10-3A-%. Based on these an equation
of state of cold solid molecitlar hydrogen is obtained. ‘The result is compared with the KW’s
calculations and the experimental data of Stewart(??, It appears to us as the best existing
calculations for the high density region. ;

I. Introduction _

It is generally believed that under exceedingly high pressure hydrogen will take on the
metallic phase, Recently there are also speculations that the interier of Jupiter and/or
Saturn is made up of metallic hydrogen. The question is how high the transition pressure
is. To answer this, we need the equation of state or the energy vs. density relation for
beth metallic and molecular hydrogen. Ashcroft has made estimates of the former. Krumhansl
and S.Y. Wu®’ have made some calculations on the latter. We wish to improve up the

latter calculation.

II. Method of calculation
Like Krumhansl and Wu (hereafter refered to as KW), we begin with a correlated trial

wavefunction:
i — -— "N P
¥(ry,ra, ~rx)= O exptu(rii) O ox({re—Rxl)
I<i<j<N k=1 D
$u(rij) - S L .
ee are functions which introduce short-range corrélations between pairs of mole-

cules, and ¢’s are taken to be a simple Gaussian form centered about their equilibrium
. . —
lattice sites K_, namely,

%
¢k(l;-;—-§k[) ="_"E% — exb(— ha?|re— Rxi?) @
hid

The Hamiltonian of a system of N H. molecules is taken to be

— 3 :
H= o Vit + 3 V(r; %
2M 2 ]-% e

The potential field V(rj.) between two molecules is in general introduced as a superposition
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of a repulsive and an attractive field, The two-body potential is assumed to be the Lennard-
Jones type:

V(r)=4e [(——)1=( )} @

r

where ¢ gives the strength of the potential at its minimum and ¢ may be considerad as the
“diameter” of the hard core. For H;, ¢ =37°K.and. ¢ =2.93 A.™ We have also used
Buckingham exp-6 potential in our calculations. The exp-6 potential is defined as

V() 2'(1:2/;)%6%'“?[“(1" 4:,;—-~)J-.— (—TB—)8} for r>rmas

= r<tmax (5)
where ¢ is the depth of the potential minimum,ry, is the position of the minimum, o« is 2
parameter which is 2 measure of the sieepness of the repuisvie potential, and rg.x gives the
value or r for which V(r) has a maximum. The parameters for hydrogen as determined by
Srivastava et al’® are

a =14.0
rm =3.339 A
o/k =38.02°K

Fmax/*m =0.20319.
The expectation value of the Hamiltonian is obtained via & cluster expansion technique,
while KW employed a straight-forward ursell-Mayer type expansion first used by Nosanow (47,
In the case of solid helium, so-called quasi-cryst'al approximation has been employed by
Woo and Massey¢®?. The two procedures differ in that each term in the latter expansion
results essentially from summing a large number of terms in the former expansion. Since it
is in practice necessary in each case to truncate the cluster expansion at the 2-particle term,
the Massey-Woo procedure will seem to be more reliable. Physically, the Nosanow proceditre
considers particles correlated in pairs, while the Massey-Woo procedure considers the same
moving in a liquid-like medium.
Our work here consists of first parameterizing the pair distribution function G{(r). The
normalization of G(r) is given by

o f CC(r)—1)dr=—1
where o is the density of solid H,. It is also assumed that G()=1. Our choice of G(r) is

G(ry=(C+Derpl—(~>—)01~C exp(—(1+2)(—L2—)t0)

where

— .*71'1@4__ .
C=( — e ——1)/(1+(1+2)0+3)
We minimized the ground state energy with respect to the parameters, Z and ro. Only those
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G(r) which satisfy the following conditions are considered as trial pair-distribution fun-

ctions:
(a) G(r)=0 for 0grgoo
(b) The structure function
S(R)=0 Jor 0<k< o
(c) S(o)=0

(d) 4=p ¥ IE?.—G(r)]r. dr<2.8887 . N
[+

Figure 1 shows the radial distribution function G(r) at density p =3.34%x10-3A-%

08|
0.6
0.4

0.2

0 1 2 3 4 5 6 r(A)

Fig.1 G(r) VS.r for p=3.34%x10-3A-2

The structure function S(k) can be calculatéd from the pair distribution function G(r)

through the equation
S(k)=1+pj'cc(r)—13e37r’ dr (8)
In Fig. 2 is shown the structure function for p =3.34x10-2A-3.
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S(K)
1.4

0 1 2 3 4 5 6 K(A-?)

Fig.2 the structure function SCk) for p=3.34X10-2A-3

Next, we use the Percus-Yevick equation to derive the correlation function u(r) from G(r)
and S(k), i.e.

_ B 1 o7 SC-1 5
 UDSRGO- Wl [elk (=ggsmdk (9
The correlation function u(r) is shown in Fig. 3 for p=3.34X10"3A-3,
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{A}

Fig.3 the correlation function U(r) for density p=3,34x10-3A"

The expectatmn value of H with respect to ¥, Eq. (1) and Eq. (3), is then

<V HIT>

E~—- T >Eo _ for any ¥

where Eo is the ground state energy of solid H,. After some calculation, E may be expressed
as E; and Eo, i.e. if N is the number of H; molecules to be computed, and m is the mass
of a H; molecule, ‘

E=E.+E,
[ - 3-5L 3 .
_%_= SaML | (10

Ey=FE, ™ +E,(3) f...
"~ We now only truncate the cluster expansmn at the 2-particles term, i.e. E+® in our
case,

Ev;\r’) =31 3 Njet®? (d a) . an
d
— 3a3(33+4%)
(i) J rV(r) G(r) Sink (ard)e dr ’
' = 0 - L
) ‘ oo ) ’ — Y a¥(rifdr) (12)
_,f r G(r) sink (adrd) e dr

o
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where
_ _hr Y u(r)
[/(?’)—L(T)"" -—2M Vil (e )

The summation over d is performed over 30 shells about a fixed lattice site. d and ng,
denote the radius of the shell and the number of lattice sites in that shell.

Qur calculation of the solid Hy at 0°K is for a wide range of densities, extending from
P =2.67X10"3A-3 to 5.574X10-3A-3%. From these data an equation of state of cold solid H,
is obtained. The result will be compared with the empirical curve derived from the experi-
mental P.V. data obtained by Stewart and KW’s,

III. Resulis

Table I shows the ground state energy for closed packed solid H, at 0°K from 22.47 to
10.80 cm?/mole. R(A) denotes the nearest neighbor distance.

Table I
(A) for Lennard-Jones 6-12 potential
R(A) V(ce/mole) a? z Io E(10-14¢ erg) -
3.75 22.47 5.3 1.2 2.2 —0.9348
3.607 20.00 6.2 1.15 2.15 —0.8655
3.483 © 18,00 8.4 1.1 2.1 —0.6668
3.356 16.10 10.4 1.1 2.05 —0.2173
3.285 15.10 11.8 1.05 2.03 0.2475
3.233 14.40 12.8 1.05 2.0 0.6900
3.149 13.30 14.8 1.0 1.95 1.7214
3,084 12.50 17.0 0.95 1.9 2.8818
2.982 11.30 22,0 0.95 1.85 5.5609
2.938 10.80 23.8 0.9 1.8 7.0763
(B) for Buckingham exp-6 potential

R(A) V(cc/mole) a? Z To E(10-1% erg)
3.75 22.47 5.5 1.2 2.2 —1.0146
3.607 20.00 6.6 1.15 2.15 —0.9338
3.483 18.00 8.0 1.1 2.1 —0.7026
3.356 16.10 10.0 1.1 2.05 —0.1725
3.285 ' 15.10 11.4 1.05 2.03 0.3394
3,233 14.40 12.4 1.05 2.0 0.8343
3.149 13.30 14.4 1.0 1.9 1.969
3.084 12.50 16.2 | 0.9 1.9 3.2231
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2.982 11.30 : 21.0 0.95 1.85 6.0002
2.938 10.80 21.8 0.9 1.8 7.6843
The relation between the ground state energy per molecule and volume relation is shown in
Fig. 4. The pressure is determined from the expression P=-— —gg—. TabIe. II shows the

pressure~volume relations for both Lennard-Jones and exp-6 potential. The results, shown in
Fig. 5, are compared with KW’s? and with the experimental data of Stewart¢7?,

Table II Pressure vs. Volume

Volume (cc/mole) Pressure (10® Kg/cm3)
L-]-6-12 Exp-6 potential KW
22 .47 (.0985 0 ' 0
20.00 0.4117 0.3108 0.405
18.00 1.0908 0.9624 1.03
16.10 2.2672 2.5137 2.44
15.10 . 3.1831 3.9201 3.93
14.40 4.0512 _ 5.2013 5.27
3.30 6.6917 8.2515 8.22
12.50 9.6673 11.6787 11.6
11.80 15.4

11.30 15.8396 16.0141

IV. Discussion

(1) The results, shown in fig. 5, are compared with KW’s calculations and with the expe-
rimental data of Stewart(?’. Qur results give better agreement than the KW’s calculations
at the higher densities but still do not compare very well with the experimental data.

(2) Our results indicate that the Woo and Massey method indeed give improved results over
the KW’s calculations.

(3) The Lennard-Jones type potential seems an improvent over the exp-6 model. The P-V result
appears to be the best of the existing calculations since it agrees more satisfactorily
with experiment at high densities. It suggests that the repulsive part of the model
potentials used in the calculation is still too hard, as is clearly seen for the Buckingh-
am's exp-6 potential. '

(4) The difficulty in getting an accurate two body potential between hydrogen molecules
arises mainly from the fact that there is a small moment of inertia of hydrogen molecule,
resulting in a non-spherical potential.

(5) A 6-10 type potential would be more suitable than the usual 6-12 Lennard-Jones form.
This is revealed when we compare the experimental data and the calculated P-V results
in the high density region. It may be due to the softness in the diatomic structure of
molecular hydrogen.
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DC. and RF, Electrons .in Indium

Antimonide at Room Temperaturex

Yﬁ—Tung Yang **
(B & #D

Physics Department, National Tsing-Hua University
Hsin-Chu, Taiwan, Republic
of China 300

Abstract

The rf electrons are found from the size effect measurements, and the dc electrons
from the galvanomagnetic effects. The two types of electrons may independently exist at
the same time in the same sample of indium antimonide. The size effect shows that th“ rf
electrons are only slightly influenced by the presence of the dc power applied, and the
galvanomagnetic effects show that the dc electrons are hardly influenced by the presence
of the rf field applied. The two types of electrons are both conduction electrons according
to the free electron model.

I. Introduction

The size effect theory deduced by Fischer and Kao has been satisfactorily apphed to
the study of the indium antimonide crystals(t?:¢3), However, we have found ¢3° the rf
size effect data is quite different from the galvanomagnetic effect data.

At first, we thought the difference might be reconciled if we let the indium sntimonide
sample be immersed in both the rf field and the dc field simultaneously, and we thought
we could sse some mean mobility x# and carrier concentration n which would be neither the
pure (#,n).¢ nor the pure (#,n)ac. However, contrary to common belief, it is found that
the (#,n).¢ is only slightly affected by the externally applied dc field Ego, and at the
same time in the sam= sample the (4,n)4c is found hardly affected by the externally applied
rf field around the sample. (The rf and the de have the same cnmmon ground).

The (#,n).¢ is only changed by a few percent when a fairly strong dc is applied, and
the temperature of the sample is kept at 300°K. The rf conductivity o.¢ is found not
changed by the pressnce of the dc power, naither does the oac by the rf power. They seem
to possess firm rwxdﬂ:y. The g1 and et are found influenced by the dec power but they

% Project supported by the National Science Council, Republic of China, 1972—1973
** Also at the Physics Institute, Academia Sinica, Republic of China.

— 83 —



Y. T, Yang

change in such a way that the product remains the same.

It is found that the ratio between the rf conductivity ¢.¢ and the dc conductivity cq4e
is about 9, ge¢/#ac is about 2.7, and n.¢/ngc is about 3.2. The simultaneous presence of
the rf field and the dc field in.the same sample at the same time can not change the above
ratios significantly,

There are two aims of the present report, namely: (i) to report the independence of
the o.¢ and the o4c, and (ii) to present some preliminary semi-classical explanations of the
influences of the dc power on the rf electrons.

I1. Theory

We wish to accomplish the aim (ii) first, and (i) is shown in Table I at the end. In
order to study the dc influence on the rf size effect, we shall modify the theory of size
effect by Fischer and Kao. The modification is simple., We assume that there is an electric
field Esc produced by an externally applied V¢c. The Egq felt by the de electrons in the
sample is not the same as that felt by the rf electrons, though they are both considered as
coduction electrons. - ‘

There are two distinct effects following the introduction of Vg to the sample, namely:
(i) A constant amount of increment of the power dissipation in the sample if the V¢c is
also a constant, and (ii) a constant amount of increment of the magnetic feld H
accompanied by a constant amount of decrement of the electron mobility y.: and a constant
amount of increment of n.f as a consequence of the application of the same V.

The shape of the rf size effect power dissipation curve is not changed, but the whole
curve is shifted not only in the direction of the power dissipation & axis (th‘e conventional
Y-axis) but also along the H axis (the conventional X-axis).

For the above reasons, it seems to be adequate to add simply a dc energy density
perturbation term to the size effect formula‘®? as shown in eq. (1). The first term takes
care of the phenomenon (ii) above, and the second term, the phenomenon (i).

i Z0d [1-2ezp(-3) sind-exp(-25) E'q.
F@=— [1+2':xpc-¢) cosgﬁ‘n;b(‘-“z@*] [Ao] | M

which is also
F(H=[F()Istz:F+AF gr. _ (2

The subscript dr means the influence of the dc field on the rf electrons. Equs. (1) and (2)
may also be put in the form ' ' ‘

AfFae _E*ar ¢ (2+2ezp(-8) cosd+ exp(-24)) - 3

Fstze |Aol? 20d (1 —2exp(~¢) sind—exp(-2¢))’ _ :
where Ao is defined as the initial rf wave amplitude within the rf coil with the indium
antimonide sample in place but without the size effect power dissipation taking place. AllL

the other symbols remain the same gs those defined in the references‘*?.¢27,
If the influence of the dc field on the rf electrons is small, then,
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—d‘?‘i g1 : @)
is expected.

Assuming Eq, o Vg4¢, then from eq.(1)

AT ar=7Vac*, : - ®
where 7 is a constant of proportionality to be determined by the experiments, provided we
know the dc conduction follows the Ohm’ s law. '

The Eq, around the rf electrons may disturb the equilibrium condition in such a way.
that the carrier concentration n,s and the mean velocity v.s are both changed, then, the
increment of the mean rf velocity A vt due to the dc electric field Eqr is

. (neAv)re=ortEqr (6)
if the Ohm”s law is still followed. Since Ea, affects every electron therefore in eq, (6)
fee=(no+An)es, (7D

and the total concentration n,s can be found by the size effect experiment and calculation
provided the shape of the rf power dissipation curves remains the same.

In the case of indium antimonide, the increme_nt of magnetic field H caused by the
introduction of the dec power implies an rf mobility g.¢ decrement from ko, et to Ctto-Attirs.

The An,¢ and the Ag,.¢ are both small in comparison with the ne,r.t and the po,.¢
respectively, if the Eq. is very small in comparison with A,.

The galvauqmagnétic effect data show that the dc conductivity cgc is not affected by
the rf energy. If it does, the change must be less than 0.5% such that it is eclipsed by the’
present experimental error. Accbrding to the results of the experiment, the beharior of the
dc electrons satisfies the Ohm’s law, same as the rf electrons. The principle for the de
measurements is : if there is any change in the dc behavior of the material due to the
influce of the rf power, it will be shown by the dc measurements alone of the pac and’

ndc +

I1I. Experiments

The sample is a slab. Its dimensions are‘15 mm x 8 mm x 2,65 mm, It is a single
crystel of 565 grade (Cominco Ltd., U.S.A. and Canada),. It is spark cut, and the face of
the slab is in the [211] direction. The Fermi surface is known to be spherical around k=0,
and the conduction band is nonparabolic ¢37, NUthmg is known about the isolatation -of the
conduction electrons.

The general set-up for the experiment is shown in Fig.1l, The transmitter receiver
system is frequency stabilized and is instrumentwise distortion free. The frequency for the’
present experiment is fixed arbitrarily at 33,501,245 Hz '+ 1 Hz. '

The correct line shape of the power dissipation curve is known from a previous

observatmn on the NMR line shape of- pure H;0. The dc perturbation: is produced by
stable but selective dc power - supply.

connectmg the sample placed in the rf coil with'a
The

The dc power supply is stable to within + 0.1 mV in the interval from 1 to 6 volts.’
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direction of the E4c is in parallel with the axis of the rf coil. (However, the magnitude
cf the dc influence on the rf power dissipation is found insensitive to the selection c¢f the
direction of E4c, and the magnitude is about the same whether Eqc is in the X-, Y-, or
Z-direction. If we can prove by expriment that Eqr o Ege, then, we may say eq. (1) is &
proper choice. .

In crder to obtain consistent results the sample in tke flat rf coil is constantly cccled
by & jet of air such that the temperature of the ~sample is kept at 300°K.

The instruments are stable enough such that “the sweep rate of the magnetic field
maybe kept low. The sweep rate is set st 20 to S0 G per seccnd, ‘such tkat thé relaxation
process within the sample will be complete. o l

The Hall and the dc conductivity measurements were also performed using the
potentiometer five point method. The measurements were carried cut with and withcut the
tf field applied arOund the sample. '

TV. Results

Fig.2 shows the size effect power dxss1patmn vs the magnetu: f1e1d H curve mthout
dc influence. The curve f1tt1ng‘3’ shows that the thecretlcal ChaIaCteIIStIC value for this
particular curve is A= 14.0+0.1. _

Fig.3 shows that the power d:ssupatwn curve is sh1fted by the de mfluence, and the
higher the Eg4¢ the larger the shifts, However F1g 3 also shows that the shape of the
curves. are not changed by the de apphed at all Thus, the A value ‘remsins the  same

(=14.0) regardless of the presence of the dec perturbation, The curve is shifted both
along the the X- and the Y-direction. - )

Table I shows an example of the d1fference in ;!,-; and Drt with .:.nd w1thcut the dc'
applied. | ‘

Table IT shows the difference between the results of the size effect measurements and
those of the galvanomagnetic effect measurements, It shows that the dec influence on the rf
properties of the material is small in comparison with the large differences between the
C#, n, o) z¢ and (g, n, o) ac. The rf and the dc experiments were performed
simultaneously. '

The. Eqr is calculated from equs. (1) and (3) , and

-1 B ’ )
?{i’ﬁ--= ( ]i:‘]h" )(—Zz)if (%)) =a measured constant. - €:D)

In the-above equation, ¢=¢,=2.2541 at the peak cf the power dissipation, and ¢, is a
universal constant. The f (¢o) is the ¢ dependent function evalusted at ¢=¢, (eq. ayo,
thus, f (do) is also a universal constant, ' ) S
f($o)=0.7283. ' €D
The rf incident wave amplitude is known by observing the voltage 1nd1cat10n displayed
on the screen of the Tektronix 7704 oscilloscope. Thus, the p-p amplitude of the rf wave
is found to be 0,35 volt, and since the length of the copper wire forming the rf coil is 36
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cm, therefore, we obtain

Vrlf,coil 0.35

A= e =36 =0.0047 volt cm—1, (10)

The rf wave has an angular velocity of w“'2‘:>¢33 501,245 sec~t, and since the thlckness of
the sample d=0.265 ¢m (the dxrectlon of d is in parallel "with the static magnetic field

H) . therefore, the general expression of the Eq4r in terms of AT ar/ F stz - from eq. (B) is

Etac=(2. 657><10“‘)(0 N e : an

. alze .
The value of AF qe/F atzs 18 dxrectly obtamed from the type of experimental results shown
in Figs.3 and 4. .
Since the dc influence is only a few percent on the rf electrons even a large de (about
an ampere) is applied, therefore, it is Quite difficult to make very. accurate AF ael/F atze
measurements. However, if numerous data. are collected, a most .probable conclusion may

be drawn from the experimental results (Fig.5) . We consider the existence of ‘the
expression T '

gidzrc “TV’dc, : e ‘ - QA2
and the constant
r=16. 5 volt=3 ‘ : o ' 13
‘ whxch is found from the least square fit of the data shown in Fxg 5 The root mean square
error of Aj dr/:f size 1s found to be + 843.

If we combine equs. Cll) and (12) , we have for the present crystal

| E24:=96.84X1074 Vag,, . sy
or . DR ’ . Lo . . - ‘
E4,=9.84X10"4Vy,. Y ' ' (15)
Since r=1.5 cm for the particular sample, therefore,
Ve V.
Eqo=—4t-=—% s ‘ (16)

and by combining equs. (16) and (15),

' E4,=9.84X10"4r Eq4., Qan
and : _
Edr-l 48)(10 P Ede. (18)
Thus we gee the dc electric field Eqc is much larger than the efftective electnc field (due
to Vac too) imposed on the rf electron,

S1nce the o.¢ is experimentaily found nct affected by the presence of the Vdc, then, if
the Ohm”s law is followed, we have from equs. (6) and (7),

___Ort Edr

AV rt= e(no+An) s ’ | , | (19
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or

_ E -
Aver=1.176x1008 { — T ), o (20)

where E:y is in volt per ¢cm, and n in ¢m~%, The Av,¢ thus found is of the order of a
few cm/sec ‘because E., is already small. On the other hand, the mean velocity of the rf
electron, vo,r¢ which is not affected by the dc perturbation (i.e., the E4,=0 case)}, is
about 10% cm/sec when no, =10 cm™3, E ¢ A, 5%10°% volt/cm. Fig.6 shows the
relation between Egp, An.¢, andA V¢, E.r is found from eq. (15), no,r¢t and n.¢ are
found from the results of the size effect experiments, (i.e., from eq. (2) in the reference
(2)), and A v ¢ from eq. (20).

.The A n,¢ vs E:p curve shown in Fig.6 is obviously not linear,

the A v.1 vs Es, relation seems quite linear by appearance, but in fact, the line bends
slightly toward the Eq, axis, '

Table III shows the results of the dc conductivity measurements. The average dc
conductivity is .
dee=225+1 (ohm-cm) . {21)
This gec is slightly different from the one shown in Table II, and the difference is due to
the non-uniformity of the crystal, and it is commonplace in semiconductor wafers, We
have cut the samples from different part of the same InSb wafer.

Fig.7 is an experimental result of the XY plot of the magnetoresistance vs the magnetic
field H. It shows the dc conductivity oe¢c i, except the magnetoresistance, effect, not
influenced by the presence of thd rf field at all. The plot shows the magnetoresistance
effect is about 4% off from the ideal case in the magnetic field range from 0 to 12,000
G. The Afa./TPetz= is not found affected by the deviation as such because only the power
ratio is measured. The rf power dissipation F a1z does not seem to be affected by such
deviation either which can be seen from Fig.2.

V. Conclusions

(i) The rf size effect power dissipation is influenced by the de perturbation only
slightly. The main effect is still the rf size effect itself.

(ii) The dc conductivity gqc is not changed by the presence of the rf field around the
sample at all.

(iii) The big difference between the (¢,n,6)-¢ and the (#,n,0)ac can not be reconciled
even in the simultaneous presence of the rf field and the dec field in the same sample.

(iv) The independence of the (z,m,0)»¢ and the (#,n,0)ac makes us believe that the
conduction electrons may be divided into groups; e.g., the rf group and the de group,
and they are independent and isolated.

(v) The two groups of electroms can co-exist at the same time in the same space, and
each of them possesses its own n, 7/m¥, and o. ’

(vi) Evidences show that the conduction band structure of InSb is not so simple as it was

— 88 —



D. C. and R. F. Electron in Indium A ntimonide at Room Temperature

thought to be.

(vii) Formula (15) is more fundamental than (17).

(viii) Fig.8 is a general idea of the present report. _

(ix) Contribution of holes to the room temperature dc ‘conductivi'ty is very small and
may .be neglected because the mobility of holes in InSbr_'is only 0.979_}5' of the electron
mobility, and at room temperature, the material is found intrinsic¢®?,¢s>_
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L ) , ] ) Table I . T
T=300?K,.~f#33,501,245 Hz + 1. Hz, A=14.0.+ 0.1.

Sample: InSb, n-type, [211.] '_dirqac_tion‘,“ size: iSﬁmXS;th&GSmﬁz.. d=2.65mm’along, the H
direction, o ‘

rf conductivity: 1,887 (ohm-cm) -1,

dc . Het -Illrfr. J " H, deg™l .
(applied) j(cm’volt"lsec‘l) (cm™2 (G) (ohm-cm)
S [ —# . I I [ I P .;,,...,l_. .-
0V, 0A | 1.78x10° 6.56x10ts 3,630 lf - 0.00053
— |
8.931 V, ; 1.74 %105 6.70 1018 3,720 : 0.00053
7._—_4 ! H
amount (=) 4x10% | (+) 1.4%10t5 {+)90 o
of shift i (=) 2.2% (+_) 2.2% (+) 2,29
| 1
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Teble II

Size effect: f= 33,501,245 Hz + 1 Haz, A= 14 0 + 0. 1, d= 2.65 mm InSb, n-type, (211)1| H
direction, smgle crystal, 300° K.

Hall effect: 5 pomt method, potentiometer measurement 300°K de.

Conductivity: 4 point method, potentiometer measurement, 300°K, dc.

M ement £ - ot

easursmen (cm? volt™! sec!) (em~?) (ohm-cm)

Size effect (A) 1.78%10% : 6.56x101¢ -1 0.00053

Galvanomagnetic -

effect (B | (6.5740.60) X104 (2.07+0.13) X104 | 0.0046
(A)/(B) : 2.70 ' 3.17 l (8.6)t

Table III

The dc conductivity measurements
Method: 4 point, potentiometer measurement
Sample: n-type InSb, length= 1.5 cm, eross-sectzon—o 21 cm?, Temperature. 300°K

S - | 000135 0.00287) 0.00645 0.01172 0.01425 0-02020i 0.02438| 0.02875
|
A 0.0424] 0.0906] 0.204] 0.372 0.454 0.648‘ 0.763  0.896

ampere : }

(ohmocm)~t 024 205 o295 226 226 221 225 224

odc,av.
(ohm-c¢m)~* 22541.3
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—

4 Y 5 - 9

Fig.l Experiment set-up. 1. Stable dc power supply for the elegtromagnet (feed-back
stabilized). 2. Digital thermometer with thermocouple prcbe. 3. Gaussmeter (Hal
effect, digital) with output terminal connected with the X-axis terminal of the HP-
7001A XY recorder. 4. HP 7001A XY recorder. 5. Simple"and distortion-free  rf-
receiver with audio output connected with the Y-axis terminal of the XY recorder.
6. Cross coil head for the physical signal pick-up. The sample is put inside the
receiver coil. The receiver coil is flat with inner space large enough to contain the“
flat sample, The filling factcr is more than 0.9. 7. Transmitter coil. 8. Stable but
selective de power supply connected ‘with the InSb sample. The dc can flow through
the sample when the size effect experiment is performed. 9, HP 5245L frequency
counter (a secondary standard) for ckecking the stabilit& of the radio frequency at
the receiver end. 10. Radio frequency transmitter. The frequency is determined by the
quartz crystal selection. It is temporarily fixed at 33,501,245 Hz + 1 Hz. It may be
changed by another quzrtz crystal selection. 11. Air blower with nozzle and flow

control,
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e T

< (arbitrary unit)

0 3,630 H (Gauss)

A= :14.01' 0.1
d = 2.65mm

Fig.2 The experimental and the theoretical curve fitting, The A value which determines
mainly the shape of the power dissipation curve is found to be 14.0 + 0.1, while the
thickness of the sample (parallel to the direction of H) is d=0.265¢cm
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-j\/

——>  H (Gauss )‘

Fig.3 The shift of the rf power dissipation curves under the influence of the dec passing

through the slab sample of InSh. Curve 1 is an rf power dissipation without the de
influence. Curve 2 is the shift of the rf power dissipation when the dc applied is 0.500
ampere and a Vae= 0.0156 volt. Curve 3 is that at a de of 0.600 ampere and a Vy.=
0.0188: volt. Curve 4 is that at a dc of 0,950 ampere and a8 Vac= 0,0303 volt.
The shift changes the power dissipation from|—&¢ {to] ~ P —AF | and the magnetic field
from H to H+AH. The curves are shifted by the influence of the dc but the shape of
the curves are found not changed at all. Therefore, the value of A is the same for
all the curves. For such a reason, we are able ‘to “calculate the electron mobility
shift and the carrier concentration shift due to the influence of the de applied.
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-op

Fig.4 The enlarged view (by the voltage off-set) of'the —A7 and the +AH shifts near the-
tip of the power dissipation curves as shown in Fig.3. Whenthe dc applied is.
small the —AZ* and -+AH are also small. The upper curves are those without the dc
influence. More than 20 such curves have been recorded, and the A 4y/F atze v8 the-

V34, relation is shown in Fig.5
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ALy
Faze

| 1

00165~ | 4

0.0055— o /o

! L 1 | 1 1 ! 4 g1
5 10%10% /2
vpl"'?' de

Fig.5 The A 4./F atze vs the V3, plot according to'the experimental results shown -in the
Fig.4. The least square fit shows AF ar/Fa1ze.= 16.5 V34, according to the expression
shown in eq. (12). The probable error of the AF g,/ aizemeasurements is + 8%.
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Fig.6 The increment of the carrier concentration (An),s and the increme;nt of the mean

velocity of the rf electrons (Av).¢ due to the influence of the dc bower applied vs

Edar. The (An) r¢. vs Eqr relation is obviously.not linear. The (An) ;¢ is obtained

from the size effect measurements and eq. (2) in the referemce (2) . net= no,r¢

+Any¢s. The (Av) ;:-f ‘is from eq. (6) and eq. (7) in this report. The Ear is obtained

from the results of the size effect experiments and from eq. (15) in the present.

report. The (Av) ¢ vs Eq, relation seéi_'n’s ‘quite lineatr by  appearance, .but in fact,

- the curve bends slightly toward the Eq, axis. The linear Ohm’s .law is .assumed
Ceq. (6) ) , and the o,¢ is experimentally known to be a constant, - . o
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0] )

-.49— ) . '.-'t

mV |

Fig.7 The dc magnetoresistance effect in the 568 grade InSh., The curve is obtained by
using the XY recorder. The curve consists of a number of double points. The points
on the left are those obtained when the rf power is applied around the sample, and
those on the right are obtamed without the rf power applied. There seems to be no
difference between the two curves. The circles are the control points to show the
ideal parabolic relation between the magnetoresistance and the magnetic field H. The
deviation of the experimental result is 4% from the ideal condition. However, it is
only a pure dc effect which has nothing to do with the rf phenomena (Fig.2 to Fig.4)
and the power ratios AF 4./ F gize.
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FIXED
FREQUENCY
RF
POWER
SUPPLY

dc electrons
U;,dc ) /Ua(‘dc ’ no,dc

rf electrons

CTO,T{:, ﬂo,r{) no,rf'

Vo,rf | A,-f
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Excitation spectra of magnesium impurities diffused into undoped silicon as well as into

silicon doped with group-III acceptors have been measured,
heliumlike nentral donor (Mg" with excited states simtlar to
close to the effective-mass pasitions; its {onization energy a

In the former, magnesium is a
those of group-V donors and
t liquid-helium temperaturg is -

107.50£0.04 meV. In specimens containing group-iil impurities, with the magnesium ﬁagtially
compensgated, excitation spectra are observed similar to those of group~V donors and that

of Mg? except that the spacings between corres

* larger and the 15(4,})—~ 2, transition is aclosely spaced doublet,-0. 2 meV apart,

ponding lines are approximately four times

These

features are consistent with a singly lonized heliumlike magnesium donor (Mg*} and a small
chemical splitting of the 2p, state; the lonization energy is 256.47+0.07 meV at tiquid-

2

helium temperature. The excitation spectrum of Mg* was algo observed in specimens con-
‘taining Mg® subjected to high-energy electron irradiation. Study of the piezospectroscopic

effects shows that both Mg and

Mg” occupy a T,-symmetry site with 1s5{4,) as the ground . .

state. A value of 8.7:0.2 eV has been deduced for the shear-deformation-potential constant -

_ Eyof the (100) conduction-band minima of silico

L. INYRODUCTION

The behavior of group-V impurities as donors
and of group-IIl impurities as acceptors in s‘:lipon
and germanium represents one of the most exten-
stvely studied and best understood aspects of semi- -
conductor physiés. The substitutional nature of
these impurities, the large dielectric constant of
the host, and the effective mass of the bound carrier
are the significant features of the model used to ex-
plain a variety of phenomena*™?® associated with these
donors znd acceptors which are solid-state analogs
of the hydrogen atom. It is alsc now well established
that the group-1I elements, zinc,*'® mercury,® and
beryllium’ in germanium and beryllivm in silicon,” -
are solid-state analogs of the helium atom in that
they are double acceptors; by compensation with
group-V donors one can study these double accep-
tors in their singly lonized state which then are the

zlogs of singly ionized helium. The group-VI
ﬁ'lement sulfur when introduced into silicon®!° pe-
haves like a heliumlike double donor; several sulfur
donor centers have been discovered though the
exact structures of these have not yet been estab-
lished, For example, the electron paramagnetic
‘resonance (EPR) measurements by Ludwig® showed

[+ 9

that the sulfur centers designated as D centers by
Krag et al.® are isolated 8* at/T, sites, but he
could not determine if they occupied the substitu-
tionat or the interstitizl sites with that symmetry.
The group-I impurity copper in germanium, * is
another element which has been studied to some’
extent, - The acceptor states associated with this
impurity are consistent with its being substitutional,
. Of the impurities which are interstitial rather
than substitutional, the best-known example is that
of lithium in silicon and germanium, '*'"*  Transition-

metal ions in silicon and germanium, both as inter-

stitial and substitutional impurities, have been
studied by Woodbury and Ludwig!* who investigated

" their EPR spectra. Interstitial aluminum has been

reported in electron-irradiated aluminum-doped
silicon where interstitial silicon and substituttonal
aluminum are believed to exchange their roles®s,

it has been shown that these interstitial aluminum
impurities are then donors. Recently,'$*? the
group-II element magnesium, when diffused into
silicon, has been shown to behave like a doubte donor
rather than a double acceptor. This behavior can

be understood only if magnesium is nterstitial
rather than substitutional, Singly ionized magnesivm -
donors can be produced by diffusing magnesium into

*This paper has been published iri*Physical Review, 5B (1972) 5 462-474
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silicon containing acceptors!’ tike boron or aluminum
or by electron irradiation as well as by thermally
ionizing neutral magnesium.'® The purpose of the
present paper is to report and discuss the results
of a detailed study of the Lyman spectra associated
with both neutral and singly ionized magnesium- ¢
donors in silicon mcluding their piezospectroscoplc
effects, : ‘

If. EXPERIMENTAL PROCEDURE

Magnesium was diffused into silicon in the fel—
lowing manner. Pure magnesium'® was deposné=d
by evaporation on the surfaces of the optical sample
The optical sample was sandwiched’ between two.
other specimens, all three having magnesium. on
the surfaces in coatact, and heated at ~ 1200 °C
for ~1 h in a helium atemosphere; the sample and.
the “covers” weld together and thus the magnesium’ _
does not escape into the ambient, After the -
heat treatment, the sample, together with the
‘covers, was quenched in liquid nitrogen, The = .
covers were then ground off. By following this -
procedure an undoped floating-zone silicon, mltia.ll.y
b type and of resistivity ~1700 & ¢m, was con-

‘verted to a low-resistivity’ n-type specimen with a

room-temperature carrier concentration ~2 X 10!
<, These specimens were adequate for observ--
ing the excitation spectra of neutral. magnesium
(Mg®) at low temperatures. In order to study singly
ionized magnesmm {(Mg*) donors, low- -resistivity
~10-22-cm boron-doped or aluminum-doped float~
ing-zone silicon was used instead of pure silicon,
From experience it was found that diffusion times .
of ~10 h were required to produce suificient con-
centration of Mg* for the present studies, The
samples were too inhomogeneous to give reliable
Hall measurements. The boron concentration in
most of the specimens used was ~1. 5% 10 ¢m=
and such specimens showed only Mg* spectrum and
no tra.ce of Mg® spectrum; an upper limit of 10!
cm™ of Mg® is thus estimated, 'It was also found
that Mg* could be produced in specimens contain- -
ing initially Mg® only, by subjecting them to an
irradiation with high~energy electrons. In this
case magnesium-doped silicon was irradiated with
1-MeV electrons from a Van de Graaff accelerator..
Specimens subjected to the same heat treatment
and quench failed to show the spectra if no mag-
nesium was deposited on them initially; this check
was made to satisfy ourselves that we are indeed
dealing with magnesium centers Mg® or Mg* as
the case may be,

The samples used in these experiments were
oriented for appropriate crystallographic orienta-
tions either by x rays or by the optical method ot
Hancock and Edelman. * _An optical cryostat?®
was used for low-temperature measurements,
Sample temperatures ~12°K are estimated in our

' gystems, was used for the meastlremer:lts'.

.is-shown in Fig. 2 for comparison

“ilar in spacing-and relative intensities.
" also be seen from Table II where the spacmgs for -

5 EXCITATION SPECTRA AND PIEZOSPECT.OSCOPIC EFFECTS. -

liquid-helium measurements. Uniaxial compression
was applied to the specimens for piezospectroscopic
measurements using the differential- thermal-com-
pression technique,® In order to determine the
shear-deformation-potential constant =,, a cali-

brated stress was employed in some of the piezo-

spectroscopic measurements; this was accom-
plished using a'quantitative-stress optical cryo-

: si:atze ‘which is an’ ‘adaptation of the glass cryostat
o _desmubed in'Ref. 20.

A double-pass Perkinh-Elmer spectrometer
model 112G, equipped with Bausch-and-Lomb
plarie-reﬂectloh gratings and appl_'opriate filtering
Typical
resolutjon in our measurements is ~0.5 ecm™. The
radiation was polaTized for plezospectroscopic -
measurements by passing it through a Perkin-.

‘Elmer’ wn'e-grid polarizer with sﬁver-bromlde \
Co gubstrate.
" iodide windcw was used as the detector:

.A Reeder®® thermocouple with 2 ces1um- ,

- HL EXPERIMENTAL RESULTS AND.DISCUSSION Mg°
' . A. Zero Stress

The excitation spectrum for neutral magnesxum
donors. in sihcou measured with liquid helium as
coolant is shown in Fig. 1.. The energws of the -
excitation lines are given in Table I.  The excxta-
tion spectrum for phosphorus* donors in silicon -
drawn on the same energy scale as that of Fig 1
It is. evldent
that the hnes of the two spectra are strl.kmgly sim-.
’I‘l'us can

the two spectra are compared‘ "The labeling of

" the excitation lihes for magnesium. donor is based

on this slmila.rlty - The haif-width for the excita-: -

_tlc_n Tinks of Mg” is apprcxi_mately twice as large
as that of the phosphorus lines.

" The factors con-
tributing to this feature have.yet to be established.
The_,broa.deni_ng of the lines coqtd also be the.rea-’
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" FIG. 1. Excitation spectr'umj of Mg®d giors in silicon.
Liquid helium was used as coolant, Carrier concentra~

* tion, #(300°K), estimated ~1.2 x10% cm%,
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TABLE 1. Energies of excitation lines of Mg” donors
in silicon (in meV), :

Label . Aslsignmeut Energy*
2py - 1s{d))—2p 95, 80
2p, 1s{Ay)—2p, 101,12
3p 1s{Ay) —=3p, 101, 85
ap, 15{A) —4py - - 104,17
3p, 1s(A)) —3p, 104.38

4P Sy 1s(4,) = 4p,, 5py 105,33
Spy 15(A ) —5p, 106,05
Et 107.50 £0. 04

“The experimental error is +0.015meV. These values

are in good agreement with those reported by Franks and

Robertson (see Ref. 16).

5The ionization energy E; was deduced by adding
Faulkner's theoretically determined binding energy of
the 3p, state (Ref. 26) to the experimental energy of the
trangition labeled 3p,.

son why the 2 and & lines in the phosphorus spec-
trum are not seen in the Mg® spectrum,

. As an Interstitial impurity the donor electrons
of magnesium are expected to be the two 3s valence
electrons thus constituting neutral heliumlike cen-
ters. When one of these electrons is excited, the
screening of the nuclear charge by the remaining
electron and the other core electrons should result
in hydrogenic excited states. The higher the ex-
cited state the more accurate will be this descrip-
tion. Comparison of energy levels of atomic hy-
drogen and helium shows this. to be the case.?® We
expect the screening to be particularly effective
for the p-like final states in the 1s —np transitions,
The remarkable similarity of the spacings between
the excited states of Mg® and those of the group-V
donors is thus explained, In the same manner it
is also clear why the spacings observed in the ex-
citation spectrum of Mg? are strikingly c¢lose to
those calculated® for group-V donors in the effec-
tive-mass theory,

LA Baate ey T 1 Y LS e S T T

= a0 29* -
E 51 {P}-5&
Cor i
Go-
g ' 200
5 tor |
‘ 30
1 I
H I W

35 40
ve PHOTON ENERGY (meV)

FIG. 2. Excitation spectrum of phosphorus donors in
sillecon. Liquid helfum was used as coolant, n{(300°K)
=T7.5 x1 " cm™~ (see Ref, 24).
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As in the case of group-V donors, the positions
of the excitation lines of Mg” will be determined
by the location of the ground state which may lie
below the effective-mass position due to the break-
down of the effective-mass theory in the vicinity of the
impurity, giving the chemical splitting. The ground
state is expected tobe affected most seriously by this
breakdown because of the large concentration of its
wave function near the impurity core,! It is thus of
interest to deduce the effective-mass. ionization
energy, which can perhaps be estimated by increas-
ing the effective-mass ionization energy of group-

- V' donors calculated by Faulkner® in the ratio of

the first-ionization energy of the helium atom to
that of the ionization energy of the hydrogen atom; .
this turns out to be (31, 27)(24. 46)/(13.6) =56, 24
meV. Here we have used the experimental values
for the ionization energies of atomic helium and
hydrogen, which, of course, are well known to be
closge to the caleculated values [see Eyring, Walter,
and Kimball (Ref, 27)]. The experimental ioniza-
tion energy obtained by adding the calculated value®®
of the binding energy of the 3p, state to the experi-
mental energy of the transition labeled 3p, in the.
Mg® spectrum is 107. 50 meV; the justification for
this procedure lies in the excellent agreement be-
tween the calculated and the experimental spacings
of the excitation lines on the one hand and that be-
tween the spacings of the corresponding lines of
phosphorus and magnesium donors on the other,
Thus, it is evident that the ground state has suffered
considerable chemical splitting. Presumably the
sixfold degeneracy of the 1s state due tothe multi-
valley nature of the conduction-band minima along
(100} is lifted in the same magner as for group-V
donors, and the ground state®? is the totally sym-
metric linear combination 1s(A,) with equal con-
tribution of all the six {100} Bloch wave functions.
The experimental proof for the singlet nature of-
the ground state will be forthcoming from the pie-
zospectroscopic effects discussed in Sec. III B.
Recently Faulkner® has calculated in the effective-
mass approximation the binding energies of energy -

TABLE II. Spacings of donor excited states in
gilicon (meV), )

States Theory* Y Mg®
2p, — 29, 5.11 5. 06 5.32
3py— 28, 0.92 . 0. 93 0.83
490 = 2p, 3.07 3,09 3,05
3p.—2p, 3.28 3.28 3,26
4p,—2p, 4.21 4.21 4.21
5pg =20, 4:17 4.21 4,21
5p.—2p, - 4.97 4.94 4.93

*Faulkner, see Ref. 26.
®The experimental error is +0, 03 meV.
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levels which are not expected to be ohserved in the
Lyman spectrum viz., of 28, 3s, 3d,, 4s, dd,,
dfos - .. - Though transitioas from the 1s
state to these levels are not allowed in th.e effective-
mass approximation, they may become weakly al-
lowed due to departures fromit, Kleiner and Krag?®
have ascribed several weak lines to just such tran-
sitions. We have unsuccessfilly searched for the
.corresponding transitions in the spectrum of Mg®

in silicon. We can not rule out that the concentra-
tion of magnesium donors inithe samples used was
insufficient,

As mentiotied already, a significant feature of the
donor levels in silicon is the chemical splitting of
the sixfold degenerate 1s ground state iato singlet
1s(4,),. double‘t 1s(E), and triplet 1s(7}) tevels,
with ls(E) and 15(T,) close to the effective-mass
position and 1s (Al) depressed &:onsuierably below
it. .In contrast to the case of shallower group-V
donors,® it is not feasible tp thermally populate
the 1s(E) and 1s(T;) for Mg® and observe excita-
tion‘lines which originate from them. Attempts
were made to observe the 1s(4,) —'1s(7,) transi
tion which is again ailowed only {o the extent of
the breakdown of the effective-mass theory, Such
transitions have been reported for bismuth donors
in silicon,®® and selenium and tellurium donorg in
aluminum antimonide, *!: However, we have been
‘unguccessful in observing the corresponding tran-
sitions in the spectral range from 41 to 95 meV.
In.the course of the above measurements we found
several weak excitation lines at. 87.18, 87.99, and
104. 90 meV which occurred in only a few of the
samples examined. They appear to be due to as
yet unidentified centers.

Attention should be drawn here to the decrease
in the intensity of the excﬂ:atmn specirum when the
same Specimen is remeasured ajter a considerable.
lapse of time. Figure 3 shows a typlc.a.l eyample
of such a spectrum remeasured after 19 months.
Tlns may be a consequehce of precipitation of mag-
nesium. Time-dependent effects on donor excita-
“tion spectra have been noticed by Gilmer et. al.
in the spectra associated with; lithium-oxygen com~
plexes and by Ludwig® in EPR- studies of sulfur-
doped silicon.

B. Piezosbectfosoobic Effect

The study of excitation spectra of donors and
acceptors in semiconductors under uniaxial stress®
—~the piezospectroscopic effect—is very valuable
in giving symmetry assignments to the energy
levels and offers a direct means of determining de-
formation-potential constants.  The relevent de-
tails applicable to the case of donor stategd+®r33
of 2 multivalley semiconductor are given below.
The conduction-band minima of a multivalley semi-
conductor are shifted with regpect to one another

under the application of a uniaxial stress, The
deformation-potential theory as applied to this
problem by Herring® gives the shift in energy of
the ]th minimum as .

=Ed Gaﬂ‘*'-:-uK.i“K:n)aaa ' (1)

where K‘j’ and K§'' are components of a unit vector
pointing from the center of the Brillouin zone

- towards the position in k space of the jth minimum,

The subindex « or B designates a component along
one of the cubic axes of the crystal, u are the
components of the strain tensor, and 8, is the
Kronecker-6 symbol. . The symbols =, and =, are
the dilatational~ and shear-deformation-potential
constants, respectively. In Eqg. (1) 2 summation
over @ and B3 is implied. If it is assumed that
both the dielectric constant and the effective mass-
es characterizing the conduction-band minima

are unaltered by strains used in the experiments,
then, for a given vailey, the. energy-level scheme

.of a donor given in the effective-mass approxl.ma-

tion will be unaffected by the stress. - However,
the energy-level schemes bearing different valley

. labels will be shifted relative to one another by

the amounts given by Eq. (1}. This will be true
for all states weil described by the cffectiveé-mass
theory, for example, the p states,

Under a compresswe force F the valleys i=1,

2,3, 4,5, and 6 along {100}, {Ioo] [010], [ofo]
- [0(51] and [001], respectivety, have energy shifts
. AE’ given by .

SAEI' -[_,d{sn+2slz}+_.,.S1JT - {2)
Fll {1001 2

AEs‘“ = [—-a(su +285) +_._.,,513]T, " {2h) .

_-' . AE1-4 [2._.4(311 + 23i2)+ ...u(511+ SIZ)]T
Fii[110], ¢ ()
AE™®= [E;(Su*' 2319.)+ 3n31z]r; co {2d)
24 __ 1'7 T ngr — T
b SitMgh-&
Boop .
. ol 3

ABSORPTION COEFFICIENT {em™)

s q L i L IEI— : L 1 L
% . 100 105
' * PHOTON ENERGY {meV}

FIG, 3. Time-dependent effect on the excitation spec-
trum of Mg? donors in silicon. The dashed curve shows
the decrease of intensity for the same sample remeasured
after 19 months, Liquld helium was used as coclant in
hnth measurements?
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Fii{t11], AE' =3 [32,(s,+ 2s,5) + By (s, + 25,)]T,

(2e)
where T'is the applied force per unit area, and is de-
fined to be positive for tension and negative for
compression; the s,;’s are the elastic compliance
coefficients. It is thus clear that with ¥ i {111)
there will be no splittings for the effective-mass
donor states whereas for Fll (100) and F||(110), a
given donor level will split into two componexts
whose shifts with respect to the center of gravity
{c.g.) are given by

) ﬁEl'a-AEc_‘_=%Eu(su—Sla)T ] (33-)
Filf100],
AE'S - AE:_:.:. == %Eu(sll - 512) T; (3b)
. AEVA_AE, =t (s - 5,)T, {3c)
Fll[i10], o

AESS AE, .=~ %Eu(su -s)T. (3dy

Wilson and Feher® have calculated the energies )

of the ground states 1s(4,), 1s(E), and 1s(T,) as’
a function of stress; the results are shown for

2ps STATE

QO mn bo®

e}
" =6

/8¢

E'z

O N b ¢

-2
-4
-§

3 2 f ] =t -2 -3
€'= é/A'c .

. FIG. 4, Splitting of the 15 ground states and the 2P,
state og_ donors in silicon under strain for compressive
force F along (100). E’=E/A,and e’=¢/4], where £
i3 the energy of a given state, A¢=-} [the spacing between
1s(4;) and 1s(E)], and 3¢ is the energy difference between
the (100 ) conduction-band minima, The numbers in
parentheses indicate the degeneracies of the varfous states
while the letters denote the relevant irreducible repre-
sentations of Dy, the site symmetry of the donor for this:
direction of stress, -
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FiI[100] in Fig. 4. The stress effect on a typical
excited p state, the 2p, state, is also shown in this
figure for comparison. The labels on the stress-
induced sublevels denote the irreducible representa-
tions of the new site symmetry to which they belong,
As shown in the figure the shift of the singlet 13(4,))
state shows a nonlinear dependence on stress,

Both 1s(E) and 15(T,) states split into two com=-"
ponents: ofe component of 1s(E) shifts linearly .
and the other nonlinearly with stress whereas both
compenents of 15{T;) show a linear dependence.on ’

.8tress identical to that of the p states, Itcanbe .

shown'®® that the transiticns which have 1s(d,) _
as their ground state shouild, under stress, ex-
hibit two components, one on either side of the
zero-stress position, while transitions from 1s
(T3) and 1s5(E) exhibit one and three components,
respectively. . o

It should be notad that, though the 1s{A) =np
excitation lines will not split under ¥[[{111), -they

: may show shifts due to those. of the 1s{4,) ground
‘state. The separaticn between the fwo components

observed for ¥l (100) or (110} is the same for all -
the lines, If the 1s(4,) level undergoes only very
small shifts, then the ehergy difference between
the low-energy component and the zero-stress. ..
position will be twice that between the high-energy -

_component and the zero-stress position\{oi.j.fll s

(100) and vice versa for Fli(t10). = R
~ Another important feature of the uniaxial Sfress
effect is the pronounced polarization exhibited by -
the stress-induced componentis of the excitation
lines. The selection rules for electric-dipole = = -
transitions are shown in Figs. 5 and 8 for com-
pression along [100] and[110], respectively, for the -
15(4;) ~npy, and np, transitions. These canbe .
deduced®® either by group theory or by an Inten-
sity calculation using linear combinations of ‘Wa.v_e
functions appropriate for the new site symmetry

-of the impurity. The new site symmetry is de--

duced by enquiring which symmetry operations "
of the unperturbed crystal continue to ba valid:
under stress, Thus, the T, site symmetry. is
transformed into the tetragonal D,, under F{{100]
and into the orthorhombic C,, under ¥ (|{110). "
From Fig. 5 for F}I[100); it can be seen that for
E[l F, only transitions 1s(A) =npy(-) - avd np, (+}
are allowed, while for ELF, transitions. 1s(4A )y
=npy(+), np, (=), andnp,(+)are allowed, For i%ll
[110] in Fig. 6, the selection rules also depend
on the direction of the light-propagation vector,
4. For EIIF,1s(4,) ~npy(=),np, (=), and np, (+)
are allowed for all §, and for ELF, 15(4,) ~npgl=)s.
npn(-c-),' and np,(-) are allowed for gl {110], while-
1s{a,} ~ npy{-), np.(-), and np,(+) are allowed for
qiifoo1].. - oo : _ '

Let ua now look at the experimental observafiong
presented in Figs. 7-10 for uniaxial compression,
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: a.long [111] [100] [110] and [110], respectively,
and for electric vector X either paralle! or per-
-pendicular to ¥, In these figures the positions of

.-the- excitation lines for zero stress are also in-

dicated,

In Fig. 7, for F[I[111], no splittings are ob-
‘served.- ‘This Is consistent.with Eq, (2e) together
* with etther the tetrahedral T, or the tetragonal
' Dyg-symmetry site for the neutral magnesium do~ = -
‘nors; since any departure from these symmetries

‘would have resulted in splittings due to the lifting
of an orientational degeneracy associated with a
‘noncubic environment,* For example, splittings

" for F=0 and F 0'{100).

FIG. 5. - Energy levels (nat to scale)
The arrows
indicate the allowed transitions with
1s (4} as the ground state. The let-
ters next to a level denote the irreduc~
ible representations of the appro-

priate site symm_etry.

precisely due to the lifting of such an orientational

-degeneracy have been reported by Krag et al, for
‘certain species of sulfur donors in silicon. ?

In the case of F [[[100] shown in. Fig. 8, all the
excitation lines split into two components, one on

either side of the zero-stress position,

We there-

fore conclude that all the observed transitions crig-
inate from 1s{A4,) as their ground state and that the

" site symmetry is T,, not D,,,

For small stresses,

as predicted in Egs, (3a) and (3b), the low-energy
components have an energy shift from the zero-

stress position twice as large as that of the high-
energy components, Furthermore, the polariza-
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FIG. 6. Energy levels {not to scale)
for F=0 and F §{110]. . The arrows
indicate the allowed transitions with
1s(4,) as the ground state and for
the direction of light propagation
along [110] and [001]). The letters next
to a level denote the irreducibie repre~
sentations of the appropriate site sym-
metry. Note that a calculation (Ref.
33) of the intensity of the transition
15{4;) —npyl—}, using effective-mass -
wave functigns, shows_it to be forbid-
den for E LF and i [110].
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FIG. 7. Excitation spectrum of Mg* in sihcon, wirh o
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7300 °K)
=2:7 x10'*

em, The dashed curve is for EI ¥ and the -

solid curve is for £ LF. The arrows indicate the pomtions 2

of- the excitation lines for F=0:

tion features completely agree with the 'predicttons :
of Fig. 5, the high- ‘energy component of the np, .
line appearing only for £ .¥ and the Tow-energy .
component only for E || ¥, and both components of..
the np, line appearing for E.L ¥ and only the high-
energy components for Efl .-
.In Figs, 9:and 10 are sliown the results for fIL
: [110] with § || [001] and Il [1{0], respectively.’
Both the splittings of the excitation lines and’ tm 3
polanzatwn features agree with the selection’ rules
- given'in Fig. 6 and Eqs.: (3¢} and (3d).

When a uniaxial stress is applied along an.arbi- '

_ trary-direction, it can be shown frém Eq. (1) that
- the six valleys will form three sets with. each get
having a different- energy shift.” As already men- -
tioned, the excited p states will split into as many
: components as there are energetically different .
_ valleys It is thus expected, for a stress along

an arbitrary direction, each excitation line will’

split into three components. ¥’ In some of the mea-
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. FIG. 8. Excitation spectrum of Mg in. slllcon with ..
liquid helium 2s coolant and with Fl(lOO) n(300 K} -
=1,7 x10!5 em=3, The. da.shed curve is for E¢F and the .
.solid curve is for ELF.’ The arrows indicate the positions
of the excitation lines for F= =0,
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FIG. 9., Excitation spectrum of Mg’ in silicon with
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-n(300°K) was estimated to be ~1.2 x10!® em?3.

The dashed
curve is for EIF and the solid curve is for EIF. The
arrows i.ndlcate the positions of the excitation lines for
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:'sure'mehts: made' fﬁree componénts were indeed
. observed due- to, the mlsorientatlon of the (110)

samples. .
The shear-deformaxxon-potential constant =, can

.. be determined from the splittings of the excnta,_tmn
* lines in a uniaxial stress measurement. A quanti-
- tative stress cell® was used for, this purpose.
- ure 11 shows a typical exa.mple of such measure-

Fig-

ments, For F|f [100], a given donor level, under

"stress T, ‘'splits ‘into two components with their

' 'separatmn equal to Z,(s;; ~ 5,,)T; ‘a8 can be seen:
" from Eq. (3). -
“ing between the two components of 2p, as.a function

Figure 11 shows the energy spac-

of applied stress,  From the slape we obtain for

- Eg-avalue of 8.7£0.2 eV,

- The, shift of the ground sta.te ls(A ) wpder stress

" .can also be determmed. from the above meastze-
ment.  In Fig. 12, the; posxtlons of two experimen-
tally cbserved composents of the 1s{4,)~2p, tran-
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, FIG.: 10 Exclmtion spectrum of Mg° 'tn silicon with
liquid heltum as. coolant a:fl with F i[110] and. duirio),
The dashed curve is for BiF
and the solid curve is for £1 F. The arrowa lndicate the
positions of the excitation llnes for F =0,
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FIG, 11. The energy separation. -of l:he two stress in~
duced components of the 2p, line of Mg in silicon a3 a.
function of stress. The compressive force F is along
(100), The straight line represents a least squares fit;

the experimental error is 10 1 meV in AF and £0,2 x108

dyn/em? in stress.
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FIG. 12. Effect of uniaxial stress on the 2p, and 1s(4,)
states of Mg? in silicon, The compressive force F is
along {100).
okgeryed components of the 1s(4,) — 2p, transition as a
function of stress. The experimental drror in the posi~
tion of each line is estimated to be =0.05 meV and that
in stress to be £0.2 x10° dyn/cm?. Their energy shifts -
from the zero-stress position in the ratio of 2:1 are
showrr by the two solid straight lines. From the actual
observed energy positions, the shifts of 1s{4,} are deter-
mined; the solid curve shows lts shift ag 2 function of
Siress,

y 1omzation_energy, viz. ;

The positions indicated are those of the two

sition are shown as a function of stress. Also
shown, with-solid lines, aretheir energy shifts from
the zero-stress position as calculated from their
spacings divided in the ratio 2: 1. From the actual ob-
gerved energy positions, the ground state shifts are
thus deduced; the resulting shift of the 15(4,) ground
state is also shown in the figure, Comparedwith shai-
iow group-V donors, the ground-state shift of Mg®is
found tobe smaller as indeed it should be, for the
deeper the ground state, the less it is influenced by

‘stress, as canbe seen from the calculations of Wilson

and Feher,* For stresses less than 5 X10° dyne/em?,
the shift of 1s5(4,) can almost be neglected. The
stress-dependent energy shift AE, of the 1s4y)
ground state is given by

AE=4,] 3’+ 2x— 3 (x4 fx+ )V2] @)

" where 4, is } of the spacing between 1s(4,) and

1s(E), and x=E,(s,; - 5;,)T/34,. Knowing the

- energy shift of 15(4,) under a stress 7, it is po&-
sible to solve for the spacing between 1s(4,) and

1s(E), i.e., 64, Using the experimentally de-

- termined value of 8,7 eV for =,, we obtain for .

64, a vdlue of .5'5_5:3 meV,  Subtracting this from
the jonization energy 107. 50 meV, an experimental
value of 52,5+ 3 meV is obtained for the binding

“energy of the excited 1s(E) state; presumably the

15(T;) lies close to this if the sepa.ra.tlon between -

it and 1s(E) is small compared to 64, as in the case
of group-V donors. -This -appears to suggest that"
our earlier estimate for the effective-mass first-
56. 24 meV, is reasonable
for heliumlike donors in silicon, It also suggests.
that the 1s(E) and 15(T,) states are close to the
effective-mass position while 15{4,) is depressed

- considerably below it due to chemical splitting.
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‘ FIG. 13. Excitation spectra of Mg® and Mg* donors ln
silicon. Liquid helium was used as coolant, ‘Mg* was”
produced by compensating Mg” with boron acceptors.
Note that the energy scala for Mg® is four times larger -
than that for Mg*.
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TABLE III.  Energles of excitation lines of Mg"
donors in silicon {in meV).

Label Assignment Energy*
2Py 1s(A) = 2p, 208.63+0, 015
2p5 1s{A,) < 2p% 230.22+0,015
2pd 1s{d,) —2p? 230.421 0,015
Ipy 1s{d)) —~3p, 233, 87+ 0. 015
4p, 1sid,) —4p, 243.00+0. 045
3p, 1s{A) = 3p, 243.99£0,015

4p,, 5py ls{d)—~ 4py, Spy 247.92+0, 015 -
Bp . 256.47 + 0.07

“These values are larger by about 1 meV than those
reported by Franks and Robertson (see Ref. 16). It
should be noted, however, that the iatter were obtained
from a measurement at 135°K. We have observed a
shift to lower energies by ~ 0.3 meV in going from
lquid-helium to lxqmd-mtrogen temperature. Such
shifts taken together with larger uncertainties in positions
at the higher temperaturs due to line broadening can

. account for the difference.

"BThe ionization energy E; was deduced by addmg four-

times Faulkner's theoretically determined binding energy
of the 3p, state (Ref, 26) to the experimental energy of the
transition labeled 3p,,

' iv. EXPERIMENTAL RESULTS AND DISCUSSION: Mg*
‘A. Zero Stress

The excitation spectrum for Mg* donurs.in sili-
con measured with liquid helium as coolant is
shown in Fig. 13. The energies of the excitation

"lines are glven in Table III. The excitation spec-
trum for Mg® donors in silicon is also shown in
the same fzgure for comparison; note the energy
scale for Mg® is four times targer than that for
Mg* and the strongest line of Mg® spectrum, cor- -
responding to 1s(4,) - 2p,, is brought into coin-
cidence with the strongest line of Mg* spectrum.
It 18 to be noted that the half-wulth for the excita-
tion lines of Mg”* is e.pproxn.mately four times as --
large as that of the Mg® lines. This might explain

“why the lines corresponding to.the 5p,, g and b .
lines .io the phosphorus spectrum in Fig, 2 are: not
observable in the Mg* spectrum, " _

While the interstitial Mg” is a solid-state a.nalog'
of the helium atom as already mentioned, Mg* can
be considered as the analog of singly lonized heI- ;
ium when one of its two 3s valence electrons is -
fonized. - In this manner, then, the Lyman spec-
trum assoclated with. Mg' donors is expected: to be
like those of group~V and Mg" donors  in silicon.

except that the binding energy for each - .ergy state
is mcreased by a factor of 4'since row the effective f

nuclear charge is 2 instead of 1. This explalns .

why in Fig, 13 the two spectra are strikingly sim- -

{lar in relative intensities and why the energy sep-
arations between the corresponding lines of Mg*

- chemioal lplittmg of the excited states.

are ~4 times the corresponding spacinge of Mg"
The labeling of the excitation lines for Mg* donors
is based on this comparison,

Presented in Table IV is the comparison of energy
spacings for excited states of Mg* and Mg? in sili-
con. The ratia of the corresponding spacings is
approximately 4 as expected. It should be noted,

- however, that the ratio is not exactly 4 but slightly .

larger, This could be due to the penetration of the
doner electron, the 3s valence electrcn, inside the
inner electron shell.*® Thus each energy state
could be more tightly bound than the correspond-
ing state neglecting this effect. Also, the lower
energy state is expected to be affected more than
the higher energy state. This should also apply
to Mg% however, since there is another 3s electron
which provides shielding, the donor electron may
not penetrate the inner electron shell as much, thus
resulting in a smaller eifect, - Besides this, the
orbits of Mg* should be smalier than thoge. for the
other doners. -

As in the case of Mg®, it is of interest to esti-.

mate the effective-mass tonization energy for Mg*.
It is reasonable to assume this to be four times
the effective-mass ionization energy of group—V
donors calculated by Faulkner, 1., , 125, 08 meV,
The experimental lonization energy obtained by add-
-Ing four times the theoretical value 4f the binding
energy of the. 3p, state to the experimental energy

" of the transition labeled 3p,'is. 256.47 meV. It is -
. thus qulte clear that the ground ‘state has suffered

a very large chemical splitting. As in the case for
Mg?, it turns out that for Mg* the’ ginglet 1s{4,)
state'is the ground state, the experimental proof
for which is presented in Sec, IV B. As in the case
of Mg°, quantitative stress measuréements can pro-
vide a determination of the chemlcal spllttlng, such

. measurements have not yet been made, .’

A noteworthy feature in the Mg spectrum shown
in Fig. 13 is.the doublet nature’of the zp,, line, 2p;

~and 2p%,:. At. llgquid-nitrogen temperature this fea~ :

* ture is .obscured due tp broadening. At liquid+hel~. -

- ium temperature this splitting was observed in the -
‘ samples irrespective of the method used for com— :

pensation. It is. tempting to. agcribe this to the. :
The._irre.-,, '

TABLE 1V, Comparison of enezgy epacinge !or ex-
_cited states of Mg* and Mg donors in silicon (in meV).

States S Mg ~Mg’. ' Ratio
3¢, —2po jﬁ 35.3640,03 '8, 5a*u.03.-4;-‘12-g0;02' o
' (a.) 13 77*0 a3 . - o 4i2230,05
—2p‘ : 3 2s¢o 93 R
. cm 13 5750, 03" 4,180,705
_ 3p,-3p., ©U10,1240,03 2 43#0 03_‘- 41710, 06
Apa—4p; :',--0.._99';0.'-06 0:2140,03  4,78:0.97
©-3,9840.03°70,9640.03  4.1420,16

4Pe- spﬂ - 3pi
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5 EXCITATION SPECTRA AND PIEZOSPECTROSCOPIC EFFECT‘S- .

duclble representationfor the 2p, state is 2T+ 2T,
for a Ty~donor site symmetry. It could be that this
state, due to chemical splltting, eplits into two T
+7T, states, -or even:four states with two belonging
to Ty.and .the other two belonging to T,. - Since the
transition from the 15(4,) ground state is allowed
to an excited- state belonging to T, and not to T, a
doublet feature is thus- expected in either case.
Though' the :2p, ‘state of Mg* donors is still ex-
pected to be ‘effective-mass-like, compared with
the correeponding state ‘of group-V and Mg? don-
ors,-its binding energy. is four times larger with
i smaller Bohr radius and hence.a larger chemical
splitting, - This perhaps explaing why the doublet
feature of the 2p, state is not observed in the group-
V and Mg® spectra, The 2p, state lies even deeper -
than the 2p, state; it should have thus suffered a -
larger chemical splitting. It should be noted,  how-
ever, that the symmetry of the 2p, state is given
by the combination of irreducibie representations .
A,+E+ Ty, and the transition from the 1s(4,) ground
state is-allowed only to an excited state belonging to
T;. Thus no splitting would be observed for the 2P,
line, even if the final T, state had a chemtcal shift.
As for the 3p, and higher states, chemical splittmg
is presumably too small to be observed,

Attempts were again made to observe the 1s(4,)
= 1s(T,) transition for Mg*, which is expected to
be ~256.47—125.08=131, 30 meV, if the excited
1s states.are still close to the effective-maiss
position. - 'No excitation lihes, however, were ob-
served .in the spectral range from 107 to 135 meV.
Similar attempts were also made to observe -
the even-parity levels like 2s, 3s, 3d,, ... etc.,
for Mg*. An excitation line at 248, 80 meV occurred
only in some of the samples examined, It lies to
the higher energy side of the 4p,, 5p, line. Its in-
tensity is somewhat larger than that of the 4p,, 5p,
line, 'Its position, however, does not agree with
any of the calculated donor levels.? This line thus,

appears to be due to some as yel- unidentified center,

In one of the samples examined, three extra excita-
tion'lines were observed at £38. 66, 239. 60, and
241. 26 meV, respectively, They fall near the re-
gion of 3s and 34,.  Again, since these lines are
not reproducible in other samples, their origin is
not certain,

As mentioned earlier, irradiation of magnesium-
doped silicon with high-energy electrons was one
of the methods of compensation used for producing
Mg* donors, Extensive studies!® have shown that
a variety of donor- as well as acceptor states as-
3ociated with vacancies, interstitials, and their
zomplexes are produced in silicon as a result of
irradiation with high-energy electrons; with suf-
‘icient {rradiation the Ferini level moves towards
‘he middle of the euergy gap. It is thus to be ex-
‘ected that compensation of Mg? could occur yleld-
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ing Mg* donors. It is afso possible™ " that the
compensation occurs in the following manner: A
vacancy moves close to the interstitial magnesium
donor, or vice versa and is annthilated yielding
substitutional magnesium. The latter should be a
double acceptor which in turn can compensate the
magnesium donorg, This is an intriguing possibil-

ity which needs further study. In this context it

should be particularly interesting to discover in
irradiated specimens excitation spectra character-
istic of acceptors in silicon, _

The magnesium-doped silicon samples studied
in the present workwere irradiated with 1-MeV
electrons at 10 °C. Magpesium donors were only

. partially compensated after irradiation; thus

both Mg? and. Mg* spectra can be observed in the
same gpecimen. In most of the samples compen-.
sated with group-IIT acceptors, the control was

not gufficient to produce partial compensahon and
hence Mg and Mg" excitation spectra were not.
observed in the same spe¢imen, A typical example

"is presented in Fig, 14 which shows the appearance

of the Mg* spectrum and a decrease in that of Mg®
as a result of electron irradiatior, It is clear that
the concentration of the Mg® donors is decreased:
while the excitation spectrum for Mg a.ppears only
after the sample is bombarded

B. Plezos_pectruscopm.ﬁffect -

In Figs. 15-19 are presefited the excitation spec-' -
tra of Mg" donors in silicon for uniaxial compres-
sion along (111), {100), and (110}, and for electric

-vector E either parallel or perpendicular to ¥, -

In these figures the positions of the excitation lines
for zero stress are also indicated. :

The absence of splittings observed for the excita-
tion lines in Fig. 15 with Fl {111} is consistent
with Eq. (2e) together with a site symmetry T, or

T T ii T
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"FIG. 14. Effect of 1-MeV electron irradlation on a
magnesium-doped silicon sample,  Excitation spectra of
both Mg? and Mg* were measured using liquid helium as
the coolant. A and B show the spec¢trum before and after
the irradiation, respectively. The energy scale for Mg’
is four times larger than that for Mg*,
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FIG. 15. Excitation spectrum of Mg* in silicon with
liquid heltum as coolant and with ¥ {111). Mg* was pro-
duced by compensating Mg® with boron acceptors. The
daghed curve is for £ ¥ and the solid curve is for EJ.F
The arrows indicate the positi.ona of the excitation lines
for F=0,

D,,. In Fig. 16, for Fij(100), all the excitation
lines are observed to.split tnto two components

with one on either side of the zero-stress posi-  *
tion. This strongly suggests that the interstitial
singly ionized magnesium also occupies the T,

_site with.1s(4,) as the ground state. The polari- -
zation features also completely agree with Fig,

5, the hlgh-energy component of the np, line ap-
pearing only for EJ. F, while the low-energy com-
ponent, only for E I F, and both the components

of the np, line appearing for EL F while only the
high-energy componentfor E || F. . It should be noted
here that shifts of the stress-induced components

of the doublet 2p; and 24! should be expected to in-
clude the effect of the chemical splitlings; however,
~ this difference appears to be too small to be ob-
served in the present measurements. Also, the.
resolution in the meagurement did not allow a clear
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ﬁ’

SitMg, BJ-T
Fufio0]
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FIG, 16, Excitation spectrum of Mg" In silicon with
liquid helium as coolant and with F (100). Mg* was pro-
duced by compensating Mg with boron acceptors. - The_
dashed curve is for £ § F and the solid curve Is for E.LF
The arrows indicate the positions of the excitation 1'nes

for F=0,
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' FIG. 17. Effect of a compresaiva force F along (100)
on the excitation spectrum of Mg® in silicon. Liquid heli-
um was used as coolant, The insets are for the 2p,, 2p%,
and. 2p* lines of Mg’ in the same specimen,. partial com~
pensstion in it being achieved by electron irra.dlatio_n_. The
dashed curve 1s for E | F and the solid curve is for EL F.
The arrows indicate the positions of the excitation lines
for F=0, - . .

sepa.ration of 255 (+) and Zp,,(-) from.2p!(+) and
2p2(~), respectively, for ELF. The spacing be-
tween the corresponding high- and low-energy com-
ponents is, within experlmental error, the same ‘
for all the lines..

In Fig. 17, resuilts for a. uniaxlal comprelsive
force ¥ along {100) are presented for a specimen
containing both Mg® and Mg* donors as a result of
a partigl compensa.tlon achxeved by electron ir-
radlation, The p1ezospectroscopic effect of the
excitation spectrum of Mg" donors is identical to
that given in Fig. 8. The insetsinthe figure show
the splittings for the 2p,," 2p;, and 2p% lines of Mg*
donors during the same measurement. .The results

- demonstrate that the corresponding lines of Mg®

and Mg* show identical splittings and polarization.

T !”'illl A r‘”-_a T
. Si(Mg. B}~ .
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FIG. 18, Excitation spectrum of Mg’ in stlicon with
liquid helium as coolant and with Fll [110] and & [001].
Mg* was produced by compensating Mg? with-boron accep-
The dashed curve is for Eu ¥ and the solid curve is
for ELF. . The arrows mdlcam the poaitlona of the excita-
tion li.nea for F 0. L

I
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FIG. 19. Excitation spectrum of Mg" in stlicon with -
1iGuid hetlum as coolant and with ¥ [L10] and §uT1T0].

Mg* was produced by compensating Mg’ with boron accep-

tors. The dashed curve is for EII F and the solid curve

istor E1¥. ‘The arrows indlcnte the positlons of the ex~

citatlon lines for F= 0.

patterns .They also imply tha}: the same valuﬂ of
=, holds for the two cases

Figs, 18 and 19 show the results for ‘F’ Wit}
with /I [001] and gl [t{0), respectively: Both
the splittings of the:excitation lines and the polariza-
tion fedtures agree with the selection rules given-
in Fig. 6 and Eqgs. (3c) and (3d). This Is consis--
tent with ‘all the observed transitions originating
trom = 1s{4,) ground state and with a T,~symmetry
site for Mg*. “The resolution in the measurements
wag insufficient to separate zp“(+) trom 2pf(+) a.nd
2p,(—) from 21:*(-)

V CONCLUD[NG DISCUSSION

~In the present tnvestiga.tion evidence has beeu
accumulated to support-the conclusion that mag-
nesfum enters the silicon lattice interstitially and
_as a consequence behaves:aa a heliumlike double -
donor. Baxter and Ascaretli'! have recently car~

ried out an EPR study of magnesium-doped silicon, -

As is to be expected they have observed EPR only -
in samples containingMg* donors; using the isotope
'Mg® they have recorded the hyperfine structure
characteristic of it, The excitation spectra and
thelr pie;ospectroscoptc effects as well as EPR
studies Indicate a T, site symmetry for the Mg’
and Mg donors. Thus, the present investigatlons :

" ghould be of particular value,

on magnesium favor the tetra.hedra.l rather than
the hexagonal interstitial site. This is also the case for

. Mthium donors in silicon,'®-! the other interstitial im-
'purity which has been extensively studied.

. Another feature which emerges from these stud-
ies is how well the effective-masa theory predicts
the p states even for donors with ionization energies
very much larger than the calculated® value of
31.27 meV, e.g., 107.50 meV for Mg° and 187.2

 meV for one of the meutral sulfur donors.? The

positions of the 1s(E) and 1s(7T,) have yet to be

' experimentally established for both Mg® and Mg"

donors. Asdiscussed in Secs. DI A, and IV A these

" should be close to the effective-mass position for the

1s state. Alsothey shouldbe deeper for ahelium-~
like donor in comparison to a hydrogenic donor.
In this connection the electronic' Raman effect'® .
Attention should also -
be drawn to. the fact that whereas for Iithium donors
m silicon, the 1s(4,) state lies above the 1s(E) and
ls(T,) states, the opposite is the case for magnesium .
donors,- though both are interstitial impurities.

The value of =, determined from.the piezospectro-

" scopic effect of Mg® donors, 8.7+0.2 eV, i8 in.

good agreement with that determiuned for the con-
duction-band minimum of silicon by a humber of. .

" different techmiques, *® Krag and his co-workers®*

quote-2 value of 7.9 £0. 2 eV from the plezospec~
troscopic effect of sulfur doners and.7.9 eV for

_phosphorus.donors in silicon, ‘It is not clear ‘at

the present what the origin is of the difference -be-~
tween our value and those of Krag and co-workers.
The values determined from EPR measurements

on lithium donors® and group-V donors®® are ~11 .

.eV;-the serious discrepancy between the EPR value
~and the other values has still to be resolved
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Time-Dependent Effect on the Excitation Spectrum

of Magnesium Donors in Silicon

L. T. Ho (fARE)

Institute of Physics, Academia Sinica

Abstract

The excitation spectrum for magnesium donors in silicon is studied. The intensity of the

excitation lines is found to decrease with time.
I. Introduction

The behavxor of donor and acceptor impurities in silicon and germanium have been
extensively stuched by infrared absorption experiments. In these studies, the excitation
spectra of only a few impurities have been observed  to be time-dependent. One of the
examples is reported by Gilmer et al.®*> They observe a decrease. in the resonance
absorption widths with time in the excitation spectra associated with lithium-oxygen
complexes in silicon. Another case is the EPR studies of sulfur-doped silicon by Ludwig, <3
As for other impurities in silicon and germanium, such time- -dependent effect on the
excitation spectrum has not yet been reported. Recently, we have observed a smnlar effect
on the spectra of magnesium donors in silicon. The purpose of th1s paper is to report and
discuss our observations,

II. Experimental Procedure

Magnesinm~doped silicon samples were prepared by the diffusion technique. Magnesium
was diffused into silicon in the following manner. Magnesium of 99.9948% purity, after
being etched in hydrochloric acid to remove the oxidized surface, was deposited on the
surfaces of the optical sample using a vacuum evaporator. Evaporation of magnesium Wwas
achieved by passing current through a tantalum boat on which pure magnesium was held,
The sample was then heated in a furnace at 1200°C for one hour in a helium atmosphere.
During diffusion, the sample was kept in a quartz tube; a piece of tantalum sheet separated
it from direct contact with the tube in order to avoid diffusion of oxygen from the quartz
tube into the sample. It was found that when the optical sample was sandwiched between
two other specimens, all three having magnesium on the surfaces in contact, the sample
and its two covers weld together and thus the magnesium does not escape into the ambient.
This is necessary to prevent megnesium from escaping since its boiling point, 1107°C, is
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lower than the diffusion temperature. After the heat treatment, the sample, together with
the covers, was quenched in liquid nitrogen. The covers were then ground off. By
following this procedure, an undoped floating zone _silicon, initially p-type and of
resistivity~1700 ochm-cm, was converted to a low resistivity n-type specimen with a room
temperature carrier concentration~2Xx1015 em™3, These specimens were adequate for

observing the excitation spectra of neutral magnesium at low temperatures.

A double-pass Perkin-Elmer spectrometer, Model 112G, equipped with a Bausch-Lomb
12-micron plane reflection grating and appropriate filters, was used for the measurements.
The source of the radiation was a heated globar whose power was furnished by a regulatad
power supply. A Reeder vacuum thermocouple with a cesium-iodide window wazs used as
the detector. An optical cryostat with cesium-iodide windows was used for low temperature
measurements. Samples were fastened directly to - the tailpiece; sample temperature was

estimated to be~12°K using liquid helium &s coolant,

The data output of the spectrometer was obtained on a strip chart recorder. The
.intensities observed with the sample in the beam, Is, and with the sample out of the beam,
I,, were taken to calculate percent transmission, T, and absorption coefficient, «, as a
function of incident photon energy and wavelength using the following equation:¢3?

T=I4/Io=(1—R)3exp(~ax)/ (1—Riexp(-2azx)]
where z is the sample thickness and R the reflectivity, which is found to be constant,
0.315 for silicon, in the range of present interest.

III. Experimental Results and Discussion

Magnesium, a group-II element, has been shown to behave like a double donor when
diffused into silicon.<%? It is a donor instead of an acceptor presumably due to its being
interstitial rather than substitutiomal. The excitation spectrum for neutral magnesium
donors in silicon measured with liquid helium as coolant is shown in Fig. 1-A. The
excitation lines corresponding to the transitions 1s(A:) — npo,np3 have the following
positions in milli-electron volts: 95.80(2p.), 101.12(2p%), 101.95 (3po), 104.17 (4po),
104.38(3p+ ), 105,33(4dp+,5p.) and 106.05(5p+). The energy separations between these
lines are in excellent agreement with those of the corresponding lines of group-V
impurities®s? clearly demonstrating that the excited states are effective-mass-like.<¢> The
labeling of the excitation lines is based on this similarity.

The decrease in the intensity of the magnesium excitation spectrum is observed when
the same specimen is remeasured after a considerable lapse of time. Fig. | presents a typical
example of such a spectrum. Shown in Fig. 1-A is the spectrum of .2 magnesium diffused
silicon sample measured within a few days after the sample was made. The -carrier
concentration is estimated to be~1.2%X10*% ¢m™?® at room temperature. Fig. 1-B shows the
decrease of intensity for the same sample remeasured after 19 months. The excitation

lines are clearly much weaker than before. After 30 more months the same sample was
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again remeasured. The result is shown in Fig. 1-C. Except a few barely observzhble
excitation lines such as 2p,, 2p+ and 3p+, other lines sre too wezak to be observed.

It is very clear that there is a time dependence of the intensity for the mcgnesium
excitation spectrum in silicon, The positions of the excitation lines, however, remazin to Le
the szme. We czn conclude, therefore, that the time has no effect on the Is(A,.) "gfound
level zs well as the ionization energy of neutral magnesium donors in silicon.

) The decrease in the excitation line intensities with time may be a consequence of
precipitation of magnesium. Since magnesium impurity is introduced into silicon by -
diffusion, it is almost certain that the distribution of magnesium in silicon is hardly
uniform and the sample is thus not homogenecus, Lithium diffused into oxygen containing
silicon has also been observed to have similar time-dependent effect for the resonance
absorption widths.¢*?> One more striking similarity to be noticed is that magnesium znd
lithium are both presumably interstitial in silicon. It should be much ezsier for interstitial.
impurities to move to the sample surface than those occupying substitutional sites. This’
can perhaps explain why no time-dependent effect has been observed for excitation . spectr;i':
of group-V impurities, all of which are substitutionzl donors in silicon. The sample userc_l‘.
to determine the spectra of Fig. 1 was maintained at room temperature. To keep it at
lower '-temperatufes can perhaps lessen the time-dependent effect on the excitation si:ectrum-z
of magnesium donors in silicon. ‘.
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Fig. 1. Time-dependent effect on the excitation spectrum of magnesium donors in silicon.
B and C show the decrease of intensity for the same sample remeasured after 19 and
49 months, respectively. Liguid helium was used as coolant in each measurement.

— 116 —



Annual Report of Institute of Physics, Academia Sinica, 1972

MOIRE TOPOGRAPHY

CHUN CHIANG ()

I?zstity_te_ of Physics .
Academia Sinica
NanKang, Taipei, Taiwan,
The Republ;’c of Cki?_m

ABSTRACT

Using geometrical optics, oblique-shadow method is shown to generate moire patterns,
which under specific conditions can be interpreted. .a.s_.- contour lines of the surface. The
oBii'que—shadoW method is to illuminate a viewing gi'id with equal spaced parallel lines. The
light can be either a point source or parallel light, the observation point can either at finite
distance or at infinity. '

1. INTRODUCTION

Recently, several paper *+3+3 have appeared in thid journal discussing the measurment
of surface topography with moire technique. The communicdtion theory has been used. to
show that a periodic grating together with its shadow on a surface can form moire patterns;
these patterns may be interpreted as contour lines of the surface. Earlier, oblique-shadow
methed %1548 has been shown to form the moire patterns using geéometrical optics considera-
tion, the conditions under which the moire patterns may represent the contour lines of the
surface has been given. Furthermore, if the surface is shining and can be served as a mirror,
then the grating together with its mirror image can also form moire patterns®. Under certain
conditions, these moire patterns also represent the contour line of the surface. The mirror
image method and the conditions required for having the contour lines seem not have ‘been
borne out in those recent papers. Due to the simplicity of the calculation using the geome-
trical optics, we use again this method to calculate the moire patierns produced urnder various
experimentzl condition and point out the conditions required for representing the moire

patterns 2s contour lines in thse experimental arrangement.
II. GENERAL EQUATION FOR MOIRE PATTERNS

Suppose the x-coordinate spacing of the parallel lines on the viewing grid and on the
surface is a and b respectively, thus the lines can be represented as
x=mb-+c, 9]
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x=nb-tc, ¢))
where m and n are integers, 0, +1, *+2«+cy and cy are the phase constant. Using the similar
method as Chiang *+7 and Meadows et el?, the projection of the lines from the surface to

the viewing grid with the viewing point at

O(xo, O, 20) is

— ______g(_{l, _Jil)_ _ .
o e + d(%1, ¥1) + (nbteq)

o T+ dz(:-’h ¥i) 3
where d is the distance between the surface and the \;iewing grid, with the coordinate
represented by x, and y;. With the index equation -

m—n=k ' : (4)
the moire patterns can be obtained by combining Egs. (1), (3) and (4) to ke

— d(x11 _"1) Xa . _
= oy b CGr—cb/a—kbtes)

Zo ‘
zo+d(xy, Y1) (%
where k is also an integer. Eq. (5) can simplify to be

(a—bx—acs+bcy+abk - - o
a(xo—x) Fo (6)

d(x19 yl) =

Since the point (x,, yi, -d) on the surface, the point (x, y, o) of the moire patterns
on the viewing grid and the observation point O(xo, 0, 2,) have to be on the same line,
thus

_Fo—x1 ___ ¥ _ _2otd(x1, 21) o )

xo"'x y ZQ
Introducing Eq.(6) into Eq.(7), we have
x1=C(bx+acys—bcy—abk)/a (8)
y1=y(axo—bx—acy,+bcy—abk)/a(xo~—x) (9
Introducing Eqs. (8) and (9) into Eq.(6), we have

d( bx+acs—bcy—adk (axo—bx—acs+bcy+abk)y ) — (a—b)x— acg+b'¢1+abk_
a ' alxo—x)

10
This is the general equation of the moire patterns produced by viewing grid and zny
surface, for which both are ruled with parallel lines.

III. POINT ILLUMINATION AND POINT OBSERVATION AT FINITE DISTANCE
If the lines on the viewing grid are _
x=na+cy , (11) .
with the illumination of a point source at S(x., ys:, z;), the projection of the shadow of
the lines from the viewing grid to the surface is

x=(na+tc;) 2std(xy, y1) . (12)

Zg
Comparing with Eq.(2), we have
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+d(x,
o bl - Can

. z,+d(:;_,_1,)_ o - (14)
From Eqgs. (10) C13) and (14) we have .
o ak(1+d/z) dx/z akzyz
d( (1+d/2,)(1’-‘ﬂk), (1+ Y Xe -a-x : ) ) 3023—0k20+;(20_22) (15)

Note that this equation has no phase constants ¢y or ¢;, thus the moire patterns will be

stationary against parallel movement of the gratmg Thls has been previously pointed out
by Takasaki*. - ‘ ' '
(a) If zo = 2z, we have

) ak(1+d/z ,)-—xd/zz

( Q+drzs) (~c —ak), (1+- e D) =akzs/(xo—ak) . (16)
(b) If z, = z; and xo » ak, then
d.( (1+d/zs) (x—ak), (1+ ““Hj{z_;?:'xd/?t )y ) =akz/ve an

This equation indicates that the moire patterns are contour lines “of ‘the ‘surface under
the condition that the viewing grid.is. illuminated..at point S and observed at point O;
furthermore, the conditions that zo—z, and %o ? ak have to be fullfﬂled Eq (17) is similar
to Eq.(14) in the paper of Meadows ot e:l3 however, tﬁey derive ‘this equatlon with the
conditions that z, and z, are equal and very large., While this denvatmn may. be wvalid,
nevertheless, it may be m1slead1ng 'Ad we can see from ‘Eq.(18), if xo 2 ak, then Eq.(17)
is. valid, xo » ak can be:fullfilled.if .either xo.is.very, large or-ak is very small. Meadows
et el’s condition that zo is very large requires that ak is very small as can be seen from
Eq.(16). Eince ak is very samll, then k is small, thus tlhere::};ré only 2 few contour lines
appeared. ‘This is inconvenient for interpreting the contour surface. Furthermore, if %, is.
also very small, then even if ak is very small, the copdition that %o » ak is not“fullfi'llled,
thus the moire patterns appeared. are not fhe oo"ﬁfo'ﬁf'flvih‘es as can. be. demonstrated in the
diagram in Chxang s paper®, Thus the cond1t10ns that zo and zy are equal and large may be
valid for Eq.(17) to be true, but 'are not necéssary the sufficient nor the necessary condz—
tions. However, the conditions that z_=z; and xo, » zk are the necessary and sufficient
conditions for Eq.(17)-to be true. - . . S . .

Futhermore, Eq.(17) mdlc..tes that the moire contour lmes are not the true contour hnes
and have to be corrected with the amount as follows: <~ = 27 - s

xa=Cl+d/z5) (x—ak) S s

Formula has been proposed by Takasaki® to account for this kind' of errors, “the procedures
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presented here seem to be the most exact and direct derivation.
(¢) If 2520, 239d and xoDx, then Eq.(15) becomes

a( x—ak, 1+ —E=L20 5 ) Vay (x—ak, 3)=akzo/xo (20)

This equation indicats that the moire patterns are the contour lines o.f the surface with
only a small amount of correction ak for x-corrdinate. _
IV. ILLUMINATION BY POINT SOURCE AND,OBSERVATION AT INFINITY
(a) If we focus the surface at infinity W1th an angie 2 . then

(xo—x)/2o=tan 8. . ~ - - . o : . (21)
This corresponds to the observation at znflmty Introducmg Eq. (21) to Eq.(15), we obtain

_ ak(1+4d/23)—dx/z _ akz, - :
d( +d/zs) (s—ak), (1+ R (22)
" (B)If 259d, x,>x and tan ¢ »(x-ak)/zs, then Eq.(22) becomes
d (x—ak, y) = —-%m s ' (23)

Thus, the moire patterns under these conditions are the contour lines of the surface.

V. PARALLEL ILLUMINATION AND POINT OBSERVATION
(a) If ‘the v1ewmg gr:d 1s 1llum1nated W1th parallel nght at an angle «, then

b =a and c, c1+dtcm a. Thus Eq- (10) becomes

- d( ?‘__-Qk',i'ld@”d,z —*! ~I+ak “dlana_ y)za,kZo/(zo tanetzo~z) (24)

To—T .

(b) If xo>x, and since z, ak and d’ana are in tke same- order, thus Eq.(24) becomes

_ azok P ' T o . .
d cx’y) z tana+r° PV teole s Tt oL Ty : . (:.26)

(gjf![f_ __t#.n a'}l'f‘o,-“‘fhén o

at-x+>ak-:dfdné .
To—T y )

?d'( ‘x—ak+dtana, 2 a.k/tana S : - (27

Thus, the mmre patterps under these two cond1t10ns are also the contour lines of the
surface

VI. PARALLEL ILLUMINATION AND OBSERVATION AT INFINITY

(a) Under this condition, Eq.(21) gan be gpp_ﬁg,d. -Substituting JI;;g.-,.,_CZI_) intd Eq- (24),
we obtain

d( z—ak+dtana, xo—x::zf;-dtana y) = ak/(tana-+tang) | (28)

(b3 If xo>x and xak, then Eq.(28) becomes,
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d (z, y) = ak/(tana+tan3) (29)
Both Egs. (27) and (28) indicate that the moire patterns are the contour lines of the

surface.

VII. CONCLUSIONS

The moire patterns can be produced when a viewing grid with paraliel lines is illumi-
nated with light. The illumination can be either parallel light or point source. The observation
point can either at finite distance or at infinity. Under these experimental situations, the
moire patterns produced are the contour lines of the surface if proper conditions are met.
Furthermore, correction has to be made if exact location of the contour lines are required.

(Snbmitted to Applied Optics)
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Fig. 1 A diagram showing the parallel lines on the viewing grid and their shadow on the
surface interfere to form the moire patterns.
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ABSTRACT .

. Ilusion is shown in a block diagram to include the instrumental errors in the sensing
device, the tiransmission distortion in the nerves and the perceptual misjudgment
in the high center. The perceptual misjudgment originates from the variation of comparision
standards and the method of comparision, and would correspond to the mis-programming of
the computer. Ebbinghaus illusion is used to illustrate the point and an equation for predi-
cting the illusion is suggested. It is emphasized that the group data may obscure the important
information concerning the individual perceptual process. It is suggested that in order to
design 2 computer with higher capacity and intelligence, illusion (error) in certain situation
has to be allowed.

ILLUSION

Men obtain information from the outside world throﬁgh a geries of steps. Firstly, the
signals from the outside world are detected by some kind of sensing devices (sensation). If
the signals come by way of electromagnetic waves such as light, then the eyes may detect
them. If the signals come by way of mechanical waves such as sound, then the ears may
detect them, The signals detected by the sensing devices will then be transmitted through
neurons (transmission) and perceived by the brain (perception). The brain will then express
the perceived information by talking or writing as a output. These steps are illustrated in the
block diagram in Fig. 1.

The signal transmission process in the nerve is a very important step. It is clear from
the diagram that if the nerve does not transmit the signal, one can have the “sensation” yet
have no "‘perception”, because the signal in the “sensation” cannot reach to the high center
in the brain. For example,. it is possible that one can have his eyes wide opem and “see”
words on a page (the image of the words is apparently on the retina); yet he “perceives”
nothing about those words therefore “knows” nothing about what are those words on the
page. It is also possible that one can "‘perceive” something, yet that “‘something” does not
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exist in the physical space. For example, imagination and hullucination belong to this class.

At this point, we should define specifically the mieanings of the words "sensation” and
“perception”, which we have used without defining. These two words have been used
interchangeably in the past and considerable confusion has arisen. Within the present paper,
it ig specifically defined that “sensation’ means the impulses arisen from the stimulation of
signals from the outside world at the sensing devices such as eyes or ears; on the otherhand,
"perception” means the impulses in the brain arisen from the processings of the coming
signals transmitted through the nerves. ‘

In the processing of information from the outside world through the steps of sensing,
transmission and perception, there are three main types of errors; namely, the unfaithful
detection of signals in the sensing device (instrumental errors), the unfaithful transmission
of signals in the nerves (transmission distortion) and the misjudgement or misprocessings in
the perception processes (illusory perception). Let us discuss three types of errors in more
detail.

" a. Instiumental errors: It is safe to say that no device can record and reconstruct the
original signals exactly as they were. The fine instruments are those which can map the
original signals closely such that the errors are n'egli'gible. However, no instrument is able
to eliminate the errors compfetely. In the cédse of visual illusions of crogsing line class, the
diffraction and aberrations have been attributed as the cause of illusions (1), (2). Similar
type of instrumental errors should also exist in hearing; touching and other sensing devices.
However, this type of error alone is not sufficient to explain the illusion to the full - gatis-
faction. This has been pointed out by many authors (For example, Cumming, (3); Pressey
& den Heyer, (4); Restle, (5)).

b. Transmission destortion: The transmission process through the nerves can also intro-
duce errors. This is becauge the transmission is through a series of physiological processes
in the body. Any imbalance in the body will exert some kind of influence on transmission
process, therefore causing errors in transmission. However, under ordinary conditions,

this type of error may be negligible.

c. Perceptual illusion: The signals transmitted through the nerves have to be stored,
classified and compared in order to make a conclusion. These processes depend on the past
experience, the present environment and the particular method zdopted for processing the
information. These vary from time to time and from person to person. Therefore, the per—
ception process is also subject to error. The situation is similar to the computer programming;
by specific programming, the computer is set to perform the operation in a specific wzy, or
to utilize certain memorized information. Thus the output perception would consequently
be different depending on the individual.

The instrumental type of illusion has been discussed in detail (1); the transmission type
of illusion is probably not important in the ordinary condition; the perceptual illusion will
now be discussed in more detail. However, beéfore wé can understand how the illusory
perception arises, we have to understand the perceptual process.
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PERCEPTUAL PROCESS AND PERCEPTUAL .ILLUSION

The perceptual process can be put in a word as a comparision process or a judgemental
process, When we see a building and perceive that the building is tall, we actually mean
that the building is taller then “those” we *‘usually’ see. (The comparision process is how-
ever not readily realized in the consciousness). When we see a ship and perceive that the
ship is very big, we actually mean that the ship is bigger than *those” we "usually.” see,
*Those” bits of information obtained by observation around the world since we were born
are stored in the brain and used as the standards for comparision in every perception process.
A block diagram is shown in Fig. 2, where t-1, t-; *~t-n represent the time in the past, to
represeﬁts the time at the present and t;, ty -+ tn represent the time in the future. Those
bits of information obtained in the past were stored in the memory and are ready to be
activated and retrieved for comparision with the information obtained at the present and
future time. When an input information at the present time t, is coming into the brain, it
is first stored in the short-term-memory and then a relevant information stored in the past
is retrieved at time t, and a comparision is made. The result of the comparision is given
out at ty as the perception (For the evidence of short-term memory in vision, see Averbach
and Coriell (6), Averbach and Sperling (7).

It is clear from this argument that the information stored in the brain determines
strongly the outcome of the perception. Any thing influences the content of the information
~ stored may aff‘eét ‘the outcome of the perceptiori. For example, if a person is born and

living in a place with all the building no less than ten-story heigh; the height of the ten-
stbry-buildihg is stored in his memory and used as the standard. When he comes across a
five-story-building, he will preceive that the five-story-building is very low (actually, he
"means that it is lower than the ten-story~building he used to Sée). On the other hand, if a
person is born and living in a place with all the buildings not higher than, say, two story;
the height of the building is stored in his memory and used as a standard. When he come
across a five-story-building, he will perceive that the five-story-building is very
high Chigher than the two-story-building he used to see). Thus, for the same five-story-
building, the outcome of the perception is different for different persons with different

stored information.

The above discussion concerns with relatively a simple perception process, namely, the
input information is relatively simple, for example, the perceiving of tallness, bigness, etc.
For this kind of simple signals, one comparision process is sufficient to give the perception.
For a complicated input information, one comparision process may not bé sufficient to
complete the task and several combined processes of comparision may be required to perform
the task., A general scheme of comparision processes is shown in the block diagram irn Fig.

For a c.omplica'ted_ input information, ?he- brain cannot perceive all the features in the
information at the same time. Only one feature may be perceived at a time and the other
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features may only be perceived later. The selection of features may be complished either
by eye movement (8) (9) and / or by the fluctuation of the attention field (10). Thus, one
feature from the input information fed in at time t, is memorized in Memory I and compa-
ried with the retrieved relevant information at t; to form a perception. The result of the
comparision is coded in Memory II. The other feature from the inbut information perceived
at time t, is algso memoized and comparied with the retrieved relevant information at tz to
form a perception. The result of this comparision is coded in Memory IV. Scme procedure
is used for the feature fed in at t, - and the results of comprrisicn are coded in Memory
VI---. The results of comparision coded in Memecry II, IV, VI - may then be evaluated
and compared again to from a final perception. It should be noted that those bits of infor-
mation freshly stored in the Memory I, III, V - exert more influences in comparisien
than those stored in the past. Furthermore, there are many possible ways for evaluation
and comparision. The selection of a'ny particular method-fq.r _evé_.luation and comparision,
thus forming 2z certain particular output perception, depends on the ipdividﬁal’s past
experience, the instruction given by the experimenter and the bits of information perceived
durmg the perception. ' '

Thus, the individual’s past experience and the instruction given during the experiment
can influence the outcome of the perception (perceptual illusion) at. two levels. Firstly,
they can change the standards in the memory which are used for comparision. Secondly,
they can change the particular method ultilized for comparision. The finding that age has
significant effect on the magnitude of illusion (11) can be interpreted as-the result of the
influence due to past experience, among other possible reasons such as physiologicel change
of the eves. Ames (12) and Ittelson (13) show that the subject’s past work. may determine
his perceptmn The finding of the effect of mspectmn points on the magnitude of illusion
(14 (15) shows the importance of 1nstruct10ns upon perception, Gilinsky (16) found that
the instruction have a very great effect on the perception of size and Graham (17) inter-;
breted this as indicating that the subject probably does one thing under one instruction

and another thing under other instraction.

It should be noted that the illusory perception as discussed above is purely due to the
cognitive process and no neural structure changes are involved. This illusory perception
corresponds to the different output of computer due to different computer programmirg and
computer memory. With different computer memory and program and thus performing
different calculatioﬁ, the output would necessary be different. This kind of process does
not involve any structure changés. On the other hand there has been a long debate concerning
the effect of early visual influence on man’s ability to perceive the visual world in later life
(for example. see Ref. (18), (19)) due to the neural structure changes: only recently, strong
evidence has gained that the visual experience in the first few months of life permanently
influences the properties of visual cortical neurons (20), (21), (22). This kind of neural
changes during early devolopment correspond to the structure change of the integral circuit
or semiconductor due to the stress during the manufacturing 'stages. To push further
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the analog between the computer technology and human perception, the realibility - problem
of adult human performance corresponds to the realibility problem of the out-of-factory
instrﬁments, and the human ageing processes could correspond to the deteriorating processes
in the instruments in uses. While all these may introduce distortion of signals in the instru-
ment,‘ and ca.use illusion in human being, this paper emphasizes only the cognitive aspects,
namely, the illusion arisen from difference of the memory snd the comparision processes.
The variations of the standards and the comparizion methods form the basis of this illusory
perception..

Many authors have used the judgement and relational concept to explain the illusion.
For example, Helson’s adaptation-level theory (23), Parducci’s range frequency model (24);
Anderson’s integration model (23), and those works by _Girgus et al (26), Magsaro &
Anderson (27), Restle & Merryman (28) _and Hake et el (29). However, the exact formulation
seems to be different from this one. '

To formulate the idea more precisely, we can write mathematically as follows:

P(z)=T(x) ¢))
where P(x) represents the perceived stimulus of z, T represents the transformation and X
represents the physical stimuli x1, x5 -+, T may depend on time, the stored memory, the
instruction etc. We may under many ordinary conditions write Eq.(1) in a matrix form as

X a a R T x
’ ]:] { 11 12 \ F 1 ‘
X ' X
2‘ a a . LR 2
' p — T 21 2z _ (2)
. NV l
\ n l . w e X |
where x;, x5 ---- may represent size, length, distance or color - of various objects in

the visual field; ajy, a13 -+ are the elements of the transformation matrix.

Eq.(2) means that the perceived stimulus x; is a linear combination of the stimuli in the
visual field and is different from the absolute value of xi. Eq.(1) or Eq.(2) is very basic
to perception and we may call this equation the basic law of perception.

Similar mathematical expression has been proposed by Anderson(32), however, the exact
meaning of the terms seem to be different. Furthermore, there is some debate (33) concerning
the requirments of the coefficients, however, this shall not concerns us here. As an example
of the application of Eq.(2), we use the Ebbinghaus illusion for illustration. Ebbinghaus
illusion as shown in Fig. 4 is that, the inner circle with radius R surrounded by larger
circles with radius r appears smaller; and R appesars larger when surrounded by smaller
circles with radius r7, Using Eq. (2), and if we choose. R and R-r as the vector space
coordinate, we may write following equation to describe the phenomenon.
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P(R)=ay1R+a1:(R—r)
P(r)=asir+az(r—~R) (3
The block diagram for this illusory perception mechanism is shown in Fig. 5. Since the
memory plays litter part in this illusion, it is omitted in the block diagram. The radius of
the inner circle R is compared with the radius of the outer circles r, and the perceived
difference D is

-d/2s -n/dy
D=F ¢ (1—e ) (R—7r) 4

Where k, 2; and 1, are constant, d is the distance between the inner and outer circles, and
n is the number of the outer circles. exXp(-d/2;) and eXp(e-n/i;) show the influences of the
distance and the number of the outer circles on the comparision difference D. The more the
number of the outer circles and the shorter the distance between the inner and the outer
circles, the more is the difference D. This difference D is further integrated with the
radius R of the inner circle, and the perceived radins of the inner circle is

"‘d/ll -”/12
P(R)=R+k e (1—e ) (R—-7) &)
) -d/2; -n/2s
Comparing with Eq.(3), we see that a;; is 1 and 2, is k e (1-e ). With proper

value of k, 2; and 2;, Eq.(4) can fit the data of Massaro and Anderson(27) nicely. Eq.(3)
shows that the perceived radius of outer cirles should also be changed, however, no data
seem yet to be available.

Massaro and Anderson (27) have used their judgemental model (25) (30) to treat the
data, the equation they used was _ o ‘

J=WS+(1-W) S* - o (6)
where J is the judgment of the center circle, S is the absolute size of the center circle, S*
is the relative size of the center circle and W is a constant. The shortcomings of this
equation seems to be: (a) The absolute size of the outer circles, a very iniportant parameter
in the illusion, has not been included in the equation. (b) Both J and S* are the relative
size of the center circle and can only be determined from the experimental data, thus the
meaning of S* seems to be obscured and the equation has little value in predicting the
amount of illusion. However, Eq. (4) in this paper gives a correlation between the perceived
size of the center circle, the absolute size of the inner cirle and outer circles, the distance
between the inner and outer circles, and the number of the outer circles: furthermore, this

equation may predict the amount of illusion.

SIGNIFICANCE OF THE GROUP DATA

From the above discussion, the individual’s past training, his ethnical background, the
instruction and hint, as well as the information perceived at the time of the experiment
are important factors in perecption. A variation of these could to different output-perception,
therefore a different amount of illusion. Helson (23) and Merryman & Restle (31) have also
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" emphasized these factors. Unfortimately, thesé seem not have been properly recoginzed ‘and
controlled in performing &xperiment. Improper control of thése factors may quite often lead
to the discrepency in experimental data. A ‘usually accepted procedure in obtaining ‘data on
illusion is that a large number of persong. are selected and the data obtained on the individual
person are averaged over the entire number of persons. This procedure may be practically
desitable, however theoretically questionable in certain cases. This is so because the extent
of the illusions may not occur randomly but is dependent on the individual’ spast stored
information, including the instruction given before the experiment. Consequently, the data
obtained on a particular person may only represent the result of the perception of this
particular person or persons with similar past experience. Thus, a statistical procedure which
assumes that errors occur randomly may not be applied. An important objective in psychology
‘may be to find out how the perception.may be-different for different person. An averaging
procedure may cbscure this imiportant informaticni. However, this does not mean that we
should reject group data entirely. In certzin cases, the group data is desirable. The - point
is that while group data is desired in certain cases, the averaging procedure may obscure
the important information regarding how the individual variation on illusion. may -arise.
Looking into the literature; cne can see - the striking  difference between the papers ‘in
physical science and those in life science. While papers in physical science usually investigate
one single sample throughly, the papers in life science usually deals with a group of samples,
and it seems that little attention is paid to the cause of veriation of individual sample. It
is called to the attention that there is much to be learned from the individual’s variation
on illusion and cauticn should be exerted. in interpreting the grcup data, It is suggested
that in order to obtain ccnsistent end hérmiégencus - data, - it is. nbtesssary to control the
experimental ccnditions such as. fixation point of eyes, visual angle of the stimulus, and
particularly the instruction regarding what kind of informaticn to ke retrieved and what
kind of mental operation needed to perform the task. '

[

ILLUSION AND ARTIFICIAL INTELLIGENCE

Iilusion as it im'piiés usual-ly: means &n undesirable effect, because it gives ‘one the
perception which does not correspond to the reality. However this may be an advantage
rather than an disadvantage under certain situation, For example one can always recogmze
an old friend no matter whether he is far -away or very close, whether weé can have a front
view cr only a side view of his face: furthermore the size of this old friend will perceive
‘to be approximztely constant regardless of the dlstance The fact that the cbhject at vancus
orientation and distance under varicus mask can be perceived to be ‘the same object is an
illusion, however, this illusion gives us a-tremendous advuntage, ‘and is the major dlfference
between the human brain and the computer. The brain can extract mformatmn from various
input scurce and mcke zn identificaticn of seemmg]y different object, the ex1stent computér
however czn not have this capab111ty and Intelhgence This suggests: that m order for the
computer to have a better capability and intelligence, we have to design the computer which
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can give the illusion. Namely, we can only achieve the greater information processing

capability and artificial intelligence at the expense of the illusion.
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11.
12.
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ABSTRACT

Poggendorff illusion is attributed to be the consequence of the optical image blurring,
the perceptual image distribution and the variation of reference standards. Rotation effect
.on ill',usi_on i3 explained on the basis that the physical horizontal and vertical are adopted
in the physiological system for lreference,"" thus it is more difficult to induce the illusion
when the orientation is in either horizontal or vertical. The equation to incorporate above
effects is A ‘ ) .
T=w(B+3in2¢d) (k/1+k3+k"3) d cot8—(1—w) Sindd,
where w and B are constants; k”y, k”; and k% represent the effect of the optical imagé
blurring, the - perceptual imége- distribution znd the variation -of reference standards
respectively; d is the width of the two parallel lines; @ is the angle between' the inclined
line and the parallel lines; ¢ is the angle ‘between the inclined line ‘and the horizontal,
(B +8Sin2 ¢) represents the easiness to - induce the illusion and ‘Sindé represents the
illusion when there is no inducing parallel lines.

1. INTRODUCTION

In a previous paper (Chiang,' 1968), Poggéndo.rff illusion has been explained on the
basis of the optical image blurring in the retina and other illusion of the crossing lines
type in turn have been explained by the Poggendorff effect.

The effect of optical blurring is that when two objects are presented to the 'eyes,  the
optical image of the objects on the retina do not quite correspond to the phj*sicél shape of
the objects, and line AC and line BC (see Fig.1) converge -before they : really reach the
intersection points. Thus line BC and line EH seems to be misaligned. The contribution
of the optical blurring-te the illusion has been experimentally verified by Coren (1969),
however, many -authors (For example Cumming, 1968; Pressey & den Heyer, 1968; Restle,
1969; Farne, 1970) have pointed out that optical blurring effect - along is insufficient to
explain all feature of the illusion. The purpose of this paper is to-explore the Poggendorff
illusion in more detail,
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2. PERCEPTUAL IMAGE DISTRIBUTION : e

When physical objects are presented to the eyes, optical images are formed on the
retina. These optical images are further projected: onto the perception space via the nerve
impulses, and these impulses in the perceptmn space are interpreted as physical objects
located in some points in the physmal space. The pos1t10ns of the objects in the physical
space and the positions of the objects in' the perception space maintain certain projection
relationship, but the projection relationship .may-not-be’'unique. Fig.2 shows the projection
relationship between the physical space and the .perception space. The horizontal axis
represents the position and the vertical axis represents the probability of finding or
perceiving the objects at the position. The projection function between the physical space
and the perception space assumes to be a normal distribution. Thus there is a finite
probability of perceiving.the objects in some positions of the perception' space for., which
there is no physical objects in the corresponding positions in the physical  space; namely,
the perceived position of the physical object is not unique, -which fluctuates around the
corresponging physical position. The autokinetic effect, a phenomenon of perceived random
movement of a stationary light source in the dark, is:a manifestation of this . principle.

If two objects are well seperated as shown in Fig. 2a, the perceptual images of these
two objects show no mutual interaction; however, if two objects are close enough as shown
in Fig. 2b, then these two perceptual images are ;ﬁoppled to each other. With the superpo-
sition of two individual probability distribution, the pbsition of each maximum probability
of perceiving the object shifts to each other. Thus, the percéivin.g distance between the
two objects decreases. Many illusions may be explained by this principle. In this paper,
we confine our attemtion to the poggendorff il_lr_usi'on'..r- '

3. FACTORS INFLUENCING THE POGGENDORFF ILLUSION = = - . = . - .

1. Optical image blurring : This has been discussed in detail before (Chiang; 1968). The
magnitude of illusion I; due to the enlargement of acute angle from optical blurring
is (Glllam 1971) ' ' ’ ’

Ii=ky d cot8 ' B . oo | (1)
where ¢ is the angle between line AC and BC., d is the distance between _' ‘tvir'ov parallel
lines and k i is a constant. '

2. Perceptual image distribution: From this principle, line AC and lme BC will interact
when they approach close enocugh (not necessary to intersect). The interaction is such
that line AC and line BC will shift to each other near intersection point C. However,
there i3 no interactioh_betw_een point A and point . B, because the distance between
them is large. Thus the acute angle looks perceptually larger and this kind of illusion
I. would also be (Gillam, 1971)

Iz ks d cott, S ¢
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where ki is a constant. This effect is operative even if line AC and line BC do - not
,mtersect . ) ‘ _

Variation of reference standards One Judges the or1entat10n of the lines by some
standards stored in memory. However, wheu the lmes are blocked by some other strong
signals such as the two loug, parallel lines in Poggendorff figure, the or1g1ual orientation
standards are overshadowed aud the two long, parallel lines are used as orientation
standard. Since line BE intersects the two vertical lines at point C and point H, and
point C is higher than point H; thus one. erronecusly perceives that line EH audlme
BC are misallgned with line BC being shifted upwards and line .EH downwards. Thee
magnitude of the illusion Is due to this effect is proportional to the - vertical .distanc
h between point H and point C, S T S
Li=k; h= ksdcotﬂ ‘ . ~ P PN )
where kg is a constant Grllam (1971) have used the depth processmg theory _to. explain
the 1llusrou, however, it is drffmult to. see how a two-dlmeuswual figure -without a
strong three drmeuswual cue .as such can, give a depth perceptlon Thus ‘the ‘contribution
of the depth processmg to the Poggendorff illugion without a three—drmensronal cu?d
would be m my opn:uon, not very much The total magmtude of ‘illusion :due’ to- above
effects are e e oo \
I—Il’l"fz‘l‘lrs-(k;'l'kz‘l'ka)d 601'0 . i . . - e (4)

_ If we reduce the optrcal blurnug, ky _would also be reduced thus the 1llus1on would
' _decrease The data of Coreu (1969) have confu‘med thrs pomt Wemtrsub aud Krantz
- (1971) have presented some data on the vanatmn of Poggendorff 1llusrou, . they use
equatron (4) to f1t the data with k1+k +k3 equal to 0 162 Velmsky s data (1925) can
also be f1tted by Eq 4 w1th k1+k +k.o. equsl to. o. 33 Pressey (1971 1972) has used
the. assrhdlletron theory to explam Velmsk_v s data he argues that in judgmg the
ob jectlve oontmuatmn of the 1nclmed BC llue, a ser1es ‘of lines shorter than the obj Jectwe
contmuatlon are formed and 0 8 cho1ce of the llne wrll ass1mrlate to the mean of the
series; this effect produces the 1llusron However it is not qu1te clear why only the
_ shorter lmes are extended also, it is not qurte clear how his argument could ‘quantita-
 tively lead to the predrcted Velinsky’ s deta B

Negatrve 1llusxon .Bouma and Andriessen (1970) ha.ve presented some mterestmg data
on the or1eutat10n of line segments influenced by other lines. His data show; that when
the angle between the mducmg and the induced lines are small, the direction of the
1Ilus1on is reversed This is contradictory to other data (Velmsky, 1925; . Weintraub &
Krsntr, 1971), however a closer look reveals that Bouma and Andnessen used-: a' very
short line segment. Using the prmcrple of perceptual image distribution, it is pogsible
to explam it as folIows If BC lme in Fig. 1is very, short such that the - distance
'between pomt A and point ‘B is close enough to have mutual mfluence as, explalned in
last section, then point B wrll shift toward A and the angle ACB will look perceptually
smaller mstead of larger This would result in the negatwe 1llusxon as- observed..
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Effect of Rotation® Many researchers (For example, Obonai, 1931; Leibowitz & Toffey,
1966; Weintraub & Krantz, 1971; Bouma & Andnessen 1970; Green & Hoyle, 1964)
have found that the rotation of the Poggendorff figure has great influence on illusion;
the magnitude of 1Ilusmn is s1gmf1cantly less when the inclined line is near either
horizontal or vertical. This effect is understandable, because the vertical and horizontzl
direction are two strong standards we can employ dunng our daily life. The physiological
system in our inner ear maintains our sense of body orientation and we zre constantly
aware of the horizontal and vertical direction. These directions are two very strong
references we can use and are thus less susceptible to be deviated by other inducing
lines. This effect of rotation can be incorporated into equation (4) as follows:

- I=(B+Sin2¢) (k' 1+E 3+k’s)dcold, (5)
where ¢ is the angle between line BC and X-axis, B is a constant and (B+Sin2¢) is a
measure of easiness for devmtmg the lines from its physical orientation’ by the inducing
parallel lines. k”y, k”; and k*; are also constant which are different from ki, k; and ke
in Eq. (4) Due to the introduction of term (B +3in2¢), Eq. (5) is consistent with the
rotation data of Bouma and Andriessen (19_70), Weintraub and XKrantz (1971). In
principle, Eq. (5) is more general than Eq. (4), since Eq. (5) incorporates the effects
of rotation; however, both Eqs. (4) and (5) can fit ‘the data in Fig.1 of Weintraub and
Krantz’s paper (1971), thus the data do not permit us a cholce between them.

Farne (1970) has showu that a modified Poggendorff display (Fxg 3) contammg remote
contours instead of the usual pair of parallel lines can also induce illusion. Furtherm-
ore, Goldstem and Weintraub (1972) have shown that the illusion magnitude in the
Farne figure increases, contrary to the conventional _Poggendorff figure, when the
inclination angle @ increased from 45° to 51°; they conclude that Farne fignre would
require a separate explanation. However, it is possuble to give this phenomenon an
unified treatment and incorporate these data in a single equation.

In the conventional Poggendorff illusion, the two parallel lines are strong
standards for references, thus the orientation of the BC line is judged in reference to
the parallel lines. In the Farne figure, the parallel contour is not very visible thus
can only serve as a weak standard. Without the inducing parallel lines, Bouma and
Andriessen (1968) have shown that the inclined lines would perceive to be closer to
the vertical or horizontal (whichever is nearer) than their geometncal orientation,
The amount of illusion due to this effect has been shown to be k, Sindd, where k, is
a constant and ¢ is the angle between the inclined hne and the X—axls Thus, the total
illusion may be written as follows: . '

I=w(B+Sin28) (K14 s+h's) deotf—(l—wdks Sinds, (6)

where wis a we1ghmg factor with a value between 0 and 1. The significance of this
wmghmg factor is that wis a measure of the reference of the standard. If the two
‘parallel lines or contours can serve as strong reference such as the case in the
conventional Poggendorff flgure, then w' is close to 1 and the illusion is induced
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entirely by the ‘para‘llel lines; if there are no parallel lines to block the inclined BC
line, then w is zero and the illusion is induced only by physiological vertical or
horizontal; if the two parallel lines or contours are not very vivid and can only serve
as weak reference such as the case in the Farne figure, then w is between 0 and 1, and
the illusion is induced by both the parallel line and the physiclogical vertical or
horizontal. Thus the illusion may increase instead of decrease according to Eq. (6) when
the angle ¢ changes from 45° to 51°.

7. Variations of the Poggendorff illusion: Fig. 4 shows some variations of the Poggendorff
illusion. For Fig.4A, there are no parallel lines to block the inclined line, thus k“;
would be zero; for Fig.4B, there is no optical image Blurring effect, thus k”; would
be zero; for Fig. 4C, both k”, and k’; would be zero. Thus, the ﬂlusion in these
figures would be significantly reduced than the conventional Poggendorff figure as
shown by Restle (1969) and Pressey & den Heyer (1968). Furthermore, k’i, k7a, k73
-and ks may depend on the probability perception function (Chiang, 1972). With different
fixation point, k"3, k”s;....... would. assume. different weighing wvalue, . thus the
magnitude of illusion may change (Ngvak, 19_66). |

4. CONCLUSIONS

The Poggendorff illusion is attributed to be. the result of -optical image blurring,
perceptual image distribution, variation of the reference standards and  the induction of -
t he physmlogmal horizontal and vertical. The above effect can be represented by

I=w(B+Sn2¢) (k71 +k s+ k3 )d0t8—(1—w)ks Sindg,
where k71, k”; and k”; represents the contribution from optical image blurring, perceptual
image distribution and variation - of the reference standard respectively, (B+Sin2¢)-
represents the easiness to deviate the test line by- the inducing parallel lines and k, -Sindd
represents the illusion due to the physiological horizontal and vertical alone. It is suggested
that a systematic investigation of all those parameters in a single experiment-is needed to-
determine the relative value of those parameters.

(Snbmitted to Vision Research)
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Fig. 1. A conventional Poggendorff illusion.
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Fig. 2. The projection relationship between the physical space and the perception space.
An object fixed in the physical space may be perceived to locate in different
position in the perception space.

(a) when the separation between two objects is large, there is no interaction in
the perception space. ‘

(b) when the separation between two objects is samll, there is interaction in the
perception space such that the maximum probability positions shift to each other.
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Fig. 3. A Poggendorff figure with the parallel lines replaced by contours.

{A) (B) o (C)

Fig. 4. Some variations of Poggendorff figure.
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The Ching-Lo has long been thought in the traditional Chinese medicine as a very
essential system in the human body dated as far back as several thousands yesrs ago (1).
The traditional Chinese medicine theory, especially the acupuncture and moxibustion, has
been devoloped to be quite sophisticated based on this Ching-Lo system. It was established
(1) that the Ching-Lo system consists of 14 main routes running vertically and numerous
horizontal routes connecting between them. These Ching-Lo are thought to be the vital
transport system. However, except some subjective description, concrete experimental
evidences and theoretical justifications for the existance of such a system are lacking. The
existance of Ching-Lo system is particularly questioned by those with modern scientific back-
ground for the veéry reason that anatomically no such a system as a physically distinct
entity can be found contrarily to the other system such as blood circulation in the blood
vessels and impulses transmission in the nerves; for which both the blood vessels and nerves
can be clearly observed anatomically. Thus, if there exists such a Ching-Lo system, how
such a system may devolop under a seemingly homogeneous medium in the body becomes
a major problem. . o ,

The purpose of this paper is to present some theoretical justification of such a Ching-Lo
system, its implication and interaction with other system, and a summary of some experi-
mental evidence for sucl; a system. _

In the human body, the air is pumped in and out from the lung by the contraction and-
expansion mechanism of the chest, and the blood circulates around the body by the heart
pump. The oxygen and carbon dioxide may be exchanged between the lung and the blood,
and the nutrients and waste products may also be exchanged between the blood and the
tissues. Between the tissues, the exchanging processes are completed by the diffusion
processes. These are all pretty well known facts. However, another flow system, the Ching-
Lo system, has not been widely accepted as a foundamental system. In this paper, we define
the Ching-Lo system as the route where the interstitial fluid (including both. liquid form
and gas form) may flow,

Anatomically, no confined route corresponding to Ching-Lo can be observed. However,
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functionally we may feel its existance under certain circumstance. The situation is similar
to the ocean current or atmospheric current. Even though the ocean all over is basically
filled by the same chemical ingredient, namely, the water, yet the water may flow with
more or less definite pattern depending on the geography, the temperature, the wind, etc.
This flow is called the ocean current (2). In certain situation, the ocean currents may even
flow side by side with opposite direction. Thus, even though these is no seperate physical
entity such as the tube to confine the current flow, yet the current flows within certain
specific route quite stably; we already understand certain causes of ocean current, however,
the exact mechanisms of the current flow, especizlly the deep sea current are still out of
our reach vet.

Other physical phenomena which are similar to the Ching-Lo system are the flow system
of the underground gas, the underground petroleum and the underground water. Evidences
have been gained (8) that the underground petroleum and gas can migrate from the location
of its original formation to other places. That the underground water can flow the pores of
the rocks and sands is established beyond question (9). This flow depends on the porosity
of the underground material, the morphology and the potential.

For the human being, the chemical constituents of the tissues may be more or less the
same all over the body, however, the interstitial fluid in different parts of the tissues may
correlate and is co-operative, they may also flow with certain definite pattern. The route where
the interstitial fluid flows is defined as the Ching-Lo. Similar to the ocean current or the
underground water, the interstitial flow pattern depends. on-the physical structure of the
human body and the morphology of the tissues, and usually flows between the ‘bones and
the tendons; the porosity of the bone and tissue is' a major factor for the flow. We know
that the tissue contains about 70-80% of water, and the turn-over rate of the material in
the tissue is very high, it is difficult to see that such a high turn-over rate can be complish-
ed -purely by diffusion processes alone. Thus a flow system similar to the underground
water seems to be necessary to account for this high turn-over rate. As for the exact cause
of this interstitial flow, no detailed mechanism can be proposed yet; however, it seems the
breath may be the major factor. A hypothesis may be as follows: By the rhythmic contrac-
tion-expansion mechanism of the muscles from the breath, the .diaphragm is pushed up and
down. This movement can not only pump the air to the lung, but also set out a rhythmic
pressure waves to the interstitial fluid in the abdominal area. This pressure provides the
energy source and disturbs the interstitial fluid; thus the flow may migrate in a confined
route according to the morphology and the structure of the body.following this disturbance.
If one stops breathing and all the living mechaﬁisms (the metzbolism) of the body, then the
energy source is eliminated and the migration in the Ching-Lo also stops.. The importance
of the proper way of breathing for achieving good health has long been emphysized in the
oriental excises such as Zen and Yoga.

It should be emphasized that the phrase “interstitial fluid” defined in this paper may
not only mean the mass (liquid, gas, water, nutrients and hormones), but zalso the energy
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(heat flow, electricity flow). This is also similar to the case of ocean current, which may
not only include the mass movement (water, salt, bacteria, organic materials etc.), but
also the energy flow (warm current, cold currnet). In the traditional Chinese medicine
theory, the substance which flows in the Ching-Lo is calle Ch’i (literary means gas).
However, the meaning of Ch’i is obscure; while Ch’; may mean some thing else, we define
in this paper that the flow in the Ching-Lo contains mass and energy similar to the ocean
current or underground water. :

- The above argument only shows theoretically the feasibility of an interstitial fluid flow
system. The experimental evidence for this system can be summarized as follows:

I. Subjective feeling of generation and movement of interstitial fluid along the Ching-Lo
during the acupuncture. It is observed that for certain people, a strong sensation of
warmth may be felt along certain route of the body, radiating from the point of acupunc-
ture. This phenomenon can hardly be explained by other means except the interstitial
flow along the Ching-Lo system. The instrumental recording of some suprising physiolo-
gical changes during meditation (7), which could not be understood by usual explanation,
could also be understood as due to the influences through the Ching-Lo.

2. Correlation of the point of the acupuncture and the point of sickness. The path between
these two points may not be the path where the nerves go through, thus the cure
of desease by acupuncture may not be explained by the direct nerve influence; however,
a theory based on Ching-Lo may do so. This is also similar to the traffic situation. We
have both the railroad network (nerves) and highway network (Ching~Lo) around the
country. The transport speed on railroad may be faster than that on the highway, how-
ever, there are certain places railroad may not reach. Similarly, the signal transmission
speed by nerves may be faster, however, there are certain spots in the body where the
nerves may not reach, These spots may be reached through the Chmg—Lo system, With
the stimulation of acupuncture, the disturbance propagates from the pomt of stimulation
to remote places along the Chmg—Lo thus the desease in a Temote spot may be cured

3. From the electric resistance measurment of the tlssue it can' be shown that the tissue
resistance on certain route i¢ lower than that on other parts of the body. This electric
resistance is influenced by the breathing, the detailed experimental results will be reported
latter (3). We can deduce. from this that there is a specifie route which contzins ionizable
materials. This route is defined as the Ching-Lo. The fact that breath may influence
the Ching-Lo electric resistance may also support the idea that breath is a major factor
in the interstitial fluid movement in Ching-Lo. It is interesting to note that the electric
resistance method is also used to explore the underground water, By placing the electrodes
under the ground and measuring the current, one can deduce whether there is water
under the ground. Similarly, by placing the electrodes in the tissue and measuring the
current, we can deduce whether the Ching-Lo passes through these two points underneath
the skin.

Besides the blood, nerve, and the respiration systems mentioned above, there are also
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lymphatic system and endocrine system. While the lymphatic system can be observed
anatomically, the endocrine system can not .' Large portion of endocrine secretion .may be
transported through blood, many may also be transported in the Ching-Lo. The implication
of a Ching-Lo system presented above is that the interstitial fluid flow may influence the
blood circulation and heart rate by the coupling of diffusion process of the interstitiai fluid
between the Ching-Lo and the blood vessels. The situation is also similar to the fact that
ocean warm current may bring nutrients and benefit the area by the diffusion process along
the route of the ocean current; the transport speed and ,efficiency with such 2 ‘Ching—_Lo
system is much higher than that due to the diffusion alone. The Ching-Lo may also affect
the autonomic nervous system through coupling between the Ching-Lo and the nerves. Thus
the part which can not be controled by the motor nerves directly may be controled 1nd1rectly
by manipulation of Ching-Lo. This could give a theoretical foundation for the finding that
conditioning procedures can alter autonomic functions (4-6). Some bio-feedback experiments
reveal that the subjects can control their physiological functions such as heart beats, etc.
even though they do not know how they did it. This and many physiological changes during
meditation (7) could also be explained on this basis.

In summary, this paper gives a physical model and some theoretical justification
of Ching-Lo system based on the analogy of the ocean current and underground water. A
brief summary of experimental evidence is discussed, it suggests that many presently supnsed

medical data may be explained based on this Ching~Lo system.
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Acupuncture hzs Leen wsed as a thefapy to relieve various pain in the patient fer several
‘thousand years, however, the use of acupuncture as a means for anesthesia purpcse is only
a recent invention. However, despite the leng time use of acupuncture for relieving the
pain and the recent emphasis of its applicaticn in anesthesia, the mechznism of acupuncture
for achieving these purposes is still net very clear. ‘

" Before we review the current theories of acupuncture anesthesia and propose a new
theory, we would like to summerize some of those important facts about acupuncture
anesthesia. Any proposed'theory of acupuncture anesthesia should be able to incorporate
these facts. They are: ’

61) The anesthesia and analgesic action can be obtained by using needles made of gold,
silver, stainless steel, bamboo or by appling"‘préssure, ‘heat or electricity at certain
specific points in the body. - '

(2) An induction time is needed. In practice, usually 30 minutes has to be waited after the
.insertion of needles, before the operation can be started. '

(3) Persistence effect: once achieving the anesthesia, the effect can persist for some time
without further manipulating the needles.

(4) In order to achieve the anesthesia effect, the patients have to gain the feeling of soreness,
swelling, heaviness and numbness. :

(5) Depending on the psychological and physiological conditions of the patients, acupuncture
anesthesia effect varies with individual. '

(6) During acupuncture, the patient is in full conscious condition, and acupuncture anesthe-
sia is only a local effect. o '

(7) During- acupuncture, the perve conduction velocity is changed.

(8) Pain on one side of the body can be relieved by stimulation of the needles on either
side of the body.

(9 The feeling of the acupuncture does not necessary transmit along the nerves near the
point of the stimulation. For example, the needling of Nei-Kuan in the hand initiates a

feeling conducted to the sub-auxillary region and the area in front of the chest, not to
the finger tips which the nerve under the Nei-Kuan would lead to.
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For the explanation of these effects, it has been suggested that! the stimulation by
needles during acupuncture would result in valleys of nerve impulses being sent along
sensory fibers to the spinal cord and back to various organs and tissues along motor fibers
of the ANS. Other people? maintain that the secret of anesthesia effect lies in the brain,
the mechanism of pain relief is either due to the inhibition of the pain signals by the
sensation of acupuncture in the brain cell, or, the needling at loci on the body raises the
pain threshold in the cortex, thus diminishing the pain. They showed that the electroence-
phalogram pattern due to the pain in the high cortical region of the brain is disappeared and
replaced by other signals during the acupuncture. However, this EEG pettern change alone
is not sufficient to proof that the relief of pain is at brain cortex; furthermore, what is
the inhibition mechanism and how the pain threshold is increzsed are not clear. Man*, using
the Melzack and Walls’ gate-control theory®, proposes that the overwhelming valley of
impulses coming from the A-Beta fiber during acupuncture will close the gate in the subs-
tantia gelationosa and prevent the painful impulses from coming through the C fibers. Tien?
however does not agree with the explanation of the gate control theory and presented the
neurogenic interference model at the cortex. He pictured the cortical matrix as a TV screen
and proposed that the recording of the pain signals on the screen can be erased by electrical
signals from the acupuncture stimulation.

While these theories may all have their merits and cortex may be involved in the pain
relief, it is clear that not all the facts presented above can be incorporated in their theories.

This paper suggests that the pain relief and the anesthesia effect locate at the sensory
nerve, During the acupuncture, the pain signals along the sensory nerve are blocked, thus
the pain signals can not transmit along the nerve, consequently the analgesic and the anes-
thesia effect are obtained. The blocking of the pain signals along the nerves is due to the
local pressure, the electrostatic field of the ionic medium and the piezoelectricity effect.

(a) pressure effect: An important criteria for achieving the anesthesia is to gain the
feeling of soreness, swelling, heaviness and numbness, and these feelings are obtained in a
series. The feelings of swelling and heaviness are strong indications that the pressure has
been exerted locally in the area. The insertion, pulling and twirling of the needles in the
body set out a series of pressure waves, these pressure waves propagate and transport the
interstitial fluid along the route which is best suitable for propagation. The existance of
such kind of route for interstitial fluid movement has long been proposed and the physical
basis for the posibility of such a system has recent been discussed®: This route is called
Ching-Lo in traditional Chinese medicine and distributes all over the body, but not
necessary follow the merve distribution. If there is nperve passing near this propagation
route, the nerve will be pressured locally, thus-the nerve conduction velocity may be chang-
ed .and the pain signals may be modified or blocked:; consequently the pain can not transmit
from its origin to the pain perception center in the cortex. We all have the experience that
when we sit in one posture for a long period, our feet may temporarily be swollen and
immobilized; this may partially be due to the local pressure effect. Also, many authors?s®
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49419 have reported that, for the nerves in vitro, the hydrostatic pressure can decrease the
conduction velocity and the amplitude of the action current, can increase the spike duration
and the refractory period. Schaffeniels!' has shown that the hydrostatic pressure can
ﬁodify the skin membrane potential and Chiang!® has interpreted this as due to the pressure
effect on the biochemical reactions involved in the active transport. All these evidences
show indeed that the pressure can modify the membrane potential and thus interfere or
block the normal pain signa's from transmitting along the nerves. Application of heat,
instead of needle, would expand the interstitial fluid and also .sets out the heat and pressure
waves slong the Ching-Lo to interfere with the nerve transmision.

(b) Electrostatic effect: The interstitial fluid may contain highly ionizable materials
such as water, CO; and organic acids; when these materials are transported to the area near
the nerve, they may diffuse across the nerve memberane. These highly ionizable material
may short-circuit the membrane and the signals transmision along the nerve may be blocked,
The situation is very similar to the interference of radio communication by the explosion of
the black spots on the sun. The tremendous output of the radio wave from the sun black
spot can interfere and block the normal comunication radio waves. Furthermore, the hor-
mones and endocrine secretion may be distributed in the interstitial fluid in the Ching-Lo
system; that the hormones and enzymes can modify the active transport and the membrane
potential is well known®:1¢, and this may strongly inhibit the signal transmission along the

nerves.

(c) Piezoelectricity effect: Shamos and Lavine'* have shown that soft tissues such as
skin, callus and cartilage as well as the hard tissues such as bone and tendon can exhibit
the piezoelectricity, a property for a group of well ordered molecules to exhibit -electrical
charges on their surfaces when mechanically stressed or, conversely, to form strains when
their surfaces are electrically charged. The twirling and pulling of the needle during acu-
puncture may produce elecirical signals due to the tissues’ piezoelectricity, the produced
electrical signals together with the pressure waves may popagate along the route which is

most easily for the signals-to pass through. The Ching-Lo system may have this required
property. Fisch!4 has shown that .one can pick up electrical signals from Ching-Lo system
when a remote point on Ching~Lo system is stimulated; on the other hand, if the stimula-
tion. point is not on-the Ching-Lo, no -electrical signals can be picked up even if the stimu-
lation -point is very near-to.the pick-up points.. This electrical signals together with its
mechanical stress due to tissues’ piezoelectricity can interfere with the nerves near by and

the pain signals may be blocked.

It can be seen that all above three processes need time to develop. It takes time to pro-.
pagate and transport the interstitial fluid from the stimulation point to the point where nerve
can interact; furthermore, the ionizable material have to diffuse from outside of the nerve
membrane to the inside of the nerve membrane. This explains that the induction time is
required for anesthesia. Once the interstitial fluid is built up at the interaction point, it
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takes time for the diffusion process to restore the tissues and nerve membranes to the
normal conditions; this explains the persistence effect of anesthesia.

Depending on the physiological and psychological condition of the patient, the anes-
thesia effect varies with individual. This is because the amount of the interstitial fluid
varies with the physiological condition of the individual, and the psychological state of the
patient influences the physiological condition such as muscle tremble, irritation, etc. The
muscle tremble and irritation may hider the movement of the intersitial fluid thus
reduce the anesthesis effect.

In summary, we have proposed that the needle stimulation can mobilize the intersitial
fluid. This fluid can exert pressure, electrostatic and piezoelectricity effect locally on the
nerves. This kind of interactions prevent the pain signals from trasmitting along the nerves.
It scems that this theory can nicely explain all those important facts about the acupuncture
anesthesia. . .
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ON MEMORIZING SOME THERMODYNAMIC EQUATIONS

Chun Chiang (Z&4)

Institute of Physics
Academia Sinica
NanKang, Taipei, Taiwan,
The Republic of China

Thermodynamics is a very important subject for a science student: however, the through-
out understanding of this subject presents some problems to the students.- One of the
difficulties may be due to the numerous equations involved in the subject. Despite many
existing methods (1-12) de51gned to help the students to understand and memorize the
equations, it seems that the difficulties still exist. .

Most methods mentioned in the reference 1-12 arrange the thermodynamics symbols
orderly in a diagram, and the required equations are derived from this diagram following
certain specific rules, The short coming of these methods is that: a diagram have to be
drawn, and time is wasted in doing this. Furthermore, in deducing the required equations
from this dizgram, considerable effort and time is required and mistakes may happen.

The: purpose of this note is.to present a few simple rules such that one can easily write
down many equations without referring to the diagram. These rules are easily remembered
and may give the students some feeling of understanding. Eventhough memorization should
not be emphasized in studing the subject, neverthless, proper method of memorization these
equations .does. seem to help and facilitate the understanding of the whole subject. It saves

the student a lot of time.

" The equations covered in these rules are:

dE=TdS—PdV ' ’ ¢h)
dH=TdS+VdP ) ' - (2
dA=—8dT—PdV = N ¢)
dG=—8dT+VdP ' _ ' 4
oE _ | .
C )V C o7 2s=—F . . . )
", B8AN ' __p : '
(5 y=" (Fvor="°F o L@
aF - aF _
(_H-T-)_P=_S’ | ,_(‘fa—)T—V . (8)

and the Maxwell equations
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—GLy =T ©O) (Sr = cm, - (10)

36 7=G%) P (an (o5 =055 a2
Eqs.(1)-(4) can be derived from the thermodynamics first law
dE=4dQ—PdV (13
and from the following definitions
dQ=TdS (14)
H=E+PV (15)
A=E-TS (16)
G=H-TS 17)

Eqs.(5)-(8) can be deduced from egs.(1)-(4), and Eqs.(9)-(12) can be derived from

eqé.(5)—(8) by deferentiation.

' The rules we would like to propose are:

1. Pand Vare alwaysina pair, T and S are always in a pair. This is easily remembered
because the products of both P, V and T, S is the energy. Furthermore, if one element
in the pair is the numerafor of one side of the equation, then the other element in the
pair must be the denominator of the other side of the equation and vice versa.

2. For Maxwell equations, if the subscript and the demominator belong to the same pair
on one side of the equation, then the suwbscript and the denominator on the other side
of the equation must also belong to the same pair. If the subscript aod mnumerator
belong to the same pair on one side of the equation, then the subscript and the numera-
tor on the other side of the equation must also belong to the same group.

3. For Eqs.(1)-(8), P and S are negative and other elements are positive. For egs.(9)-(12),

the negative sign is adopted when P and S are on the same side of the equation,
otherwise, positive sign is adopted.

4. In Eqs.(1)-(4) the infinitesimal elements E, S, V form a group, H, S, P form a group,
A, T, Vforma group and G, T, P form a group. These infinitesimal elemets of the
groups can be memorized by extracting the alphabats from the words ELVES, HOPES,
GET-UP AND ADVENTURE. These infinitesimal elements in the group can also apply
to the partial derivatives in Eqs.(5)- -(8).

Once we understand the meaning of above rules, they can be easily remembered without
much effort. With these rules, Eqgs.(1)~(12) can be written down 1mmed1atly without any
hesitation. This not only can help the students for the examination, but may also facilitate
the understanding for the thermodynamies.

A few examples of the application of these rules are as follows:

1. In order to write down eq.(1), we extract E, V, § from the word “ELVES”, thus:

dE=9dV+94S,

From rule 1, P and V form a group, S and T form 2 group, thus
dE=PdV+TdS,
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From rule 3, P is negative and T is positive, thus we obtain
dE=—PdV+TdS.
Eqs.(2) (3) can be written down similarly.
2. In order to write down Eq.5, we also extract the alphabats E, V, S from the word

“ELVES” to form the partial derivatives CBV )S or (as D y- By rule 1, P and V

from a pair, S and T form a pair, thus

0k _ 8Ey _

(-av-)S..-P, and (aS)V—T.

From rule 3, P is negative and T is posive, thus we obtain
oFE — OE _

GGy ls=—P and (¢ ) =T.

Eqs.(6)-(8) can be written down similarly,
3. To complete the following equations

oP ar _
s v=° Cos ) r=7
Usmg rule 1, we have

L5 = 5 and (22 = (25

Usmg rule 2, we have

G2 v=Grls and (G50 7= (550 p

Finally, using rule 3, we obtain

B 3P
(as y= (aVDS and —(5e ) = (av)P
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The Conduction Electron Spin Resonance of a Sodium Film
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I. Introduction

In this paper we use the usual homodyne reflection spectrometer to study the conduction
electron spin resonance (CESR) of sodium and lithium films whose thicknesses range
from 0.3 to 30 skin depths. The experimental results can be verified by Dyson’s theory.
The thickness dependence of the line shapes and the temperature dependence of the
spin-lattice relaxation have been measured in this work. The whole theory and experimental
technique can be referred from one of the authors’ (Lue) Ph.D. theéis”-?. '

2. Experimental details

The zlkali metals that purchassed commercially with purity of 99.9% were evaporated
by vacuum on & mica plate to a thickness between 0.3 to 30 skin depth.:  If We want
to take this films out of vacuum system, we must protect them against the air, because
the alkali metals are very activity which react with O; and H;0 in the air virously. We
had used SiO film, Si oil and paraffin wax to protect the alkali metal films against the
air, only paraffin wax succeeded, because it had lower melting point and no influence in

. ESR signal. The melting point of the paraffin wax had a range from 60°C. to 90°C, the
lower was be selected. When the alkali metal films were made in 4X10~%torr. vacuum
system, the paraffin wax was heated to lig. state and no more than 70°C, to dip the
films in the lig. state paraffin wax, then we could take the film out of vacuum system
becatise this films were protected by paraffin wax.

To measure the thickness of the alkali metal films were difficult, when the quartz
crystal thickness monitor was used. The reason is that the alkali metals are active metals,
they can damage the gold film on the quartz crystal. A SiO film was evaporated to odd
on the gold film of the quartz crystal, to protect it. But the protected effect was very
low. Finally, the thickness were measure by monitor the resistance of the film. On the
substrate, two equal thickness films were made (see Fig. 1), one was used to measure the
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thickness, the other was used for ESR. The resistivity of sodium is 4.3 X10"%2-cm, from

2

XK. %——the thickness of film is got by it’s resistance.

equation t=4.3x10-¢

Fig. 1

At temperéture between 100°K, the measurements were performed by using an Varian
band homodyne reflection spectrometer. The film samples surrounded by a quartz dewar
were mountgd in a mu'Itipurpose rectangular cavity of mode TEies. A 100ke/sec mod-
ulation field is used in order to improve the signal to noise ratio, To avoid the saturation
effect, the microwave power is attenuated as high as possible. In our measurements the
microwave power is attenuated 20 db down from a 400 MW klystron. In this work, we
have measured the g-value at high temperatures, and also have measured the temperature
dependence of spin-lattice relaxation times, of line shapes. .

The magnetic field is stabilized to 1 part in 10% by the denvatwe field stabxhzatmn
By Lentz’s law, if a coil is placed in the field of a magnet and the field varies, there
develops within the coil an e.m.f. that is proportional to the rate of change of field. The
"e.m.f. is the error voltage which can be coupled to an D.C. amplifier and then; fed into
‘the main amplifier of the magnet power supply to kéep zero rate of change of the field.

Precise measurement of g-value requires careful determination of the magnetic field
and the microwave frequency at which resonance occurs. The best accuracy in determination
of the absolute magnitude of a magnetic field is obtained with an NMR fluxmeter. The
fluxmeter made by one of us (Lue) has the stability of the frequency of the proton of "one
part in 10®, The gyromagnetic. ratio of the proton is known only to one part in 10,
resulting in an absolute accuracy in measurement of the field of two parts in 10%. To
measure the microwave frequency, a Hewlett-Packard 5257A transfer oscillator accompanied
‘with an 5245M electronic counter is used. The frequencies measured can have accuracies
of 1 part in 105, C

The temperature variation setup was similar to that of Walsh, Jeener and Bloember-
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gen'*?, To avoid the shift of the base line of the spectrum due to the vanatmn of the
temperature of the cavity, the cavity is blown cold air or hot dry air depends on whether
the temperature of the cavity is above or below room.temperature.

3. Theory of the Line Shape and Surface Spin-Lattice Relaxation Time

The experimentally measured CESR line is the first derivative with respect to field of
the r.f. power absorbed by the sample. Lampe and Platzman®? have used Dyson’s
technique®*? to solve for the line shape in a plate where the thickness of the {film is far
greater than the skin depth subject to the boundary condition that the r.f. field is
pointing perpendicularly inside the two faces of the film with equal magnltude but in
opposite of sign. The power absorbed by the sample is

P= "+—)' h Re(2),

where H; is the amplitude of the linearly polarized field at the surface of the flim, and
the surface impedance Z is given by

=—§ (F+(zae T Xodd/36)GY
where

F=—4utanu

G=—i(u2~a?) " 2ule tana—(3ud ~o®u~ticn u
+4u'tan’u£(u’~m’)csc'u+(3u’-—e»‘)u ’-cot e,
—2udwtcotw]}

with d is the sample thickness and
u=(H)d/28, o=(E+ig)d/2e

7=((+2) 241172, e=(Sena)t+2n)/1-1)"/s
‘where X=(w—00)T,, §=(c3p/2r0)*/? is classical skin depth and 5.=(2DT,)!/* is the
spin depth-the distance perpendicular to the surface that a spin can diffuse in one
relaxation time. D is the diffusion constant. The theoretical line shape is given in Fig.
4.3 of ref. 1.

Dyson finds the total spin relaxation time T, in film-thickness small in comparison to

a skin depth is given by

VT,=1/T1+1/Ta
where T; is the usual spin lattice relaxation time and Ts, the surface relaxation time i3
given by

where V is the volume and s the surface area of the sample, and e==probability of a spin
disorientation during a surface collision, and v=velocity of electrons at the top of the
Fermi surface. The ¢ is found to be approximately equal to 10-%.
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4. Bxperimental results

For very thin films the line shape is totally absorptive, whilé for very thick omes it is
dispersive. This has been proved experimentally. The best way to measure the line shape
is to measure the A/B ratio, i.e. the ratio of the low field maximum and high field
maximum. The A/B ratio 18 extremzly sensitive to the condition of the surfice of the
sample. If the samples prepared have been stored seve:alr ‘days there showed a large
deviations in the A/B ratio, which may athibuted to surface oxidatio_n; The data shown
in Fig. 2 is satisfactorily agree with the theory. |

For thick clean films where 8/6.€1, the line should be a Lorentzian dlspersmn lme
with A/B=8.0 independent of d. For thin films with d comparable to 5, then d/5 <<1 the
line shape is a mixture of the derivatives of the absorptwe and ‘dispersive parts of a
Lorentzian line. For very thin films the line shape is totally absorptive and the line width
_increase greatly as the thickness decrease. The relaxation between linewidth H and the
i th;ckness d/8 is shown in Fig. 3.
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Grqﬁp—;Thedreet‘iCal“ Study of the Stark Effect of Acceptor in Germanium
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ABSTRACT

This article uses group-théofectical techniques to deduce energy splitting and relative
intensities of Stark components of electic-dipole transition lines of a smgie—hole acceptor
in germamum Results are obtain for different orlentatmn of electnc field: EH [1007, EH
(111], E 1[ (1107, E in (001) and (110) plans. For some special directions, the last two cases
would be reduced to first threz cases, The relative intensities of a I'y~—Istransition would
be expressed in term of two real paramsters, ons of -which can be determined from a
measurment with electric field along (111) direc‘tion.i In an uniform electric field only the

four-fold degenerate states will split into two twofold degenerate states, and the twofold -
degenerate states would not split.

I. INTRODUCTION

Infared absorption spectrum of a neutral acceptor from groud state to various excited
states. are first observed by Burstem, *,3Since-then the group III. impurties in group IV
elements are studid extensively.3-1% The effect of external pertubatmn such as magnetic
field,14+15 yniaxial stress,2®-19 electric field?® provided a. pOWerfuI means for determination
of symmetry and lebelling the states of impurities. Theoretical works on this problem based
on the effective mass approximation3!»3% have beén developed and - group—theorectxcai" 3
study of the excitation spectrum of a single-hole acceptor were alse been reported. In this
work, we present a group theorectical study the relative intensities of Stark components of
excitation lines. It is well know that the valence band of germamum exhibits spin-orbit
splitting, the pjt valence band lying above pi/; valence band ‘about 0:29 ev.3s thus we

would neglect the effect of lower band. In this work, We*'estabhshe& group-theoretical
study of energy splitting in Sec. 11. and relatwe 1ntens1t1es of Stark _components in Sec.

III for five different directions E[ (0011, EH E111], jf EllO], E in (001) and (110) plane.
Our procedure for calculating the relative intensities is based on the method developed by
Rodrigues.#$,%7 The relative intensities that are most determmed at most by two parame-
ers which related to dipole transition matrix elements, '

II. Theory

- A substitutional impurity of group-IV semiconductor is belonged to tetrahedral (Tg)
symmetry. We now deal with a system containing a single hole with a particle of spm 1/2
boundéd to an- acceptor atom. The states of the -system-are characterized: according to a
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double-—va]ued representatlon of Td D1/aX Ta.. The y;redumb,le representauons of, group are
gwen in Table 1, where X Y, Z, behave a3 x, ¥y, z which are the components of a polar
vector with respect to cubic axis of crystal and &,7,{ are behave as axis vector. The
products of the basis functions of T with 11>, - 11> generate double-valued representation
of ﬁ. The characteristic table ‘of Ty ‘are given in Table If.: From group theorem, there
are two typesof s functions, two typeg_“q_f El,,fgqc_tions and three types of 'y functions:

8=, N
1% %yi-—EC$+fﬂ? I-T>-T§'IT->3’;._._ o |

[

a’ %=7%rq&4wn>—mwa;

| ’51«}:“‘ '—-[‘(X—HY) >+2Z11>), B
| 51i=7%_ ‘Y33H> ZH>J,; |
4’y =8>, m,w_“4:%=gusgf="
,é;%;%—KXﬂYNDﬂ, R
“§%=—?rﬁxwmu> %H>L }_“}i | s
;¢L1+.=76——E(X rYJH>+2ziz>J, | T
| 9“.:%—-—'-1/ tCX—;Y)|L>] T T e
, /f"%= ;:/6 E(E—m)l'>+2fu>], o
A:-‘.‘l‘:;}'jz__:(e D>,
e
L%‘?“—K&ku> Wn>h
 x;=mu>, |
x':}‘=+im,|1>, L
Z:%=MH>, rin o
Zymialt> :”'fJ T"f”ff.-"$-' W

The most general form. of wave fanctions, are a. linear combination . of _ these - types
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f’unq.tiox;s_.‘;"I‘;he.'funptions“of. the three sets {#u}, £4u},. {Xu} are orthorgonal to.one another
and-belong tp the same row.of I'y. The set.of .functions {$u} are- eigenfunction of total

angular momentum J and of J,. In this representation, the corresponding angular momentum

matrix for I'y and I'; are

01 0 —i- - 1 o0s
= = =3 N 2
. %Ll o],Jy %[i OJ“J_ i,_%[o —1.;] @
and for [ states are - L SRS
;o VE 0 0, 0 /E. 0 01
I oo 2o /T 0z o
=3 0 -2 w*. =t o 2 0y3e
0 o —v3 0, 0vT oJ,
) O

\

/3 0 0 0.
! i
o o -1 oE S &)

e T N .t
Lo . '

T4 E 8Cs S RIT: (OB f‘éSi:_f: 5:1_:;',- ,r"-.ﬁd‘t-" IR Basis functions - -t
RER AR L. 1 TR S O S
SPTY SU B S 1.1 =i gl B
R :, I . w1273 —Xa—
_"_['s 2 | = 1 - 2‘; 2 ) ’:‘0 Pt V/3(X’"‘Y’)
L 3 0 -1, 1, ~-1. &8,
Is 3 0 -1 —1 1 X, Y, Z.

‘which are, the angular momentum operators for mamfolds of constant J o
In order to get the most general form of Hamﬂtoman, we, make use the fact Hg ‘must

—_

belong.to I'y representation. E. transforms like polar. vector and Ir.ke the representatxon A
of the tetrahedral .. Therefore one can. cla‘ss1.f1egit E; EJ..‘a_c.corldmg _to - their:. transformation
properties under tetra.hedx:al GIOUP, - : . . . i

'FL:E -i'E.ritE O UL S S

F3'2E E E;/3 (E E)

r:E{E,, z#-;, _ B , : :
I's:Ex, Ey, E;, - SRR AR e
where Ex, Ey, E; are refere to cubic axes of the cxystal. - - =+ =0 o7 - (6)
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J transforms ‘like an axial vector and belongs to I’y representation of T group. For J=%
states, one can get 16 linearly independent matrices, -classifying accordmg to their transfor-
mation properties, '

r:J +J’+J’-
Iy JxJ_;Jz-I-J—Jny, _ )
I's: 2J J-——J V'3 (J J)
1'¢:Jx,Jy,J,,Jx,Jy,J‘;
Psi{eds} =Us, (T, Jx}=Uy, (Jx,Jy}=Us,
Uai(, =TI D}=Vs, {JY,CJ J)} Vy,
VoW =IEve o @
where {P,Q}=4(PQ+QP). ' ' ' ‘

Constructing out of the J’s and E’s which are invariant under tetrahedral group,

a 2 3
(E+E +ED,
x b z
2(E’—E’—E’) (2J’-J’—J’)+3(E”—-E:) :(J'—J’),
Exe+Eny+E,J,, E,:J*,+E,J +E,J‘ e gy

TABLE. 11 Character table for the double&-valued group Tq o

;Fd- " .‘E el E 8(?3 ST:S-— 303’30_; 6S, 6§, 6«7;{,60‘:
re - 2:.-2 1 -1 0. VT I 0
re 2 =2 1 —1 0 —-/3 Ve 0
Iy 2 —4 ~1 1 0 0 0 0

11. Splitting of Impunty Levels in Static Electric Field
The symmetry group of Ge is tetrahedraI symmetry Tt is assumed that" the forexgn
atom does not alter this symmetry, The Hamiltonian of a particle with charge q in a electric

field is -qE 1. In the first' approximation, the corresponding matrix element vanish since
the  wave functions belong to symmetry T4 and the matrice of any odd -operator on
them are zero. Thus we must consider the second order approximation and the Hamiltonian

is proportional to (E.r)3, In the presence of electric field, the Hamiltonian of the hole can
be clasmfled according to the symmetry propert:es of tetrahedral group?’

z—-*}(E +E +E )Cz’+y’+2’) +'}(2E E —E ) CZZ’—x’—y’)-I- %(E ~E 7

- Cx’_y‘)+2ExE}F .Z'y'["ZEyE;yz +2E2Exzx . , (4-)
It is important to note that
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E +Ey+E* and x‘+y"‘-}‘;2' -:B-elong to I'y ' k 5)
2F - :—E V'3 cE - » and 2:3 g8y, VT (x._;.)-—ﬁelong v 7'

Ei E, for i#j and xy, yz,zx belong to IH
Ex, Ey, E; and x, v, 2 belong to's
The products of I'y Xty FaXTyy FiXE's contain [y and the Hamﬂtonxan is
invariant under the- ‘operation of group. Tg.. _ -

In order to easy calculate the” matrix element, one use the method can replace the
potent:al functmn of s:mliar operators that is each x, ¥, z by | I

“'In- the- case, there dre no magnetic - field present, the Hamiltonian must’ be invariant
under the operatmn of time-reversal. Since under the time. reversal. operation, 'J; changes
into ~J;,Hg contains an odd number of J; is not allowed. Thus the most general form , of
Hamiltonian under application. of electric field is S

Hy=aEs+p(F, J)3+T(E J +E e +E J) - '_ o ® |

’.;L-

e

«,2,r dependent on the unperturbed wave functzon of the levels e gives the shift of
valence band, it does not contributs to the energy ‘splitting: IR
Case A Applied Electnc FIEld Lalong EOOlJ S SRl

In this case, the symmetry group of the»systcm is ng The double—valued irreducible

representation of Dzd are given in Table{‘III

'I‘he states of [ (Tu) and 7, (’I‘d) do- not spht by the electrm fleld and belong to I’s
(D,d) and~ Iy (D, ) respectively. ‘The. Iy (’L‘d) lewels decompesed into el (Dm) and Fy
(D,d) In the eIectnc fxeld Eq ® reduced to

Hy=aE3+2 EAT +yE8 )", e 1)
-3 z
‘;I‘he I'y levels split into two sublevels with wave function ¢ i—%fwh_ich belong to I

(D,.a) coresponding to exgenvahe crE’-}-- — (B+2)Er and ¢ 4 é- which beIong to F1CD:d)

corresponding to e:genvalue @E¥+ 1 ¢ (8+7)E' .The "energy seperation’ between” the two
sublevels is . L _ S L
Aool—z( +7)E3, o S ., - an

TABLE ITI. Character table for doubIe-vaIued_gropﬁ' D_;d". '

-ﬁ;d E E C;,C—; 234 ‘2-51 : 2C’,,2C_); ST 20'd,26:
I’ 2 -2 0 G 2 I 0
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reo2 -2 0, =/Z L WVE e, W00

Case B Apphed Electnc erld along. [111]

For electric fxeld along Elll] direction. The symmetry group of the system is CW The

double-valued irreducible representatmn Cav are gwe in Table IV 7 _
The level I's- (Td) and I’y (Td) become I ,(Cw) and 4 (Td) reduced to I’; (C”) +1I's
(Cgv)‘{"‘['a(Csv) Smce Hatmltoman is invariant under ‘the operatmn of tlme reversal and the
representatmn of Fs (C:hr) and th (C;v) are complex conjngate of one another, , the levels
whrch are degenerate under t:.me-reversal The resultant Ievel desr.gned by I‘sa,s (-C“) Thus
l", (Tn) spht into two two—-fold degenerate states of I“sﬂ (Csv) and Pr (Csv) Equatlon
Hg= aE’-{-ﬁ(E J)’+- —rJ’ .. . o _ ‘ (12)

H can be dragonahzed by the orthornormal wave functxon

;-1.’..;“
Oy A s e

s -1+ 4% gty LT L o

R Rt N2 N A7a R &
‘_._ 1 7.t __! RPL '":"_lrifi“ g &

d -3 vVe ¢% v 2 ¢'_'é +'/:_;_¢"_ %Q’r.-:wii ey MR T TR R A
8 -I-H' 8 i 8 1 s )

%,B ¥ belong to Isig- (Cav) -and correspondmg to'the “eigenvalue aE’-’r %,E’E’-F*E'_rE’

and 6 3 B 1 belong to I's (Cav) and eorrespondmg '‘to the e1genva1ue aB3d+ -,}f:E’—i— TE’

The difference in energy of these sublevels is U AL R
Ar11=28E*, ' ' 14)
Case 'C. Applied: Electric Fieldalong (11075 == 7 770 780 R o

" For E along (110], the symmetry, group of the" system is Cw, with only one. double-valued

representation ['s (sz) The level I's (T and J“f.- (Tr.,) become  I’s (Cw), and. [y €To)
levels decomposed into 2175 (Cw) Equation (9) ylelds

Hy=aE*+—5-(T. +J)E=+J_(J -]—J DE. T )
The orthogonal wave function that dlagonahzed H, are SRR

¥ %=(1_+ ») ‘}::(sﬁ%—zpsb__%) A

r ;=(1+ p’)_%@; +£p?:_ e
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w'i_,[=(1+ p')“qf(—ipsﬁ'% +4. 3 . o - ‘-‘ BE |
A ORI s
where p= D/ GFTEINV T B | | o | an .

The eigenvalue @B+ § (7+8) B+ 3 ((r-+8)3+3g37% £ )
corresponds to eigenfunction ?Fi 3 and a:E’ + s (r+ﬁ)E’ iCCT+ﬁ)’+3;?’]'EE’

is the eigenvalue of iﬁ' " % " The seperation of two Sublevels are found

Aiio=C((r+£ ’+3#'J“} e/A

+A T T (18

. TABLE I V.:Character. table of double-ﬂralued representation of C“ i

RNy, . Voo B .o e L e
T AT S I R T I I A : ~

" Cav E E  2C, 2C, 30y 30y _
B R E LA PRI .-.'_'52: LAY T St ries Kt SRR R SRRSO
I's -1 1 R S —i
I's 1 —1 -1°7 Ty —; ; -

Case D. Apphed Electric erld in (001) PIane

r

In this case, the symmetry group of the system is C, the double—vaiued repreeeﬁtation

. of C. -are given in Table V. The representation I’y (Ca) and Ty (Ca) ‘are complex conjugate -
to one another, these levels are degenerate Junder. tnne reversal Symmetry.;

R

. The IeveI demted by Ts. (Td) and A, (Td) .are belong to Pa(C,)-H’,. (C.) which. do
not. spht by apphed electnc f1eld and des1gned by T (C,) The I'y. (Td) reduced ito. 2(1'

(Ca)+ l';(C,)J Thus I’y (Td) reduced to .two, two-fold degenerate states. . Equation .(9)
becomes .

| HﬂéaE'-l:E;:I-ﬁ’) (cossaJ +sm’6‘J )E +3cosﬁsm0(Jny+Jny)E’ am

a Gral g AL It

where 0 is the angle between electnc fxeld and x axxs and we defme

A
$IBTE VIV ULLe L e v : .

’ n=ﬁcosffsmﬁ - : < SRR )
& =B+71) (sind-cosit),; e el R _
es=y+£. - - 20)
‘The equation (19) can be diagonalized by the unitary transformation’
d 0. 1 .0
R S T
p=—n1i___ J 1) .
(L+davy ¥ |1 0 —a+ 0
0 1 0 ax
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23 taat+v 3 e

where d= - 15 -

= (E:+ 3e:+125:) '}. - | (22)
The wave function are given by 7 S
] 8 ke o - T FEO ‘
2 =3 /D / ¢ (23)
B M ) .M ) .M M M‘ ) . - ) o . )
The eigenvalue dE*+ §esE34+ 348 E2. corresponds to

eigenfunction ¥ +3 and «E*+ 3 s E3— 3 8EY is the eigenvalue of 'w-:t:li-' -
The energy drfference in energy of the two Sublevels is

Acrooy=30E3=% (A +3A cos’20‘+3A1u smonty 24)
For8=0°, this can be reduced to case’ A and-the éneérgy seperation- reduced to Ajeo For

'@=45°, this case can be reduced to case C and the energy seperatmn reduced to ¥ (A oo +

2
3A 1 )% In this case the energy seperation between the two sublevels are function of 28,

TABLE V The double—valued represent‘atron of C, ) _-

Ca E E o o S5 cen O

W N
I's I S B i —i
,1,4. R oLl 1» T _1 Pe Hate ,_-i LI M - ; .,

Case E Apphed Electnc Field in (110) Plane‘
- For-electric fteld in” (110) plane, ‘the “symmetry group “of the system is” C,,. the
irreducible’ representatron of* C, are given in’ Table VI Snrular to group Ca, the double—
valued répresentation of €, are complex conjugate Df ‘one another In the' presence of eIectnc
field the two states can not be spht [ 8 ( Td) and Fq (Td) reduced to I s (Cz) +I, (C,)
Whlc-h are degenerate and des1gned by l gha" (Cg) I 8 (Tc) decomposed mto 2([ s (Cg) + I .

(Cz)) Thus I'; (T ) spht into two two—fold degenerate states Equatmn (9) becomes

Hy=aB*+i( % 1 sin(Te4dy)+J s coseJ=E=+r=f(J +7° ) i"‘—“_ -

+7h0s BN el L 2 (26)
aEs"!'EJ +(Jny+Jny)E +E(Jx+J!)Jz+Jz(Jx+J¥)]E,/+'}_‘(}J"I"T)QtnstsEz
where ¢=(y+7) (cos*§- isrn’B)E’

“ = -g—sm'ﬁE’,
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= -—‘75_?3:'”&0305", ‘ @D

@ is the angle between electric field and z axis.
Using a matrix representation for Jx, Jy, Jzin (3), we get

7 _9‘_

47" A+ 3 ¢ it 3 0
=DV T e 0 iV 3
Hyg = : (28)
— iV 3 o —‘11——6 —(1+De?
0 i/ T — A= T e
The matrix can be rdiagonalized by a unitary matrix _
oy
Prad e : e
N s et
. . e (141 \.—3_?1 0 1 .
.-_M7 1 E‘a, . ) 1 N E/, ( )
0 | . ;7-3——?6,1 - =( "0?
' 3 : : 1" ’ if— 4.7 __,_,_,f,"_t?{_,-‘,
R o D =0t ]
wheres”=(e’ +3¢/7 +6¢77) ¥ | |
e/_z 6, 3/'/' rr
M= € -;?7’ +9e777 . (30
The eigenvalue are
E=aft+12sint (R4pE —e £, | @D

and the eigenfunction are
851, .8
A = IG_u_ A.¢' /. - (32)
M M M

The energy difference. between the two' sublevels is 25”. For 0=0°, this case reduced
- to case A, The seperation. between the two states can be reduced to 2(r+8)E?3,. For 8=90°,

that is case C...the’differencg in’ energy of. the states is ECﬁq-r)’+3,8'jf1" same as Eq. (18).
TABLE VI The double-valued representation of E;

Ca E E Cs Cs
Iy 1 —1 i —i
I P 1 -1 ' | i
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III. Relative Intensities of Stark Components

. f :
The intensity of a system from states LB'; to the state EF'M induced by electric dipole are

- i o £ H .
proportional to the square of the dipole transition matrix <C w; | Q:]U'M s> where ZP‘M and

f . . . .
¥+ are wave functions of the initial and final state belong to irreducible representation I
M

and "¢ of the symmetry group of the system, and Q; is the component of the dipole moment
along the direction of polarization of the light, Without application of electric field, the
electric dipole are the irreducible representation of I's (T4). From character table, we found
that NsXTe=0"1+Ts, I'sXDi=[s+I, and sXIy=0s+1"7+23. Thus electric dipole
transition between 7'y and ['s,1,/'s are permitted. The g‘rdund'sta'terof an acceptor belongs
to I'y of tetrahedral group. Therefore, there are three types of excitation spectrum. When
the electric field is introduced, the eigenéfates of the system can be given by appreciate li-
near combination of the unperturbed wave function 7

T, " ZSu b, . (33)

The transition matrix can be written

AN i TITT . ' '
<w. IQJ]?F‘/>=<¢ lS QJS[|¢ > (34)
M M M M
For the transition from I's to I's or I'7 state only one complex matrix element is needed

to express the dipole-moment’ operator. The most general form of wave function are linear
combination of wave function in Eq. (1)

7' o—aig' +pA +e'x. T (35)
M M M .}1 . . .

For ' and [’y state c®=c7=0.

For a ['s—I"¢ transition, the matrix element is <a’¢ + b‘A 1 Qlass‘ﬁ +b’A +c3>< >

From group theoem and orthgonal relation, the transition matnx become

- (X +i9) —2i2 (ﬂ—zy) o
3o Do[ _ } (36)
. 0. . 4R+ . 22 i3 (x—ty) K
where Dy is a complex parameter and can be obtamed by unperturbed wave funchon,
* % — " rké
D=5 [ pouxar 48 [ Quxds +afin1ade Lxter
Qutwsdr. __ €10
For a I'y—I"; transition we need to evaluate the matrix
-— /7 L A-—b 8 [ B . :
Q3 7T=<agTd +H74 [ Qladd +b3 A ¥ >, (38)
M AL M M M

in matrix form
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— >

(—(ﬁ—i?) 0 ’ V' 3 (R+i9) 2i%
/s
Dol_oy i3 =) 0 —iR+iD).

a’Tkps

i -
where Dy—=— i-/-—-a fY QxZ'd +I/T zIC’Qder—a’T*c?fw’1Qder

] (39

+b"*“’“f 2 Qxtdr )

For a I's—I'; transition. we note that 7"y appears twice in the product of ['yxI'3, and
the dipole moment matrix is a linear combiration of two complex matrices. The most general
form of Q®—% can be get as a linear combination of 16 matrices list in (7). The matrices
operator Q., Qy, Q, obey the transformation properties I's of the group Tg4. There are
only two sets of matrices (Ux,Uy,U;) and (Vx,Vy,V;) in (7) that belong to I's. The
transition matrix betwene two [ states, we can calculate the matrix

—> =5

& —<a’s¢ -HJ’BA +c’3X o | Q ]a3¢n+b3/IM+C”X >, (40)
From orthogonality theorem (40} can be written as follows:
e i

~2 (p+DYU-_2 DV, o 41
% Aol S A 4
The two complex parameters D and D’ can be d}etrermi_ned by calculating - with

unperturbed wave function,

- ‘j’_s’iz" [ v/Qezar+ V?”*b v Qurdr— 50 j Y7Qyl d_;—Zc"B*a“iJ.
(U,]Qde 7,
D=2 [ yrQud7 Y0 [ g vdT +hrwict [ws@utdr 42
In matrix form C41)L is ,
. 0 —(D+2D%) (&+i9) —i(D—D”)2 v/ T D’(2—ig)\
I D(=%+i) 0 V' 3 D(k+if) i(D+2D")%
-*3“*8_— )
Tli(D+3D%) V'3 D(—%+i) 0 D(&+i¥)
W=V 37 D/(R+49) i(D—D"&  (D+2D7) (R—if) 0.

I. Applied Electric Field along (001)

This is the simplest case, both S and S are unit ‘matrices.  The transition matrix
components along x,y,s axés of the crystal will be denoted by Qx (001],
Qy [001], Q. (001), and we write them eXphcltly for each type:
case {(a) Iy—1's: : : ‘ o .
] : v 5. 0 ‘ 1 0,
UL001)= Do i 0 iV"é"‘J '
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: (il/T 0 —1 0
Qy(001)=Dy | _,],
{ —1 0 V'3
—~2i 0
tamlj:Do[ ] :
0 0
case (b) I"y—F"q:
=1 0 vV'3 0
Q. [0011=D ] ,
o /3 0 —1
e i 0 t;/ﬁf-}_ 0
Q,(001)=D l,
o VI 0 1)
o 0 0 0 zi
¢ —~2 0 0 0.
casf-'(c) 1"3-!-1’;:
' 0 —(D+2D") 0 v 3 D
-D 0 = D 0
Qx[001)= - v ,
- 0 -3 0 D
-3 D 0 (D+2D") 0
0 - —iD+2D) T 0 -/ 3
iD R ' 0l
Qy(001] = o .
0 '3 D 0 ~iD|,
W37 0. =«D+3D) 0
0 0 —i(D—=D") 0
0 0 .0 iD-3D"
Qz[OQlj"—: . i : .
i(D+3D7) 0 0 0
0 D—-D") 0 , oJo

For each polarizatio_n the intensity o f a given Stark component is proportional to the
absolute square of the corresponding element of the transition matrix.s The matrix Q. (001)

corresponds to linear polarization (e|{) parallel to E'and' (x[001] or Qy[001] corresponds to

linear polarization (el) perpendi_cular,to E The relative intensities are given in Table VII.
In Faraday éonfiguration, 7}2= (Qx+Qyi) and 7=1§——— ( Qx—Qyi) corresponds to left-
circular polarizaton] (e+) and right-circular polarization (e.) respectively. The relative
intensities are given in Table VIII. For a I'y—I’sy transition, one can use two real
parameter u and v to express the relative intensities. For each polarization, the sum of the

relative intensities are given by
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N=4{D+D”|3+16|D"|2. _ (44)
The two real parameter u and v can be defined as below.

DD’ 3= 1-0), | 5)

1D+D7 13 =2 (1—w). | s
It is easy to find that |

|D+3D7|3= -——(1+v), ‘ ~ , “n

|D7|3=-fgu, and = (48)

pr=_f a=F-g. _ (49)

Therefor, u and v restrict to the range of inequalities:

0<u<l1, —1<vx] and -1~ )_<, 2ls(1——34“—

TABLE VII. Relative in;egs;ties;fof.Starkcqmpon_e_nts with E{{ (001

L

Zero~fisld Si‘ér’k o _Trgnsition probability " Relative intensity
transition components el T el €]l el
Iy I'e—Ty 0 6[Dots 0 =2
o 8iDel*  2ID,* 1 1
[y—1I'y eI C-8IDI* 2Dt 1 <
I ,1, ) 6|D,|? 0 ‘%‘
Pe—ry [s—"-—'[s B e o | —g_
re—ry ~25D+3D‘ 2 *‘*(“"). g e
A 2D-D’[*  2[D+2D’|3 L (1—v) —- (- Bws T

»

TABLE VIII Relatwe intensities of Stark components in Faraday configuration w1th
E ;| (001] (Cicular polanz1t10n)

Zero-field Stark - Transition probability Relative intensity

transition components €s €- € N
| 3 3 3 3

Is— 1 g ~—1Iy - 6/Do| 6|D,| -1 o i
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I'y—1'
I'y=—1'v  I's—I
It =y
I'y—1"y [e—1s
I'y—1's

2[Dy|?
6/D,”|3
2|D,” |3
6/D7|*

2/D|*

'y ~—=lg 2{D+2D"|*

6/D"|?

61D’ =
21Dy’ |2 “32_
6/D” |2 | 2
2|D| Ta-du
2D+2D]* L (—-Sut3)
6ID* 3 - {}u

1
3
L

2

_(1_

.plc.o rh‘r—t .r:-Io—-

u+

)

II. Applied Electric Field along [111)

In this case, the transformation matrix S be found from Eq. (13),

1
6

"

0

L
v’ 2
A4i
v 6

o ET I

]

an

ok L+t
V6 Ve -
1

0 VI

—i
V2 |

At 1
V6 76

For a I'y to either I'y or I'; transition, 57 is 2X2 unit matrix. For a I’y to /'y transition

§4=S. We chose & parallel to [111) direction and %7, ¥~ are two orthogonal axes perpen-

dicular to £ and the relationship with the crystal axes is
R=R+7+2DHV 6 L ¥ =GR—9/Vv'"2 , and ¥ =R+9+2)/HVT .

case (a) I'y—=1"s*

Qx7(111] =,—/D—;———_[

Qy'(111)= D,

_l/
, — —
_ 48 Ellilj v

case (b) I's—1'1:

Qx’fll]-J =Do,

3 D, [ 141
3

1+

f 0

L -1

2i

[

1 0 —3

1+4i 3i 0 } .
i —(1—i) —i

0 i 1—1 ] ’
—2 0 0
14i 0 0./
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’ ¢ 1)) 1 2(1+i -1
oram=24- [ 7 Y ]
i —(149) i 2(14+19) ,
, L 14 0 0 0
Q7111 =y"2 Do’[ ) ]
_ 0 1—: 0 0 ;
case (c) ['s—1'y: ' ) o
0 2D’ (1—1) —2D” —~Q—D(D’+D)
—2D7(1+1) 0 —~1+d(D"+D) —2D
Q571117 =;7—= '
—2D” —(1—1)(D’+D) 0 0
Q+D(D’+D) 2D 0 0 ,
(—4iD’  —201+i)D’ —2Di  —(1—i)(3D’+D)\
2(1-)D” 4iD’ —(1_:)(313’4-0) —2Di
Qy/T11L) ==
2i(2D”+D) (1+)(D’—D) 0 0
\“(=i(D’—D) 2i(2D’+D) 0 ’ 0
D’+D 0 0 _ 0
D’ +D 0 0
Qz’Ellljz s
_ 0 - —(D”4+D) 2D”7(1-1)
A I .0 =2D/(A+1)  —(D’+D)

The relatwe :ntensmes for hnear polanzatmn are given m Table IX, and that for cicular
polanzatxon are given in Table X.'We ‘are interested’ to note that'the relative intensities
dependend only one parameter u. For all typy ({'ses——/"4) [ are forbiddent. In a 'y —/',
transition, if D’ =0, (I'y—I,)]. would not allowed and all other allowed transition would
be have equal intensities.;

TABLE IX. Relatwe intensities of Stark components with EII [1113

Zero-field Sta-ik " Transition probability Relative intensity
transition components €l el - el €l
[y—Ts ro—r. 8ID, |3 2(D, |3 1 4
Usve—Ds 0 - _8|D;|2 0 _'Z_
ry=ry Lol 8D[* 2D 1 4
] . - _ L _ , 3
I'seg—1",4 0 6[D0 l oo 0 —4——
ry—ry r—r, 2{D+D”|? 8/D’| —-(1—w -
Ui—l'sse 0 2DFD/AH4DYT 0 —(1--3)
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e 0 —5-(4ID[+2(3D°+D[*) 0 L8

[sss—ses 2]D+D’}34+16|D”|3 0 ; (14u) 0

TABLE X. Relative intensities of Stark components in Faraday configuration with

EI] (111] (Circular polarization)

Zero-field Stark Transition probﬂbility_ Relative intensity
transition components €+ e + €
rv—re  Di—le . 2IDl? - 2/D, |3 -4 +
B D R
Ta—T1 rv—T 2IDy’13 - 2[Dy’|3 - 1
[T and I _6lDo"!’ ' _ 6iD,” |2 —2‘ %
Dy—1Iy ["4-_—-:-["_' o 8|D” |3 8|D’1 _-g_ __‘21_
Iy——Isis 2ID+D?P+4ID* 2D+D7|2+4|D7|* T (1~2) L3
Foery DD 1D 204D D E 0 a2
. - - 0 .

cPgvs—>see 0-. ISR A | IRt irs | IS

III. Applied Electric Field along [116] - - -

In this case, the transformation matrix are found from (16},

1 0 —ip 0 7

1 0 1 0 s
S=a+pmt —ip 0 1 0
0 iP 0 1

For I's or 'y state S/ is unit matrix and for Iy state S/=S, _,
we chose 7= ‘—/—%———- (#+9) parallel to the direction of applied electric field and other two
perpendicular directions are ¢/ ='—/"-}§=“(——£+S‘r) and 8 =—%,
case (&) [g—=1's:

—2D, { 0 i 0 —p
Q<’[110)= ]

¥
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ﬁ 0
(g A+d e A—DdD),a+EF+DTIC+T)
0

((EA+EE A+dp) ,a+(b-DaIG-D

((@+dE b€ N,a++IHaI-1) 0 ((¥g+ & A+Dbd W\,.o\nibléaeiu ) |
0 ((bg—b¢ & A+ & M ,a+(b-DaIE—D~ 0 3G mﬁcpica (0TI
((Bz—b¢ € A+ €. M)A+ (B—Da)a+1) 0 ((bdg+bE A+dE A gi&é&oncn l
0 (4 € A-bE M1+, a+EF+DAIT D~ 0 _ /
0
L(E_ A+ E A0, q+(@E+DAIG—T)—
0 -

(b E N—4FE N+2,q+(@-bai(t+1)

(¢ € A+Db & A—7),ad+Bd+DaIC+1)— 0 (e Atde—bd & ) ,a+(b—DaI-—-1)—
0 (£ € A+ & A+b),a+(@ D)@l ¢+ D— 0 3 GOHDGIH DR
) T =[0IT],.f
(& A+ § A+bE),d+E—DAIE—T+) 0 (b g.A=d £ DI, Q+PI+H DA AT~ = om0

0 ((bg A—9¢E A2 a+EFF+DAIG—1)— 0

— 181 —



S. S. Tai

(/3 +p(1-D) 0 G/ 3 p—DA+D 0

D,
Oy’ (110]= /"3 (1+p%) ﬁ

. .0 VI p-DA+HD 0 T A1)
Dy /T —p(A+i) | 0 W gerDA-D 0
Q:(1101= /2 (1+p¥) i ﬁ T X — .
S - 0 /3411 0 O/ 3 —p)(1—i)
Om.mmﬁ.—uu s—07: .
O 110) —2D.0 ﬁ 0 —p 0 i
CT10)="""2 (14 p3) ¢
(1425 1 0 5 0
D,’ (AT A+ 0 (p—v 31— 0
Qy (110}="7F (1+8) 7 | . . —
L 0 IO+ 0 I HDAAD
Dy WTDA-D 0 e/ AED 0
Q=" AFp5 T | - | - . .
0 G/ T 4+A+D) 0 . (/73 p—1D(A—4)
case (¢) [g— 15t
(D(p+@)+D’Bg—p)Y 0 [—D—pD+D’(1+3p)] 0
— et S 0 (—D(p+q)+D’(b—-3p)li 0 —(DA—pg)+D"(3+29))
CHOIZA+DATD | b4 D7(pg+8) 0 (=Dt +D =38 0

0 (DQA-pg)~D"(3pg+1)] 0 (D(p+a)+D?(3q—p)Ji

e
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In this case we should note that the direction of polarization depends on the direction
-_— - . . . . . :
of propagation k. When k perpendicular to the electric field direction, there are two kinds

of linear polarization, one parallel to electric field and the other perpendicular to I? f.ield.
The relative intensities are given in Table XIA, and XIB. If light propagates along E field,

thete are two kinds of circular polarization with equal intensities given in Table XII.

Unlike to the case of E!l {001) and -}g[j (111), the ['s—17's and I'y——I"; transition depends
on the directly measurable splitting parameter p. : :
The variables that appear in [’y ~— s transition are defined by
Pr=p4q,
e-=7r—q,
p1=3(p*—1)(¢3—1)+16pq,
pa=1+pg,
Ps=1—pg, _
P =3P D@1,
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IV. Applied Electric Field in (001) Plane
When electric field lies in (001) plane and the angle with & axis is 8, the trasformation
matrix is given in (21). We chose ®”=2%cosf+ ¥sind, §7=—2&sinf+4cosf and 2 =%, where 2
IE. |
case (a) I's—Ts:
v 8 d(c+is)+ (c—is) 0 v 3 (b+is)—d*(c—is) 0
'Q,f<w1>=—%’-[ | |
_ —d(ic—s)+v" 3 (ic+s) 0 (ie—s)+v"3 d*(ic+s)
T d(es4ic)—(stic) 0V F (—s+ic)+d*(s+ic 0
Qy’(OOl}:Ii;’[ ) J

d(is+c)+v 73 (—is+e) 0 —(sitc)+yv T d*(—is+c)

0 y 0 . s
Q.7 (00)=20s e ‘ ]
1 1 ' —d* 0 :
case (b) Fs— Tt ‘ '
D —d(c—is)+v 3 (c+is) 0 (is—c)—v" 3 d¥(c+1is) 0 N
Qx"(001)="2-
N{ o —/ 3 d(ic+s)+(—ic+s) 0 V3 (s+ic)+d*(—ic+s)) |
p dsHiOTY T (msHio) 0 (is+c)+v/ 5 d*(s—ic) 0 Y
Qy/(001) =22 | o
Lo v 3 d(is—c)+(is+c) 0 v 3 (—is+c)+d*¥(is+e)) |
< 0 i 0 icd®
D 7
Q.7 (00D =% . }
N 4 0 —1 0o /)

where s and ¢ are abbreviation of sinf and cosf. The relative intensities for E in (100)
plane are given in Table XI. The direction of polarizaion depend on the direction of prop-

—
agation vector k. When §=0° and 45°, that could reduced to case 1 and 111. The I's—1"s
transition are tedious and we do not give here.
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V. Electric Field in (110) Plane
When electric field in (110) plane and @ is the angle between the x axis and the field

direction. The transformgtion is given in (29). We chose %7 —-7—(x+y), VA —';—/_ — (R+¥)

cosd+2sinf and 2'=‘—/1—=- (2+9) sinf+icosd, 271 E For a short notation we replace ,i/‘g_—fj
and by A and B respectively.
case (a) IMg—T¢:
0 1. D, [(1+:‘)<1+|/ 3 A 2By 3 i A-DG 3 -4 2Bi

s = 3

V2 M| 9B (A-D(A—V"3) —2B/73 (1+(1+ ,/?A)}
(-—1-}-:)(]/-— v 3 A—L, 12Bs) —/ 6 Be—24s (Vl,'fi—)(n/'?f-PA)c v 2 B — 25i )

L =__D_°_ ‘

¥ M !

—/ T Bei+2s 71T—2_*~(A+,/?)c (/G Be+245)i -(1—i)c'i§_2_41c—-235

(—1+ ) E-‘/_73_—Az———13+23cj —/ 6 Bs—2Ac FEE(/ 3 s (/7 Bs—2ei)

Q:z, = M

—/ T Bsit2e SELCA+/ T (/B Bst2Ad a-» L34 om0

casd (b) I's— 14

_Dof (A-DA+V ) 2B 1+ 3 A-D 2BV 3i
V2 M, g (1+DG/ T A-1) —2Bi —A-DG/ T+ A)],
o (40 T~ Ae(— T Bt 2i= (=D e +289) (41 Bo+24s)
L (V6 Be+2As)i (1—:)(43—&51 +2Bs) ' 2 Bc—2s (1+i)§32_;_l4 c
)% DI ROl e Bs+22i ~(1-=><:’/' 32_:4+_13+23c)< V& Bs+24c)
Do’
. Qz, ;-_-
{ (28 Bs+2Ac)i (1—3)(‘/3 ;+1s+23f:) V' 3 Bs—2¢ 9*‘)(/T—A)s

The relative intensities are given in Table X1V,

In external uniform electric field that will cause the fourfold degenerate levels both
shift and splitting into twofold degenerate states and the twofold degenerate levels shift
only split. We have- calculated the relative intemsities of Stark components, rigorously, that
not the relatwe value of transition probability, the relative intensities must Le multlplxed
by fractional population of initial sublevels if the Stark splitting are sufficient small, and
all initial sublevels may be assumed to be equally populated, then intensities would becom
identical with what we calculated. In experiment,*® only broaden and shift of absorption,
which are quadratical with the applied field, are observed that would be supposed due to
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unresolved partial splitting of spectrum - lines. Bir?? estimated -the magnitute of Stark
splitting about 5X10-* E* mev for germanuim. (E.inV /em),” and who also estimated the
splitting at maximum possible field above which. low ‘temperature “breakdown’ happens
about 2xX10~% mev that too small to observe. '
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Annual Report of the Institnte of Physics, Academia Sinica, 1972

X A R R B i & 8 o
M #8fEHm h
X R P oz a [ 4

5 R R M I H R AT

HhEHREL

BT RS R R R — TS - BSOS A SRS CE %.y.p.t coordinates T):
Equztion of Motion

dV Jr

+EXfV+gvZ=— b ' (1)
AV f:‘?ﬁ(q:ﬁﬁ[‘]% ' kREEENHE  gREINEE » 2858 (15013&110 height), 7 BH
et RERE o p REXN £ B Coriolis 2% -
_ Hydrostatic Equation
HRKABHEERMNBRPE » KERBES e E TS
o0z __ 1. ot
" pg \ ).
KX ¢ RARER -

Equation of Continuity "

da . E
vV =0 | @
R o =2
Equation of State _ , .
p=pRT €Y

APRREFZEE » TREE -
First Law of Thermodynamics

' g _ 6  dQ : , _ . 7 o
5"‘\‘*%%% heating rate, ¢ £ potential temperature .

0__T(p1000>Cp. o . _ RO

Piooo £ 1000 mb EZE?J Co REFEFRARZ Specific heat o utﬁﬁﬁﬁﬁﬁ%@ﬁ IR REER
?ﬂiﬁﬂi‘t (BEXKXEEFB R Shuman & Hovermale, 1963) s [RE| LA ERAMV,Z,0,p,0,

T o NRESEHE MR (exactly) fEAERER 2R THARED » n&ﬁ%ﬁﬁéﬁ%ﬂﬁﬁ
HEHEBREELE

Baroclinic ‘Model
7= Rossby number % Froude number FAMTET » Eq. 2 f{4A Eq. 1 (L&

* RLARTHEEFMBERG TR
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AR BRI

R TN EHE -—+., 3; s Voo X Y- ‘W — gk X 3; )
A (= kevXVo EEREH L » iﬂ@*ﬂﬁﬁ.ﬁq:ﬁﬁi\%ﬁﬁﬁﬁm%iﬁ“%ﬁﬁ
v =kx—%~v2 or (=-8.yaz (8
: jf S ‘ ‘
A Eq.7 {78 (Haltiner, 1971; Thompspn, 1961)
2 viz=—](Z, C+f)+?’ e —TFhevx 2P (Zw) (9)

KRR —ERHEAE P-level, x By FABHTHE o ek FEFES HEA A high-frequency gravity-
inertia waves EEMBk » E T low-freguency, quasi-geostrophic motion { Arakawa, 1971) >
Ere { EREERERBLRTER -

# Egs. 2,3,4,6,8 fRA Eq. 5 i@

d . 3Z_ & _d9 _
o ey o 1z, ap) w— Cpgp‘: dr at = (10
A F
1l 30 _ |
~- 1 | (11)

%g{;’éﬁﬁéﬁﬁéﬁﬁgiﬁ » MAIAZ spatially constant radiational cooling (Staff members, 1965).

o JhFF » /A geostrophic wind assumption ZiNA » ERIAEFEREG LSS Eqé. SRI0E ZXR
e @ERAH - REHHE

v* (Eq. 10)-2 (Eq. 9T

}’ NPw g 9z g g
Vicw+ g i = vaJ( ap,Z)J ~ 3 CJj(C = ViZ+f,Z))
__R dQ ar _
co2h ———3 i +/k Vx apl (12)
R BAY w-equation, s (HRXTERMERE 1 oEHHS ZS&{% °

BRI -
AE R e % » LERE eddy viscosity S[# lateral nnxmg FrE R NRA » TFEL
B o Al KESAMhER S RERE R H5 B (Cressman, 1960)
7=pCp | Vieoo | Viooo at 1,000 mb
=0 al higher altitude (13)
rf Vieoo 55 1000 mb BEZHE » Cp ﬁl’ﬁﬁﬁ‘:ﬁ"
Benwell & Bushby (1970M8 3%
Cp,=0.0068 over sea
=(1+0.0026H)x10-% .. . - over land (14)
£FHEHEEE (in meter).
Arakawa (19718 o
Cp=0.001(140.7| V10001)<0.025 over sea
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AREREESHMEY T MBEMEEH

=0.002+0.006 H/5000. over land (15)
AXB#F (Staff members, 1965; Miller, 1969)
Cuo=(1.0+0.07]Vy00,])x10"3 over sea
=0.003 over land (16)

ot

ERMRARBOAREESRKERZHRAMYET LA hydrostatic BEZAEES o B2
’ Efﬂﬁ%ﬁ(fﬁﬁ}*ﬁﬁ%ﬁkiﬂﬂ%ﬁ.gﬁbﬁﬁﬁsﬁﬁ%ﬂ%d\ﬁﬁkiﬁ{bﬁiuﬁ@%‘lﬁﬁi&*Eﬁﬁﬁﬁi
RHE o ERNAAARFER » BEEXRTHEOENSHTNE » R eSS EhEE R

dQ _dQ. . dQ
2= at tar : an

AT AR -HERBEEARLZFR sensible heat ZHE » B HERKEERR latent heat > &
i o £ sensible heat > #EHE Gambo (1963) EHa

e = A1V 1000 l(Taea— TuX P
A=0.001 Taea>T4 . . ' .
=0.0001 Taea<Ts (18

Kokt Ty SEEEE. .
Haltiner (1971) @33
a9,

2 =0.00323] V0] (Tasa— T2)  at 300md - (19)

Gl Miller (1969) » B time domain B | o
 r=elViseol CTaamTopuso Co G030 below 700mb

=0 : above 700mb (20) |

ﬂ]‘#’ P1o00 5 1000 mbﬁtkﬁiﬁﬁ 'y = 1.0% Teea>Ty, 1=0.1.8 Tg.a<{Ts, 1=0.0 7Z=pih
to

BEESRASABHLAGEDT L ERERED » § latent  heat ZBHTHRE (Gambo,
1963; Danard, 1966; Miller et. al., 1972)

%%5———LF*mAS o when @<0
. =0 ‘when o =0 or P<700mb ) n
b SHEMER heat ‘of condensatibn, s (Kuo' 1965; Haltiner & Martin, 1957)
ATy 3
q*=0. 622e £p-0, 378e] 1 e saturated mixing ratjo
e=6.11 (- —35 1 EXP (25.22(1— ?73—33 % satarated vapor pressure
g oz | o
T, R ap
AS BERAEE b HaTSHG
T-T3ew point > -
AS=1— VA =0 | (23
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ARYEBEREL

FPAT HRERH o
Eq.12 THER
Aagry L S Po _ g 97 A g R _.dQ,
Mot + oy G = 20y U 2y, D) v
+F k ngp: —F3(2) (24)
a*:c,_féff *AS_0.25 when w<0 and p=>500mb
=g when 920 or p=500mb (25)

Numencal Scheme

=3 finite d1fference method # Eqs. 9,10 J} 248 » WWF?KIE%L%WE? grid systemZ]
Fig. 1 fff o EATMREES » REBAELETE 1 RiSx Ry HH2#EE » F computational
domain (i=2F NX—1, j=2% NY-1) FHRISREHBIZ/ NG o # d=332 km B » EWASA
e i=9, j=6 PEL - EEEFKEES » 200 mb F1000 mb MBS ESNE » B AP=200
mb Bk BPFRAEE A TRFE° Z,0RT&EHREN Fig.1 fiR» 0 ZBEEE

82 =Zr—2u-1 k=2,3,4 (26)

Numerical procedure #I Fig.2f7R » Initial conditions EXKAME » @375 300,500,700 % 850 mb
HIZ% T-Tdew potn:fiico 800 mb A ZIEH TR

2 =l (3Zas ssoms—14Z5+325) |  en
1000 mb WZETHATRARR o

Z1000=1.5(Z4—Z)—0.5(Zy~Z3s)+Z1000 : , (28)

T\=ATs—T)~(Ta~T)+T0 | (29)

K FZ1000 KTy RdomainNZ KFEELIGE o
Eq.24 "I# T2k iteration procedure (Wang, 1971)# 400, 600% 800 mbz w-field
n+l * % # *
@ ijkztain.ik wi+1j1:+ag-1ikw i-iil:+6ij+1kw ij+1}:+dij ”w ii -1k

ﬂall

. F3 d3 2 d
tomiags (Ciizat i) —-——‘“’ J%/(4a g?fz,M,J (30)
Fth n % nt+l & iteration procedure s I » m £ map-scale factor,
ERESRGEA F, Eq.27 EREREE
' a+L0 a '

AtE time increment, von Neumann necessary contion (Richtmyer & Morton, 1967; Kreiss &
Oliger, 1973) ER

At<Min d ] | (32)
[l FTv [ FTwl
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0,0, w 8 X,¥,z HEZ®E » 7 finite difference form y=A

d

At Min |

D A SRR AP A = e

P dap :
RdapRAPZ IR o
BEI# > Eq.9 7 finite difference form (L&

DZ Bt Z_ 9z 9z, L 9Z  _dt gt

o 0.25( of i+11k+ a! i-1.1k+ 9t yye1k OF 1j-1% —E’_Fhkjn (34)

UABMEALE 50 mb 207 fiold, mx

3Zn+1o 9z a
_ Mez| 55 | At gy 1€ | *
Eq.10 "8
3 Zt;Fff =0Z, +AtAPF - at initial time step (36)
aZ.t;’}';ilt —azt At +2At AP F at Ol‘ker ti?ne Sie.ps (37)

Ligg 400, 630 % 800 mb 2 32-—f1e1d.
FL, FAFe sholp -

J(A,B) =— (J1+J’+J3) - (38)

BLIGE squared vortic1ty & kinetic energy ?Fﬁﬂ‘f (Arakawa, 1971) s skrha
Jl:E(Ai+lj—Ai-lj) (BiJ*'I_Bi.f—l)'—(Ai.H'I""AiJ-l) (Bi+1;—Bi—1J)J/4d’
J’=EA'1+IJCB'I+IJ+-1_B‘1fl_f-l)_A!‘-lj.(Bi-11"'1“31“1]-1) ’ '

—AiJu(BiuJu—B: 1J+1)+Aij-1(Bi+1J '1'“"B! iJ-l)J/‘ida
EA:+1;+1CBi_1+1""Bt+1J) A: -1j~1 (Bi lj—Bij 1)+Ai 1_r+1 (Bi IJ—B:J+1)
Ai+1j -1 (BiJ I_Bx+1_|):|/4d' (39)

H&EB A center difference.

Boundery conditions EEEE FHELES
0=0 at 200 R 1000mb | (40)

ARED w1=0 and - ws=0

ARENFEK A E L R IR SR R iR AR SRS » BB time domain P Z at boundary REss.

+ SR CREWEMERL » 1972)

A. Free-slip boundary condition

- BECKRUESR LRI TE RS FOEXSraf =0 £ HBRE =

—0
(Welch et al., 1965),7]8
-!Jr:rmwltcn"yﬁfi~ E:zzboundarynz boundaryy—fg (41)
MRAEEBRFHLU 2 #4638 » AiE Eq.10 W15
e Z
“ boundary = - fJ(Z' Ery £42)

B. Fixed boundary condition '
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BREBALN > 2T+ wboundary HBEqQ. 42RW -
Results

AR ENER S ERPEEBERER A R - &
Computation domain B NX=20, NY=14,
d=3,322x10%m.
Ta-a-field i Fig.3 &HF=
Z-field f] Fig.4 Fi7s
T-Tdew D°int"field i Fig.5 e
o % o*-field 11 Fig.6 EREXERFAT
g=9.8m/sec?
e=10"¢
R/Cp=2/7
dap=2.15X10%m
R=287Tm3/sec3 k"
L=2.2TX10%m3/sec?

Zonu_—_llz.Tsm ‘ (43)
T,=273.2 °K, T:=280.9 °K, T,=287.3 °K (E¥EAFEE

£f=0.644 X10"* sec-!
AT =7.5 °K

Fixed boundary condition ) '
B4 TFE#R Fig. 2 = EESE » Tﬁﬂi 12 24/ (AXFHRI2R AN BIRLE) B2 REBL
M Fig. 7 FiR o BBAHALHE i=12, j=6 WEBE i=10, j=6 2 77 » /REPHFE 130° » Jrik 23°F
SEBEER 125° - JbkR25° AL H o
£. Latent heat BREB{LFE

FEH MRS HR Eq. 43 —8 » MiE—4H%E 500 700 mb 7“%@2!“57]‘%‘ latent heat BiH
s Eq. 21 B8

| dg;‘“—-LF*w AS when <0 |
=0 when =0 or P<500 mb | (44)

U NEHERE (300 & 500 mb)REMLE Fig.7 HFEZER » £F (700 K 900 mb) KRBLRHFZRE
% latent heat - JNEEMEEE » £HEE 900 mb RESL—F o HRTE Eq. 4 HF TR EBIHR
B4 RLIT s Eq.21 HREETE -
§. EEEiE HEE
M EAESR Eq. 43 —8 » SNE R BRI « KBS Co=0. 24/hRRZARBLEL 700mb
BB AEB G R T B TR MR E L AR BP0 Fig. 9 Bk (| Fig. 7 L&D
o R 7R » BR b Z-field $RA(filling) gk » Lié*@.*aufﬂﬁﬁﬁﬂﬂﬁ%(deepemng) 0
§. Sens1b1e heat B3
SIS R Eq. 43 —B (R sensible heat, 81950 =0. 20/ \FMER BT RTEIARE LIS

s HUHBEEN AR BB FRE sensible heat gy » Fig. 10 Bix (8 Fig. 7 8D % 9%00mb
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AERRBERESE T %R

HEEZARRE » R R ZEEREEAE » RREDOSERE o AE—HR%E sensible heat Fiim
BT FEERAERT LB EHEL » il ER sensible heat fyp— ﬁﬁﬁ@?ﬁﬁﬂﬁ%j{°

£, BB F R B .

EMR LN ERE SRS - FERLS TARRMBREDAEE 0 I SF6Esl (1972 FEds
oFig . 11BURE00 mbAEE 24 NFPIRFRITERS o

§. EHSREE .

Fig.12 Bi7R7E Eq.43 4T » ## Eq.12 R EE Eq.24, TS

t
2 f a 2 3
(Tisw+— 72 p,] { ? v EJ( ap 2 Z)]— EJ( 7 £ vz, Z)J+fk VX Bp }

_ L Q t-Af

¢ CDE’P j %

U/ NEERTTERE S » WHIBHIEEM scheme T » TREREKES » BEROEEEE 925mb £ o

£, BRGGEE

HMERG#RR Eq. 43 —& > HEHR _

“boundary=0 (46)
FrEER(Fig. 13)R fixed boundary condition THERF(Fig. DEL > M ESERERIERE: o
#EHED free-slip boundary condition, » FifE& % (Fig. 14) B fixed boundary condition THE

BER (Fig. 7) Bl » BEL—EBAERE o
§. No radiation cooling ¥

HABR- RS Eq. 43 —8 » HAER radiation cooling » ET\'EH%? ?O.Lttﬁ? » R E R HE A
BEVRVRSBN » BME Z-field HNER(Fig.15).

§. R&M smoothing ¥
HABGRAERE R Eq. 43 —#% » H initial Z-field WA [AFRREEDHEE @ I. EHEERELAN
1 Q733 RRBRAAFFFN » Al Fig. 16 BR24/NEP S00mb REELEBHIATA B B
» {Ry 800mb o-fieldHl EBUR lolmax =100, » BASE » SOETHEETER » datai® Smooth.

Simulation

AXHI7IEAAY—H Bess REARBBRARHR (A REFRHEFHRTLE » BEHE) -
BETENEDNE HARRE [2EENG®] AATE » EBRHBE time domain & Ts 2 R o Co-
mputation domain HF Tasa-field 71 Fig. 3 (EHFHS) Fiw o ﬁﬁ%}ﬁﬂﬁﬁ " Ta a MR 302°K
s BRSOE i=12, j=6 HHE » RENFE 130° s Jhki 23°HHE o
A AR BN AR ES » AL &I E S smoothing operator (Shuman, 1957)8% high
frequency Components E!Eﬂﬁfﬁﬁﬂ*%% _

Zijk =th+o‘125 (Zi+1J1;+ Zi—11k+ Zi1+11:+ ZiJ-ll:_4Zi‘Jk) “n

ARHPZ R ZE Smooth LIEIRLEZEE + Smooth [z Z-field I Fig.4 FFR o 900mb KEHEE
B OHEMEAEREH M0m Smooth 964 m. o T-Tyew poine field FR R AR A P
FEIBEHIZE: Smoothing operator %% short wavelength components » fi] Fig. 5 (REHES) Fir
+ R time domain A7# - Fig. 5 BRREERBLDREE » T-Tdew point B+ KER

— 217 —



KEpBEERL

ff1 o o-field 5 Eq.11 3RB » APV EHRFEARABAZ2ERREME » TEE » 4RBLHK » FIE
FLEE Smoothing operator (Shuman 1957) EZ high frequency Components,

4 4 rd Fd 4 V4 )
oi-=0 g a g —4e
LT + ( i+15k i-m:+ 11+1-;+ 13-1k gl
+- 1 (' Fo 40 ) (48)
- (a - G ] -
16 i+13+1k+ f-15+1k i+11—15:+ i-15=1k 17

A 0" B o B smooth LIAKIEZME » smooth DIigZ o-field 11 Fig.6 (EERHA) Pim o
o*-field 1 Eq.25 REL 1B smoothing operator@E#% » A1 Fig.6 (BERS) Mmo Fig.6 ¢
REHEMES o T o Bl AEELEHRASRER » ¢ X o ZRE Ko
e

NX=20 NY=14

AT =7.5°K

d=3,322X10%m

£=9.8m/sec?

e=10"6

R/Cp=2/7

dap=2.15X10%m

- R=287m3¥/secd_y"°

L=2.27xX10°m?*/sec?

Z1000=112.78m

T,=287.3°K ,T:=285.9°K ,T3=277.3°K

F‘O 644 X10~% sect

Free-slip boundary condition (49)
I R AL R BRI RS » Bess BE RA AR EIZR2A/ NS B2 B Fig.17 Fim o BEHOEA
NERBE 1=10, j=6Z 75 » AREIHAR 125° » Jrés 25° A4 HERBEEETREMATS » TR
BEEREE M0 mbEBEXRBRRT—5 o HEY Eq.49 & AT’ B 2.5°K, » /K8l

AS=1— T-Tde5v5'po:11 =0 ) (50)

FIBRESAN Fig. 1877 o MR TSRS — A BETE » MBS OBTRE 125°, » Jh# 24° 2o » AR
REBM—Bo

Discussion and Recommendation

S. EEEBERT  ACHANENEERENNERERRARNS I ESERARBEEDRL &
RABEREEEE ) (Eqs.17 & 13) » AEREABAERTRAMATEDRH T ER(Egs.9 & 10)
BURBGE, Bess REMAFEYREL - HRERF (Fig.18) o

S. AXRHNEHFERHEESMREEGEL T2 (Figs 75 17) » BREAARBRE DB -
BRRERVCVBBREE -

S. AMBER Bess ZEDRBE » AE Eqs.21 & 50 SRBHMK o Danard (1966)6
AT =7.5°K, Staff members (1965) #EfH AS=1.0 HERHBREBH » Miller (1969) %48
HIREEE 95% Dl LRg» A AS=1.0 » BEFBENRAE AXER AT =2.5°K YUERE

— 218 —



ARFRREGER I #MEAmE Y

radiotional cooling Hi#t Bess B IT o
§. ACHRARFEEZSBRERE (geopotential height) BatE &Y (data), » EAENBEREE
BERSRERK  E— S BN TSRS ERA G .

% i

BINFEEHRLARYTRRCAEERN - 217~ 5% ~ FIEE ~ BFRoR - RICREA o RHE
ol REEE A IBM 1130 S} » 28335 o

References

Arakawa, A., Design of the UCLA General Circulation Model, Dept. Met., UCLA, 1971

Baumhefner, D.P.;, On the Effects of an Imposed Southern Boundary on Numerical Weather
Prediction in the Northern Hemisphere, J. Atm. Soi., 28,42,1971,

Benwell, G.R.R. & F.H. Bushby, A Case Study of Frontal Behaviour Using a 10-level
Primitive Equation Model, Quart. J.R. Met. Soc., 96,287,1970.

Cressman, G.P., Improved Terrain Effects in Baro tropic Forecasts, MWR, Sep.-Dec.,327,
1960,

Danard, M.B., A Quasi-Geostrophic Numerical Model Incorporating Effeots of Release of
Latent Heat, J. Appl. Met., 5, 85, 1956.

Gambo, K., The Role of Sensible and Latent Heats in the Baroclinic Atmosphere, J. Met.
Soc. Japan, 41, 233, 1963.

Haltiner, G.J., Numerical Weather Prediction, John Wiley & Sons, Inc., N.Y., 1971,

Haltiner, G.J. & F.L.Martin, Dynamical & Physical Meteorology, McGraw-Hill Book Co.,
1957,

Hess, S.L. Introduction to Theoretical Meteorology Holt. Rineheart and Winston, N.Y., 1959

Kreiss, H. & J.Oliger, Methods for the Approximate Solution of Time Depedent Problems,
GARP Pub. Ser. No. 10, GARP, 1973. 7

Kuo, H.L., On Formation and Intensification of Tropical Cyclones Through Latent Heat
Release by Cumulus Convection, J. Atm. Sei., 22,40,1965.

List, R.J., Smithsonian Meteorological Tables, Smithsonian Inst. Press, 1971.

Miller, B.I., Experiment in Forecasting Hurricane Development With Real Data, ERLTM-
NHRL 85, ESSA, 1969. '

Miller, B.I. et al., Numerical Prediction of Tropical Weatherg Systems, MWR,100,825,1972,

Richtmyer, R.D. & K.W. Morton, Difference Methods for Initial-Value Problems, Intersc-
ience Publishers, N.Y. 1967,

Shuman, F.G., Numerical Methods in Wecther Prediction: I. Smoothing and Filtering,
MWR, 85,357,1957.

Shuman, F.G. & J.B. Hovermale, An Operational 6-layer Primitive Equation Model, J.
Appl. Met., 7, 525, 1968.

Staff Members of Electronic Computation Center, 72-hr Baroclinic Forecast by the Diabatic
Quasi~Geostrophic Model, J. Met. Soc. Japan, 43, 246, 1965,

— 219 —



ARpEERL

Thompson, P.D., Numerical Weather Analysis and Prediction, MacMillan, N.Y., 1961.
Wang, C.T., Drop-Water Impact, Anu. Rept. Inst. Phys., Academia Sinica, 107,1971.
Welch, J.E. et al., The MAC Method, LA3425, U. Calif. Los Alamos, 1965.
KEDEERLC  KERRBRGESEI ¢ T, SRS SRS ERER 177,1972.
ARHEEARC  RARBEESAR 1. SERERAKK By BTSN 1973.

— 220 —



AREREEG ST . MERHEES

NY
NY-1 LE =11
E 1, bl <
N
R T 4
R R S VR AT <
i, 31 N
2 777-%’7/’:“#/.—./1};—711 '
.11
b2 NX-1 NX

Horizontal grid system ™

w, =0
0 g,
R S S w
o —
(mb) 500 2P PSS —— Z,
s e o
700 2P —— Z,
TS_' iy Sl o 3 24 —————— w,
Goo 2P Z,

1000 T7777777

®=0

J
Trrrrrrr T rirvrrrrerryryriT w;

Vertical grid s.ystem

Fig].Grid systems

— 221 —



ARGEERLC

t t
z Eq.30&31 W

at 300, 500,760,900 mb at 400, 600,800 mb

t+at

Fig,2, Numerical procedures

— 222 —



A B G R B T 0 5 PSR L 7

T

] ] ] 108 1 7] 1984 L] L L) ™

) ¥ TT =T L T T
Flgure 3. Cowp!ucivn Domain & Tpea~Fleid ' : A .
—— 1970 Sep, 20-30 (n°K) o R R T & 3 2o W §
,==——= 1971 Sep, 2030 lin °C) | : X N Lol Ym
' I P e o R A
B g P — A o m— _I -
) ' {\ ) ‘J’
S S ety ~ AL
e R e A sttt L - - - - ]
. . a’-"‘ J-’ ” 3 / -~
—— fee L == o — <t J/ A
- . [
- L s WD A7
" Bl T v - s
' R R & =T L e s
plkia S o e et v o e =
vy . ; b Lot
| EA N B 7 ey - = p "
O SR B S SO S R o SHIIVE) el A
e X4 e —e T SRR ™
P— — —— LR - - - — - - -~
! ps 2 £ PR S - £
n T by & Sl R
e e e é - 5. ) PR
7 T N - -
v iy = T Py
L - e SN . F!""’ P "f,'/’\- i Bt
] 4 -~ . i |\‘_ ”‘w
— L L gl P W ; i e
i o B y BRI T v
. Y SRS A Y S A | T W T Pl b
! . rd - .
: - & AR R ~
i £y Ty - PR R S FET 5 -
. L < r29
ST e s - R fmaes et
- § e t T T et L — JFI——.
B i e Ay St S
2 . ¥ s ) : 1
) = ’ . 4 RN, B - — —_— - \ I
. ’ - . H ) - 7-
. , .
L. —— - k- - - — 1
il 3 Lt H ! . ., '
}-«..rl . o b ¥ - ““1‘_'1" -
o \ ! A ] 1 i
B . i '

1 T s : [} ] R . 1" '

| Figues 42 “2=Data
’ o twlhr




R £

% K % B @

Ty o3
¢EE s

Mo

|

|
10

. —224—



SRR B MR Y T M R M L




A F @B AR L

- > L 1% 180 90 1] T
Flgure 3. T-T poing D448 ’
p = B0 mb,
]
3%
¢ 1]
ipo '
L] . 149 I 8
K- BN
T N s .
‘. %
e ol | " >
5 = ol = N
Sl = /I // p "2\ \\
- 4 < - A \ E']
. C 7 7 - - i \ "
» L 4 { = 3y /#
{ V= e — 1 |
! _ -~ P 'l '/
/ g S
/ - ~ r—— 1 \
Le / ,\‘ \ Y
e L ,/ R I \ RIGN \.\
A \
n . /I R 7400 A /&‘ \\ _\ A\ \\\ »
4 /A - - AN \‘ N
1 { AT S \
— \ .0 30 . "
\\ e 1 . -y
S .
N s ) \
< \\___' ,_/ . ]J . }
5\ i 4
N, S LA
, N .- s "
¥ il ] Va Wil
. 7 A f /
% ’,
B v ¥5 92100
m - 119
_ . » .“‘: He R
£ L] L] 180 118 1 130 14 150 150 k1] 1
<7 7 T " .
Flgure 6, o & g* Fisld S
' s{x107) . .
i x 107 ‘ L
p = $00 mb,
59
A0 Ab m
" 50 5_0
*
/
-
- . H — -
A \
-, »
L} (25 N
-
o —— /’ g . ~
g ) . as ki 0
- Fd ” hY
5.0 5517 7 R}
[} . \\ F R
| ) Vo
n
AN v ; P
kL] AR ™ r
* R/ /
Jom ~ .
. . (WA
~ r 7/ o Tt
- . . A
| 4 ’ ‘
\ 4
. ' A
i - - - I |
/ "
10 50 J
1 5. p
™ 50 s
e 3.3 30 140 17

L] » L]
T

100 118 128 130




K TR R U T 0 e ol




AR % E B R &£

- —228—



KB P o 0 T 380 % 2 1

130 4

- 160

7 S
Fisld (with 2-layer bheat

~ 4

- Figure 8. Z-

T T
& surfacs frictibn}

EFI)

140

R1}

—229—



X R @ H

3|

[

" e Gmr24’br

w2 b

pasOUmui o

L] L] L] 108 118 -1 138 148 158 L) L] L] 10
< - 7 T T T T
Figure 8. ‘2-Fleid (with 2-layer heat & aurface Fristton)
wwmmmm el B
—_— 24 hr
p = 900 mb, o>
)
L)
—T D
o -
R L 3
. P ‘
7 r’ 1060
. / s
V4
f‘ N
A ‘ - - . Il
o
f g /7 ’_’"’ =% "\\ ‘r,
LS = - I
- e ] . 3 1
P : w . H
q1e - ht “\ i
~”~ . hY “~
-~ v .
A - . { H I i .
= s iy - ) 10ed
- .y ————
i .
T t\
A O TR
A - N
o RN
EANE
- ‘,.-..' ' : .\
T TR . BT
IR RN TR NERR N T
L w o Bl B B
Figure %, Z-Fleld {with hent, withous surface trievien} - -}

o 1

Ty



ARR BRI MR R

n.ou B L R N O ™ n "
7 T T -
I Figire 10, Z-Felid {with lataut beat & surface frigilon)
’ bl 2 Br :
. /28 br #
. ) p = 500 mb.
. “7’ :
¢ Y
= i
. oy
s
Vd -~
y .
”
L / 4 ~—
1 7 T 1
. 4 .
" 'k
g Iy
-~ ——— O A
il
N . Vi
T ~ N
- — AY bl
P ] \ | 20
— e
B - . \\ S 16
v~
} ~—
I
£ .
{ ¢/ A
! BN H
it ~ .
\
] J 2
’ " m - LN T i
W oM w e .,Ii - e m 1 :
B T AT PP R SO A S , s
L Figure l1_."z\-ﬂold l-_-um heat, without surfece frhd{on)‘ .
' e Lk TBE - B i o .
. | m— e 4
pa SO0 mb. - i
" T
] o "
)
A P ) o
: ._ Y to4a | .
»
»
-t »
T ol
, AR
V. o
o6 o N\ "
] . - -
H " 17 M

P TR




AR H E AR L

" W 180 " 1M 110 148 150 1] 2]
™~ ! T T i T 1]
Flguru 12, Z-Fiald (L sluy previous time step heai funotlen) °

[ T

B0 0. L] il 10 12 3t 148 £ 160 HO . M
< =7 T L -
Figure 1). f-Fisld (with beat & surface friction) .
Tt 20 ’
— L 24 hr
p= TUmb, )
¥, \Vh’“uw -0
'
2120 / 30q0 ¢
a 1 20 |-
P 3150(
A .
- —= 21
; a7 atref
- =
- ey g )
,/
0
- / e
A : !
~ ~
- ™ oy ~ -
- Err b ~ -
g R ~ I
4 = f\
m 32 LYY
- 1y S =
T - U v
! ' ST 3o
s
\ 5
16
b .
\ - H
v ny ] . (5] . 140 11

—232—

EL

m



K TR B R T A B




* £ H B AR £




R e S 1 T 4 B B L

"W " ] 1] " [} 1n - W m M e o
Ll T T 1 . >

pd

7 " - ; :
Figure 17, Slmulated 3-Fleid {with heat & surfase feigtion} | .
- T =7.5% : . ‘
. L. = i ) ' . 5
A : o i l
I\

1E BT » . o 150
. 238k
a: ;n. ;o m M. 1M e L) [ (AR L)
Flgure 17, Simulated 2-Figld (with bisat & surface Eriction)
T rraTs % .
. | mmueae— farfZ Ry o
- — L 24 AT "
. = 500
] . /
. ’ 5§19 56 Y
! 5
o
’ ) L
- - 00
= -.ﬁ.“_._‘ prm ity - .
T T
n AN bt i I
flHY s e=TN e
N | R R ]
N e V- R P
» . . - - N 1 . 2SR
S - - I [ oEa
- A s\ - -\ ]
. e el : ‘
- s Bt G
. . v o "
; v\ i
N 2
] n I -
' LTS : bt




X% B EMEALC

n_u ) L] g im 1 N L] L)
7 7 T T —RIT )
Figure 17, Slmuisted Z-Field (with n-'.u..u!m. triotion) * | ] N \
T'=7,59% S v
tar 1 hr -
— tr by “
.  p=T00 mb. ’ /
“ ‘ l‘
“\ d
‘..\ ._
ue ) 3pge
" 4

w\3

114 H ] 1M 1HY 124 130 148 L] 10 1 &0 He
-7 T 4 T T T
Figure V7. Simulited Z-1eld-1with heat & surface [riedon)
T'aT.1%
————a L} IhE
— " L 24 WD £l
 p=Nmb,
or ?
18 18% [} W
- e
™~
&0 / \ AN
[
1o ey
-
- - )
d . 3
20t
LY -
”~
4
Vs
/ —_—t
’
i
4 »
] -
HES . - a0
’f
1
\ -~
W 7
S
. P L]
1] e

(3t ]




KB R B U M

| 1 130 14 L]
T

—237—



XK R H B A £

-
LI " L] 1 L IREL 148 ) ) 1M W M
4 T T R i .
Figure 10, Simulated Z-Fisld {wlth byst & surfecs frictiou) )
Tre2.50°%% . k
~—— telihr . b
" Lo 24 B
) p =700 mb,
“ 7(
. - ¢ FET R
3 A
] ” sl
o — o e e - ’
e X7 e
—— e — 3
- >
ks P — —_———
. u
R — -
] Iy -\l - - T
-
A - 7
y
PO 1 L
el A tah n
] e )
“ v 3140
- \ ‘...--""
W
N -
; D e W 1T
- 5
. \\ a 10
Bl
" L\ SN
t\ 3120
e 18 [E] ™M 1t
'] % 1] 118 TN L [ R ] - W 1.
R O T R e o -
. Figute 18, Simulated Z_Fiald (with best & surface frictios) -
: T 22,3 .
—— e 12 b R "
——— ‘L_.'}J;.'J hr . R
. P = 900 mb.
] / T
030 -
. ! “
. 1040 :
L] . \) i
\ 1
b I
) \\‘ i
re to e
[} . et Y
N
. 10¢0 Y \ »n
- P . \
u
A ‘ s { . A
/ i N )
I/ - =~ b AT
’ /;h\ /
— W — -\ .
ety LV TN il
13 /"" \ \\ § »
n \ ; -~ . "’ }. ‘ \\ . ) ” ““
Py i E—
~
Fa
Py
/ q /7
s 4
L] = R N
) »
n " % T3 -1




Annual Repott of -the ‘Institute. of Physics, Atademta Sinica, 1972

Power Spectra of Upper Wind over. Taiwan in Summer*
Staff Members of Atmospheric Physics Division

Institute of Physics, Academia Sinica
Abstract | -

Spectrum analysis of the zonal and meridional components of upper winds from 700-mb
to 150-mb levels at Taoyuan (N 25°03’, E 121"'13") is made during the period July through
September 1966. The power spectra of the zonal and meridional wind components in the
lower and upper troposphere show a peak at the period of about 12 days but anut'G
days in the ‘middle troposphere. ' o

The horizontal and vertical structures of the dlsturbances are studied by computing
the cospectrim, the quadrature~spectrum, the coherence and the phase difference for the
zonal and meridional wind components. The results indicate that the axis of the disturbance
is directed generally from southwest to northeast near- the 12-day period -and that the
phase of the meridional wind components at upper levels lags behind that at lower levels.

1. Intreduveétion

Since the discovery of the easterly wave during the 1940’s, an iﬁcreasing ‘amount . of
attention has been devoted to the study of tropical _v#a\?e disturbances. By early 1950’s
the main features of the easterly wave and the closely related equ‘at-oria_l' wave had been
well recognized, and a considerable progress had been made in interpreting these phenomena
from a dynamical point of view. However, the sparsity of tropical upper wind observations
and the lack of a sound theoretical theory for expounding synoptic results seriously
stumbled and stopped the extension and generalization of these early wave models.

In recent years, the inadequacies in data and theretical support for syroptic investigations
have been improved to some extent. Systematic application of spectrum analysis techniques
to tropical time series has provided some compensation for poor spatial distribution of
stations (see Wallace, 1969). These developments have contributed to mushroom the study
of tropical wind time series by the use of spectrum analysis. The researchers working in
this field are so far too numerous to recount, such as Panofsky and Horen €1955), Kahn
(1957}, Rosenthal (1960), Maruyama (1967, 1968a, 1968b), Yanai et al. (1968), Wallace
and Chang (1969), Nitta (1970), and Madden et al. (1971), ete. To the duthors’
knowledge, however, many of the published materials have been restricted to the equatorial
lower latitude. In these regions a distinct spectral peak of meridional wind component
in the period range of 4 to 5 days throughout the troposphere and the lower s@ratosphere
was found (Maruyama, 1967, 1968a, 1968b; Yanai et al., 1968; Nitta, 1970).

* This research is partially supported fln-ough a grant from the Nationdl Science Council,
Republic of china.
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Taiwan (N 25°, E 1217) is lqcated to the east of China mainland and to the west of
Pacific ocean. The changeable summer disturbances in this "area arée controlled by the
vicissitude of the thermal low over China mainland and the anticyclone over Pacific
region. The disturbances in tiﬁs fegion are not éxactly the same as those in the equatorial
lower latitude regions. Hsu et al. (1970) made  similar spectrum analysis of upper wind
over Taiwan and reported that the v-component has the period of 2-6 days in summer in
this area. However, this resalt was felt less certain because the analysis was made only at
the 850-mb level. The object of this present study is to reveal some features of the upper
wind disturbances over Taiwan in summer with more quantitative details.

2. Data

Data of observations over Taoyuan (N 25°03°, E 121°13") used in this study are
taken from IGY Observation Data (1957) Published by Chinese National Committee. The
summer season we define starts from the beginning of July. to the end of September.
The upper wind observations were available twice a day, i. e., 0000 GMT and 1200
GMT, during the period 1 July ‘through 30 September 1966. Thus, there are 92
days or 184 observations available but the use of high-pass filter reduces them to 70
days or 140 observations respectively, Analysis is made for the wind speed and wind
direction at the constant pressure levels of 700 mb,_l500 mb, 300 mb and 150 mb. 7' Tabulated
values of wind speed and wind direction are given in units of knots and deg;ees respectiv-
ely. The numbers of missing data _at'eac}inlevel are listed in Table 1. Computations are
made by ‘exclt'zding the missing data. The wind data contain a few number of doubtful
ones, but neither correction nor rejection is m;_tde in our case. ‘

3. Method

3.1 Wind components

The zonal wind component # and meridional wind component v are obtained by
u=—ffesin(dd) %)
v=—fFecos(dd) ' (2)

respectively, where ff is wind speed, and dd is wind direction in degree measured from
the true north. '

3.2 High-pass filter

Prior to the spectrum analysis, we applied a high-pass filter, designed according to
Hollowway (1958) and Maruyama (1968a), to the original data to remove longer periods and
linear trends. The frequency response function of the high-pass filt_er‘ is illustrated in
Fig.1l. The variations with periods shorter than about ten days are almost completely
reserved. We shall call the filtered data disturbances. ,

Let #; be time series data. For every successive 45 data points, the smoothed data:
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point value #: is computed by the following linear equation:

22

u:—L Wi uia / E Wy, (3)
=—22 22

where Wy is & partxcular weight in the smoothing function. The smocthing function used
in this study is the Gaussion normal dxstnbutmn function; namely,

Wi=(2201) |+ exp(~/3/26%)-At | @
for o-—5 days and t=kaA? (k=0, il ------ , 322, AI=0.5 day) Then cnly lew: frequenr:les

of the original data #; will appear in n the time series of u, values The time series of the
filtered data u;” are given by the deviations from the smoothed data, namely, '

~

Uy =ug—uq A o : (3
If missing data are contained in successive 45 data points, the smoothed data point value
ut is computed by the remaining ‘dzta, The flltered data u;” cam_;ot-not be defined if u;
is missing. o

2 Pewer spectium znd cross s]:ectlum o :

Power spectrum and cross spectrum analysis of tlme series is the basic tool of the
present study. The method we use is that originally - desxgned by Munk et al (1959). Its
pnnc1p1e is chswssed by Blackman and Tukey (1958)

The covanance or the lag correlatmn, between tw0 t1me series uj and vi is gwen by

Cil, D)= (1/N—Q-m) 2+1 ug tie, | L ®
for £=0, 1, «. » M, where { is the lag number, M is the maximum: Iag number, N s

the length of the time series, and m is the number of undef:ned Pproducts. due to:.. missing
data. In general, the covariance between u; and Vi can be decomposed into a sum of an
even part EC,(u,v) and an odd part OC,(x,2); that is,

Cy(u,v)=EC,(u,v)+CC,(u,v) ~ D
where ECg(u,v)z—é— [Co(u,0)+C, (v, u)) AL (8)
and L o _ o o

0C,(u, =5 (Ca(u,0)=Cy(v,u)). . - | - ®

Thus, the autozovariances of u; and v; are equal to the evenm parts ‘of the covanances
with themselves; namely, 7 '
C,(u, u) EC; (u ) < B ¢)]
and ‘ |
C, (v, v) EC (v v) o (11)
respectively, ' h : .

In order to convert the abrupt ends of cavariance into smooth d1e~aways at the edge
of lagging =M, a lag window Dy, i.e., . I , '

: Dy =1+cos (=/M)=2 cos’(#£/2M), a2
is applied beforehand. The power spectra of #; and v with frequency k/2MAf are given by,
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respectively,
M .
Pi(u) = 20 C(u,u)>cos(kln/M)+D,+8, , (13)
=
and
M | |
Pp(v) =£Z‘0 Ci(v,v)ecos(kln/ M)+ Dyody ' (14)
where k has the values 0, 1, .M, and 6,=1/2 for E:O or M, and J,=1 otherwise.

The cospectrum, the quadrature-spectrum, the coherence and the phase difference

bptween u; and vy are, respectlve!y,

S_v;(u,v)=e20 EC,(u,v) cos(klz/M)+D;-d, (15)
M : . N . . . . i
Qk(uav)_='e20 OC (uyDesin(klaM)eDyody . o (16)
1/2 ) -
) — S’I-:(“:”)-["Q_’l:(u’_v)] e . ) . . ‘17
riud= [ UG Pio) | B an
8:.(u,v)= tan {Q:u(u,v)/Sr(%,v)] (18)
for k=0, 1, == M, where @ is taken between 0% and 180° if Q is posxtwe, and between

0° and —180° if @ is negative. With this convention & is the phase lead of v-record
relative to u-record. If the two time series data are identical and simultaneous, Sy (u, v)

(PL(w) » Pk(v)]‘} and Qu(u,v)=0. If they are series identical but there is a time lag in
one series corresponding a phase difference #.(#,v), then the coherence is +1. If the twe
time series data are unrelated, Sip(%,v), Qu(u,v) and Ry.(u,v) tend to zero for long
records, but with finite time series they have random values.

4. Synoptic resulis

4.1 Wind components

The zonal and meridional wind components for 700-mb, 500-mb 300-mb and 150-mb
levels during the period 12 July through 19 September are shown as solid lines in Fig. 2
and Fig. 3 respectively. Their smoothed values are represented by the dotted lines in
these figures, ' o ‘

In Fig. 2, the smoothed values (dotted lines) of the zonal wind components for 700-mb
and 500-mb levels appear to have a similar variation of about one month period. For 300-mb
and 150-mb levels, a similar variation also appears but with longer period. In general, it is
easterly wind before the middle part of August and westerly wind after. Thus, close
relationship may exit between the zonal wind components at the adjacent levels.

In Fig. 3, the smoothed meridional wind components show a similar variation of about
one and a half month period at 700-mb and.500-mb levels. In the middle troposphere the
situation is. somewhat difference, and vastly different in the upper troposphere (150 mb).
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-

Generally speaking, in July the wind blows southerly in the lower troposphere, but
northerly in the middle troposphere: and upper troposphere; in August the wind blows
southerljr at each level, and in September it is northerly wind below 500-mb level but
more intense southerly wind ahove.

4.2 Power spectra of the distvrbances

Fig. 4 and Fig. 5 show the time series of filtered zonal and meridional wind components
from 12 July to 19 September in 1963 at Taoyuan, respectively, Their power Sspeetra. af
various levels are illustrated in Fig. 6.

In the u-spectra, there are; at 700-mb level, a pronounced peak in the period range of
about 4 days and two weak peaks at about 12-day and 2-day periods respectively. Ak
500-mb and 150-mb levels, we notice a distinct peak at the Period near 12 days and a
apparent sharp peak at 300-mb level around 6~day period. Besides, we find weak peaks
in the range of three to five :dayA periods at the 500-mb, 300-mb and 150-mb levels.

In the v~spectra, pr'e'dominant_ peaks are found at a period close to 12 days at the -three
levels of 700 mb, 300 mb and. 150 mb, We also find a remarkable maximum at about
6-day period throughout the troposphere. In addition, there is a less distinct peak in the
period ranges of 2-3 days in the upper ‘troposphere. _

From the above analysis we ‘com_:lude that the disturbances have a period near 12
days e'xc'ept for 300-mb level at which about 6-day pei‘i’odicity i8 found. These remarkable
features of upper wind over Taiwan are different from those in the equatorial regions. And
c')u;'resuIi:S do not well agree with those obtained by Hsu et al. (1970).

4.3 Horizontal structere of the disturbences

In this section, we shall’ discuss the cospectrum, the quadrature-spectrum, the coherence
and the phase difference between the zomal and meridional wind disturbances at eacly
level.- The results are presented 'in Fig. 6. : , .

For the 700-mb level, the cospectrum has a . distinct peak at about 12-day period..
The coherence is larger than-0.4 and the phase: difference is-negative in this period range..
This means that the zonal wind disturbances lead . the meridional ones. The quadrature-
spectrum shows a pronounced minimum near the 4-day period in which the coherence is:
larger than 0.6 and the phase difference is about -90°. These results. indicate both the:
zonal ‘and meridional wind' disturbances have near. 4-day periodicity and the meridional’
one lags behind the zonal one by about one day. '

“For the 500-mb level, a prevailing peak of the cospectra is also .found at a period
close ‘to 12 days, the quadrature-spectrum is very small, the coherence is larger than 0.5
and the zonal and meridional wind: disturbances are nearly in the same phase.

For the 300-mb-level, although both the- wind disturbances only have near 6-day
periodicity, the peak of cospectrum mnear the 12-day period is very clear with the.
v-component lagging behind the w-component, and a distinet peak of the quadrature-
spectra is found in the vicinity of 6-day period with the  meridional wind disturbance.
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leading the zonal one by about 75°.

For the upper tropospheric disturbances (150 mb), the cospectra and the quadrature~
spectra are more notable near the 12-day period with the coherence slightly larger than
0.5 and the meridional disturbance laggirg behind the zonal ore.

It is noted that in Fig. 6 the cospectra between the zoral wind disturbance and the
meridional one for each level show a positive predominent peak only at- the period of
about 12 days, the coherence is around 0.5, and both the quadrature-spectrum and the
phase difference are negative. These results imply that the axis of disturbance is directed
generally from southwest to northeast throughout the entire troposphere and that the
meridional wind disturbance at each level has a phase lag with respect to the zoral one.

4.4 Vertical structure of the disturbances

Our concern now is the vertical relation of the disturbances whose existence was
revealed in the distribution of the #- and v- spectra. We then fix the origin at thel 700-mb
level ‘and calculate the cospectrum, the quadrature-spectrum, the coherence and the phase
difference for the zonal and meridional wind disturbances between the origin and other
levels. The results are presented in Fig. 7 and Fig. 8 respectively.

As shown in Fig. 7, the cospectra between the zonal wind disturbance at 700-mb level
and that at 500-mb level have a pbsitive predominant peak in the period range of about
twelve days, the quadrature-spectrum is small, and the coherence is larger than 0.85.
For the other two levels (300 mb, 150 mb), we find the quadrature-spectra have prevailing
peaks at a period near 6 days, the coherence is almost unity at 300-mb level and larger
than 0.5 at 150-mb level, and both the phase differences are positive, one is 40° and the
other 70°, respectively.

In Fig. 8, the cospectra between the meridional wind disturbance at 700-mb level and
that at 500-mb level have two apparent sharp peaks at about 12-day and 5-day periods. The
quadrature-spectra and phase differences are almost zero and the coherences are about
0.9. These features suggest that the disturbances at these two levels are nearly identical
and simultaneous. For 300-mb level, the cospectra and quadrature-spectra of v-component
show an evident maximum at the period near 5 days. Besides, the quadrature-spectra have
a clear minimum around 10-day periods. For the 150-mb level, we find somewhat complicated
features. The cospectra have a distinct minimum in the period range of about 6 days
with coherence larger than 0.5 and phase difference about —180°. In the quadrature-
spectra, there are a conspicuous minimum near the 12-day period with high coherence
(>0.65) and negative phase difference (about —100°), and a well-defined peak at the
period close to 4 days with coherence larger than 0.6 arnd positive phase difference about
90°.

As mentioned in the previous section (4.2), the spectra of the disturbances show
pronounced peak at about 12-day periods for 700-mb, 500-mb and 150-mb levels, and around
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G-day period for 300-mb level. The coherence and phase difference of the disturbances
between different levels may give us some information concerning the vertical structure
of the disturbances arciind these period ranges. Fig. 9 illustrates the coherence and the
phase difference measured from the 700-mb level for the period ranges of (a) 12.50 days,
(b) 8.33 days, (c) 6.25 days and (d) 5.00 days. The coherence for the four period ranges
measured from the 70)-mb level decreases with height from unity to about 0.5 with a few
exceptions. It is noted that the coherence between the zonal wind disturbance at 700-mb
level and that at 150-mb level is almost zero in the period range of 12.50 days. This ‘may
mean that in this period range the zonal disturbance at 150-mb level is not coherent to that
at 700-mb level. The phase difference measured from the 700-mb level shows slightly
systematic variation with height. For the 12.50-day‘, 8.33-day periods, the v-component at
lower level has a phase lead with respect to that at higher level. But the u-conipone;lt
shows somewhat opposite behavior, i.e., the phase of the #~-component at lower level
lags behind that at higher leve! at ths 8.33-day, 6.25'—da‘y “and  5.00-day, except
12.50-day, periods. -

5. Conclusions

From the spsctrum analysis of upper wind at Taoyuan from July to September 1966,
some remarkable features for the zonal and meridional wind components are obtained
as follows: . : : ‘ S
(1) In the lower troposphere (700 mb, 500 mb) and upper troposphere (150 mb) the disturbances
- ..of zonal and meridional components have a period near 12 days.

(2) In the middle troposphere (300 mb) the period of the disturbances in the zonal. and
meridional components is aboitt 6 days. '

(3) The cospectra of the disturbances at each level show a positive. predominant peak with
negative phase difference at a period close to 12 days. This implies that the axis of '
the disturbance is directed generally from southwest to northeast throughout the. entire
troposphere, and that the merdional wind disturbance has a phase lag with respect
to the zonal one. _ _

(4) The disturbance of the meridional wind components tends to lag with height in the
period ranges of about 6 days and 12 days.

(5) The zonal wind disturbance in the troposphere has a phase lead at higher level with
respect to that at lower level at the period near 12 days but on the opposite at bout
6~day period.

The Atmospheric Physics Division has L. Peng, C. T. Wang, 8. D, Ko, L. C. Ckien,
T.C. Ma, and W. L. Chang on its staf f.
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Power'Spectra of Upper Wind Over Taiwain in Summer
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Fig.4 Zonal wind components (filtered) for various'levels at
Taoyuan from 12 July to 19 September 1966.
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