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THE EXCITED STATES IN “Kr BY
THE $-DECAY OF 35h *Br*

G. C. Kiang (izsag), Lo Lo Kiang®* (4 88, D. Wang (£ &)
E. K. Lin (#%&4) and B. Cheng** (42 i)

Institute of Physics Academia Sinica

Abstract

The energy levels of ¥Kr populated by the S-decay of 33h #Br have been investigated
with a 43 em® Ge(Li) detector, a Ge(Li)-Nal(T!) coincidence spectrometer and a Nal(Ti)-
NEIL02A Fast/Slow coincidence circuit. A total of 30 gamma rays were observed, and the
directional correlation of 534-619 keV, 334-1318 keV, 776-698 keV, 776-1043 keV, 776-1318
KeV, 827-1043 keV cascades have been measured. The lifetime of the excited states at
776.3-, 1474-, 1820-, 2093 keV have also been obtained. .

With the energies, intensities and the multipole mixing ratios of the y-rays in *Kr,
the partial transition rate and the reduced transition probabilities have been deduced for

various transitions. The main sguare deformation g2 of *Kr has also been deduced.

1. INTRODUCTION

The p-transitions in %Kr nucleus following the g-decay of the **Br and
**"Br have been studied rather extensively during the past years¢™'®. With
the advent of the high energy-resolution Ge(l.i) spectrometers, a considerable
large amount of informations expecially on the weak y-rays have been found
to establish the presently acceptable decay scheme.

The even-even nucleus of **Kr with 36 protons and 46 neutrons, are far
from the magic numbers. Early in 1956, Waddell and Jensen(> described the
excited states of *Kr nucleus in terms of vibrational levels. These levels have
also been interpreted by Klema et al."*> and Simons et al.t'* as rotor model
with rotation-vibration interaction.¢*®> Shortly, Etherton and Kelley(*> obtained
the ratio of B(E2) for the 698 keV and 1474 keV transitions from the second
2* level as 60410, which is fairly in agreement with the value of non-axiality
parameter y==30° obtained by Klema et al..('®

The present investigations were undertaken to test the energy level scheme
and the p-transitions energies of the **Kr nucleus. Of special interests were the
lifetimes of some of the excited states at 776.3, 1474, 1820 and 2093 keV.
Together with the informations about the p-transition energies, intensities,
branching ratios, angular correlation functions, and total conversion coeflicients,
it is possible to deduce the B(E2) transition probabilities.

* Work Supported by the National Science Council, R.O.C.
¥+ Dept. of Physics, National Tsing Hua Univ. Hsinchu, Taiwan, R.O.C.
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2. EXPERIMENTALS

2-1. Source Preparation

The *Br sources were produced by thermal neutron irradiation of nature
bromine (492 "Br and 51% °Br) in the form of NH,Br in the Tsing Hua
reactor. The irradiation time was 10 min. in neutron flux of 10** neutron/cm/
sec. A small piece of the activated **Br of about 10 mg was stuck at the end
of a small (~1 mm diameter) stick to keep it as a point source. The source
will be allowed to decay for two days to let the 4.5h %"Br die off before
measurements.

2-2. The Gamma Ray Single Spectra

The Gamma-ray single spectra of ®*Br were measured by a ORTEC 43 ¢m?
ture coax Ge(Li) detector with energy resolution (FWHM) about 3 keV for
the 1332 keV *Co gamma ray. The signals were amplified by a CI-1412
research amplifier and recorded with a CI-8700 4096 multichannel analyzer.
The photopeak efficiency versus the gamma energies for the Ge(Li) detector
and energy calibration have been measured previouslyt®) in this laboratory.

In order to reduce the natural background and avoid the interference of
the g-particles, an 1 cm thick lead cup with 5§ cm thick acrylic plate was used.
to shield the detector. The source was placed at 10-, 15-, 25 c¢m from the
surface of the detector separately during the course of measurement in order to-
identify the summing effect.

2-3. The Coincidence Spectra and the Directional Correlation

In the coincidence measurements, a 43 cm® ORTEC Ge(Li) detector and
a 7.6 cmx 7.6 cm Nal(T1) crystal were used. The signals of selected y-lines
from the Nal(T1) branch was in coincidence with the signals of Ge(li) branch
to operate the time-to-pulse-height converter, which was employed to gate the
linear signals of Ge(Li). Four coincidence spectra gated at 554-, 776-, 1043-
and 1437 keV were measured.

Directional correlation measurements were carried out with the same system
under the same condition, except for the Nal(T1) detector which was turned
around the source, and the Ge(Li) detector was kept fixed. Five correlation
functions of the 544-1317 keV, 554-619 keV, 776-1317 keV, 776-698 keV, 827-
1403 keV cascades were obtained from 6=90° to #=180°, with an angle of
increment of A¢=10°. In order to improve the accuracy, each run was measured
three times. The source-to-detector distance was kept 15 cm for both of the

— 2 —
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two detectors. The measured data have been normalized by the decay law and
have been corrected to the known **Co 4*(2)2*(2)0* cascade transition for the
geometrical errors.

2-4, The Lifetime Measurements

The lifetimes of the 776.3-, 1474-, 1820- and 2093 keV Levels of **Kr
nucleus were measured with the conventional delayed coincidence techniquet®,
A 5 cmx 3 cm NE 102A plastic scintillator coupled with 56 AVP photomul-
tiplier and the ORTEC 269 photo base served as a detector, the other detector
wasa 5 cmx 3 cm Nal(T1) scintillator which was also connected to a 56 AVP
photomultiplier and ORTEC 269 photo base. The time resolution of the system
was 700 ps. for %°Co cascade transitions. Details of the electronic system and
time calibration have been given previously¢'®.

3. RESULTS

3-1. Single and coincidence spectra

Fig. 1 shows the typical gamma-ray spectrum in the y-energy region of 180
keV to 2614 keV. The gamma-ray single spectra were obtained with a ORTEC
43 cm® coaxial Ge(Li) detector. In order to determine the summing effects
of this detector, measurements were made at three different detector-to-source
distances of 5-, 10-, 15 cm respectively. The relative intensities of the gamma-
rays extracted from these spectra are listed in Table 1. The gamma ray energies
were determined from a calibration curve which was determined from a series
of well known gamma-rays in **Ba, **Na, '*"Cs, **Co and some of the natural
background. Most of the observed r-peaks in the spectra agree with the previous
works® 2 12, Two of the obvious speaks at 1820 keV and 2093 keV were
identified as due to the summing effects.

TABLE |
Nuclear |E. Li.ukkomaniSubrarn:a.niza.ni Meredith Present Work l Assiginment (keV)
Data et al. Raman . & Meyer |

Sheet(a) (b) I () ! (d) Energy (keV) r Int. k From . To
92.2 9222+.5 | 9219402 | 9219 i |
101 1010 =5 | 1009 100.89 | | |

‘ | 129 , : . (2555.92); (2426.6)
138 137.1+.3 { 137.4 - 1374 ‘ (2093) : (1956)
183.9+.3 | 179.8 18078 +1.5 0.6 +£0.003 | 2829 2647.8
221.4 221.5+.3 l 2214 +£.03] 221411 . 114 +13 ' 30.2 =0.01 2648 | 2426
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Nuclear “E. Liukkonen:Subramanian

Data
Sheet(a)

274

1010 -_i-l.Oi
1044 +1.2

1084

1317.24+ 2

1474.8+.2
1651

1728
1822.6+1
1874 +4
1959 +4
2036

et al,

(b)

4010415
554,242

606.8+.1
619.3+ .4

698.2+.4

736 +15
776.3+.3
827.6+.4
932.4+1.0
1007.7+0.8
10438+ 4
1073.2
1081.5+.6
1180.5+.6
13179+ 4

14744+ .2
1649.8+.8
1768.9+.8
1779.53+.1

1871.04+-.8
1957 +2

|
|
|
!
2051 =2 |
|

Raman

()

606.32:.07
619.05
698.32--:0 ‘
7111 |
736.61

77649+ .4
827.81+.3
952.12

100757409
1043.98+.3 |
1072.57
1081.05
1180.10
1317.47

TABLE

Meredith
& Mevyer
(d>

| 1Cont.)

Present

. Energy (keV)

273419 1 273.03

230.7

3329
3456
401.12

534.32

606.3
619.054
692.7
698.32
726.8
735.62
776.489
817.81
952.12
1007.568
1043.98
1072.57

- 1081.35
11739

1317475

- 1356.22

1650.29
177097
1779.58

1871.6
1956.5

; . 1426.82
1474.2 +.08
©1650.20

1474

1779.38

' 1956.5

281.8

L 400.76
P 480.8
554.32
599
60543
61889

698.25
723.8
734.58
776.28
827.39
9525
| 1007.66
- 1043.98
1070.7
1081.3
L 11728
! 1318.1
i 1351.2

1474.82
1650.3
1769.44
1780.5

(1820.3)
1872.8

- (205L.7)
| (2093.9)

=08
+2.1

+1.2

-

=1.5

+0.8

+0.8
+=0.8
+0.6
+0.5
+0.6
=05
+0.5
+0.5
+0.5
+0.8
+0.6
+0.7
+0.8
+=0.5
+0.3
+0.4
+0.3
+0.4
+0.6

Work

; Int,
12.5 --0.01
| 0.6 +0.01

1.47 +=.03
o260 205
900 10

i+ |7

15.7
631

G
o
L=}

3768 +
1.0 =+,
24 =+ |

1000 !
2732 +
29 05
12.6 0.8
342.2
0.82 +

O 6.01 0.5
7.85 +08 |

90+

066 +

. 203.8
724 +
024 .03
111 +0.3 ‘
0.94 +.

1820.3
2827.9
1956.3
2426.7

2426.7
2093.8

1474.8
25457
25359
776.3
2426
2426.5
2554.72
1820.3
2545.7
25559
2426.7
20938
28127.5

1474.8
2426.7
25437
2535.5
1820.3
2426.7

28275
2093

© Assiginment (keV)

To

1474.8
2416.5
1474.8
2093

1820.3
1474.8

776.3
1820.3
18203

g.5.
1820.3
14748
1474.8

763
1474.8
1474.8
14748

716.3
1474.8

g.5.
1763

776.3
776.3

g.s.
1763

1474.8
g.5.

(2} A. Artna, Nuclear Data Sheets, B1-4-103 (1966).

(b) E. Liukkonen, et al, Nucl. Phys. A138 (1969) 163.
(c) S. Raman, Phys. Rev. C 2, 6, 2176 (1970).
{d) G. R. Meredith and R. Y. Meyer, Nucl, Phys Al42 (1970) 513.
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The decay scheme obtained from the analysis of the single and coincidence
spectra is shown in fig. 2.

5~ 35h
a2
& SR R8er E (keV) I
28 P5EE. §8oo : )
T R AN YR e 282754112 5
1 e TP 2nm 2646.75£1.41 4
_____ ERNEEE TRE~20ddd - 2555.92:0.79
i D == 2545.7221.43
S2o2 2L76.51 £ 0.65 3
R Y
Naggdmﬂ
a7y 2093.83+ 048 3
o] 1956.3+1.3 1,2
o 1820.28:0.21 Al
~ o
o -t
83
1474.82+0,40 2t
=
>
o~
=
776.2820.11 bl
c ¢

FIG. 2. The level scheme of #Kr in the decay of 35h 82h ®Br.

Fig. 3 shows two Ge(Li)-NaI(T1) coincidence spectra, which were obtained
respectively with gating at 776.3 keV (Fig. 3A) and at 1474 keV (Fig. 3B).
In Fig. 3B, a clear peak appeard at 1620 channel which corresponds to E 1173
keV, since there is no such peak showed up in Fig. 3A, the 1173 keV y-ray is
likely due to the transition of 2674 keV state to 1474 keV state. The other
coincidence spectra gated at 554 keV and 1043 keV were in agreement with
the work of E. Linkkonen et al.(®

3-2. The Directional Correlation Functions

The measured directional functions of 554-619 keV, 554-1317 keV, 698-776

- keV, 1043-776 keV, 1317-776 keV and 1043-776 keV, cascades are shown in

Fig. 4. All of the data have been corrected by the finite angle correction¢®
and with a least-square fitting for

W(8) =1+ A;P,(cos8) + A,P,(cost)

. The values of the fitted A, and A, for each said cascades are listed in
_Table 3. 1t is seen that the results obtained are pretty close to the values
obtained by Etherton and Kelly®,

-6 —
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The Excited States in “Kr by the g-decay of 35h *Br

3-3. The Lifetime Measurements

In measuring the lifetime of the 776.3 keV state, the energy window for
the 5.08 cm (D) x5.08 cm (L) Nal(T1) crystal was set at 776.3 + 30 keV.
And the window set for the NE 102A detector was set between 660 keV and
1200 keV. In this energy region, both the 698 keV and 1044 keV transitions
should be in coincidence with the 776.3 keV transition. The time spectrum

obtained is shown in Fig. 5. The mean values of the half-life in the measure-
ment is

T.(776.3 keV level) = (1.016094 + 0.0193) x 10~% sec

For the measurement of the lifetime of the 1474.3 keV level, the 698 keV
r-line was selected for the Nal(T1) detector, and the energy window was set
in the 500~1100 keV region for the NE 102A detector. The 698 keV transi-
tion from 1474 keV level to the first excited state of 776.3 keV was in coin-
cidence with the 619.3-, 952- and 1081 keV gamma rays. The time spectrum
is shown in Fig. 6. And the mean value of the half-life of the 1474 keV
level was deduced from the third moment method®® in three independent
measurement to be:

Ti,(1474.3 keV level) = (0.87720 £0.1262) x 10~%sec

Figs. 7 and 8 show the time spectra recorded in the lifetime measurements
of 1820 keV and 2093 keV level respectively. According to the level scheme
of ®Kr nucleus in the g-decay of 35h. *Br, the strong. r-transition leading
to the 1820 keV level is 827.4 keV y-ray and the p-transition from the
1820 keV level is 1043.8 keV y-ray. The energy window settings were 827 + 20
keV for Nal(T1) detector, and 900~1200 keV for NE 102A detector in the
Slow/Fast coincidence measurement, the mean value of the half-life at the
1820 keV level is found to be.

T1,(1820 keV level) = (0.956434 + 0.0284) x 10~'%sec

Since the p-transitions leading to the 2093 keV level is 554.2 keV p-ray,
and the p-transitions from 2093 keV level are 237-, 273.5-, 619.3- and 1317
keV, we set the window of Nal(T1) detector at 554420 KeV, and the window
of NE 102A between 500~1400 keV. The time spectrum obtained from the
lifetime measurement of 2093 keV level is shown in Fig. 8. The deduced
mean value of this level is

T11,(2093 keV level) = (1.21902 + 0.1696) x 10™*sec

— 11 —
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FIG. 9. The time spectrum of the measurement for
the lifetime of 2093 keV level in *Kr.

4, DISCUSSION

It is interesting to check the level scheme of **Kr nucleus. Fig. 2 shows

our results in which most of the assignments for the p-transition agree with
the previous work except the 1173 keV r-ray. Raman® and Liukkonen et
al.®, assigned the 1173 keV p-ray as the transition between 1956.8 keV and
776.3 keV states. However, in the present coincidence measurements, we
found that the 1173 keV y-peak appears in the 1474 keV y-ray gated spectrum
(fig. 3B) but not appears in the 776.3 keV j-ray gated spectrum (fig. 3A).
Accordingly the 1173 keV jp-ray is favorably attributed to the transition be-
tween 2648 keV state and 1474 keV state of ®*Kr. This assignment is in
agreement with the results of Meredith and Meyer®.

In the directional correlation measurements, all the data have been
corrected with the finite solid angle correction®®. Due to the considerably
shorter half-life of the p-decay of *Kr, the data have also been corrected by
the decay law. In Table 2, we list the correlation coefficients obtained from
the present experiment together with the proposed transition modes.

In the evaluation for the lifetime of the excited states of *?Kr nucleus,
the time spectra obtained from the delayed coincidence measurements as shown

— 13—
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TABLE Il Summary of 8Kr Angular Correlation Data

Cascade Correlation Coefficients Proposed
Energies : - — Transition
(keV) A, | A, Mode
354.3—618.9 —0.1072 +0.015 —0.0136 +0.0035 (13371,
554.3—1318.1 —0.06167 +00015 | —0.02907 +0.0008 4(1,2)3(1,2)2
—0.065 +0.012* —.007 +0.0028*
776.3—698.25 —0.26918 +0.031 +0.2751 +0.021 2(01,2)2(230
—0.265 +0.025* +0.249 +0.014*
176.3—1043.9 --0,1123 +0.06 +0.06181 +0.026 4(2,3)2(2)0
+0.095 +0.018* +0.042 +0.044*
776.3—1318.1 —~0.0183 £0.009 —0.0586 +0.006 EIQWAYIgH]Y
—0.027 +0.007* —0.079 +=0.614*
827 —1043 +0.14192 +0.04 —0.0221 +0.025 4(L,2H402,3)2
+0.190 +0.027* —0.028 =0.047*
* Ref. 4.

in figs. 5-10 were analyzed by the modified third moment method¢®. 20, By
which, we calculated the third-moments of each required time spectra accord-
ing to Weaver and Bell®, and then normalized each of the third moment of
the required time spectra to the third moment of the known half-life (0.8ps)
of the 1332 keV state of *Co nucleus. This procedure gives the possible way
to extend the measurable range of the delayed coincidence method down to
t~107"sec. Without introducing much errors@®.

According to our results of the measured half-life of (2*) 776.3-, (2%)
1474-, (4%) 1820- and (3*) 2093 keV states, we calculated the partial transi-
tion rate P(E2) and the reduced transition probabilities B(E2) for each of
the E2 transition y-rays. The values of P(E2) and B(E2) are listed in Table 3.
The internal conversion coefficients, brancing ratios and multipole mixing ratios
used for the calculation are partially taken from refs. 4 and 22.

The reduced transtion probability of the 2* first excited state to the 0*
ground state of *Kr we obtained is 0.19729 x 10~*% ¢* cm?, which is about $
times larger than the value of B(E2) = (0.041 +0.006)e® x 10~ **cm* by Beard¢®
from the nuclear resonance-fluorescente scattering experiment. It is noted that
our measured value of the half-life of the 776.3 (2*%) first excited state
Tv,(1.016 £0.019) x 10~'*sec is also shorter then that of Beard’s r=6.9 1.1) x 102
sec as deduced from the average resonance fluorescence cross-section.

— 14—
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TABLE 1]
Egtt;i::d Trggts:ition 15]2:‘,: Internal ‘ PCEL) ‘ ?(EZZ:G
(keV) (keVy [I((MIZ))J ] C(0 iﬁ?ﬁ‘—"%t (0% secy e
776.28 776.28 | oo | 0.822 | 0.6816 0.1973

1474 69825 | o 1Ms Lo 0.19504

147482 o0 | 0.188 18750 0.003L41
1820 1043.98 o0 0.419 0.724414 0.04773
2093 1318.1 19 0245 | 02057 | 004238

618.89 | 4 | 1.4 : 0.2739 0.245818

,

{a) Ref. 1, (b), (c) Ref. 4.

Beard also predicated the lower limit for the mean lifetime of the 1474
keV 4" excited state of **Kr as 1.2 x 107'%sec. QOur measured value
Ty, = (0.87772+£0.1252) x 107"*sec for the 1474 keV 4" state is pretty close to
the Beard limit.

Using the values of P(E2:2%—0%) and B(E2:2*—0%), we also obtained
the deformation parmeter § = 0.4252 and the intrinsic quadrupole moment
0, = 3.149b with the nuclear radius of R, = 1.2 A'”*fm. The calculated
values are some what larger than the values of § = 0.2 and Q4= 1.5b as
deduced by Etherton and Kelly who adopted the value of B(E2) obtained by
Beard.

According to the Davydov and Filippov’s non-axial rotator model, Klema,
Mallmann and Day®" have shown that the energy of 4* state at 1820 keV
can be described in terms of the ratio of the energies of the 2* at 1474 keV
and 2* at 776.3 keV states. And they obtained the parameters y = 27.7° £ 0.01°,
g = 0.450 + 0.002. They also obtained the non-axiality parameter y = 29.0°+£0.1°
and the non-adiabaticity parameter ¢ = 0.38+0.02 for the 3* state at 2093
keV state. From our data the ratio of B(E2) for the 698 keV transition
(2+"—2*) and the 1474 keV transition (2*'—0*) from the second 2* state at
1474 keV is found to be

B(E2; 2*'—~2%) _ 0.195
B(EZ 27507 = 0031 = 022
This is in good agreement with the values of 60+ 10 obtained by Etherton
and Kelly®. This value corresponds to y = 27.13° which is comparable within

error to the values of y = 27.1°+0.1° obtained by Klema et al®. Another

— 15 —
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ratio of B(E2) for the transitions (rom the 3* state at 2094 keV to the 2*
statc at 1474 keV and 2" state at 776.3 keV is calculated as

B(E2; 3*—2') _ 0.0042
B(E2; 3*—2%) = 0.2458

Compared to the value of 0.017£0.005 obtained by Etherton and Kellyt
the agreement is seem to be good also. The corresponding y value (y=27.3%)
agrees well with the results of Klema et al.¢'D

= 0.0172+0.0003

The authors wish to thank Dr. C. W. Wang of the Institute of Physics,
Academic Sinica for his valuable and helpful discussions.
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A PRELIMINARY STUDY ON THE EXCITED
STATES OF %*Gd NUCLEUS’

G. G KIANG (iz ), D. WANG (=2 &), C W. WANG (=2 %)
and

E. K. LIN (i)

Institute of Physics Academia Sinica

Abstract

A preliminary study on the excited states of !'**Gd is reported. A weak y-ray of
966 keV is determined as the transition from 1650 keV state to the 680 keV state. A
decay schame of the '*Gd nucleus is proposed.

The excited states of "*Gd nucleus have been investigated extensively in
the past years'~". Since the strong deformed nucleus like ***Gd exhibits the
properties of vibrational band mixing . We do have interest to study it
carefully.

The '**Eu activity was obtained by the thermal neutron irradiation of the
enriched '**Eu isotope (0.55% ''Eu and 99.452% '*Eu) in the Tsing Hua
Reactor at National Tsing Hua University. The r-source was prepared as a
point source. The r-ray single spectra of '*Eu were measured by a ORTEC
43 cm?® true coax Ge(Li) detector with energy resolution (FWHM) about 2.5
keV for the 1332 keV *Co gamma ray. The signals were amplified by a CI-
1412 research amplifier and recorded with a Canbara 80 4096 multichannel
analyzer. In the coincidence measurements, a 7.6 cmx 7.6 cm Nal(TL) crystal
and the said Ge(Li) detector were used. The signals of the selected y-lincs
from the NaI(T{) branch was in coincidence with the signals of Ge(Li) branch
to operate the time-to-pulse-height converter which was employed to gate the
linear signals of Ge(Li) detector.

The typical y-ray single spectrum in the r-ray energy region of 180 keV
to 1800 keV was obtained by a 3 hr. measurement. The spectrum is shown in
Fig. 1. The relative intensities of the y-rays extracted from the spectrum are
listed in Table 1. The gamma-ray energies were determined from a second
order calibration curve which was obtained from a series well known gamma-
rays in '*Ba, **Na, ¥Cs, °°Co and some of the natural background. Most of
the y-rays in the spectrum agree with the previous work®™, except the weak
peak located at 1776 channel which corresponding to 966 keV according to our
calibration. (Shown in Fig. 2)

According to Whitlock et al® a weak y-ray of 964.5 keV was considered

* Work supéo;';;d by the National _S-;:-i_é;lce-c-c;uncil, R.OCGC..
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Table 1. The relative intensities of the y-rays obained from the y-ray single

spectrum of 154fy,

Ey (KeV)

188.2+0.5
248.24+0.5
322.0+04
401.4+0.3
410.9+0.3
444.8+-0.3
467.7+0.3
478.6+0.3
511.3+0.3
558.0+0.3
582.2+0.3
591.5+0.3
624.9+0.3
675.4-+-0.3
691.7+0.3
714.4+0.3
722.5+0.3
756.0+0.3
815.040.3
844.6+0.3
850.04-0.3
872.7+0.3
892.2+0.4
903.6+0.4
966.0-£0.5
995.5+0.5
1004.24+0.5
1118.3+0.5
1128.4+0.5
1139.84+0.5
1186.8+0.5
1239.2+0.6
12459+0.6
1274.1+0.6
1291.0+0.7
1493.0 0.7
1536.4+0.7
1595.2+0.7

Transition
! to J I (relative intensity)
I 1531.0 5.77+0.07
! 123.0 1201 +0.3
: 1397.2 | 0.30£0.02
| 995.8 2.24+0.03
’ 1251.3 : 1.84+0.04
: 370.5 6.09+0.08
! 1251.3 0.30--0.02
' 1240.8 1.58+0.04
1047.3 0.30+0.02
123.0 | 1.79£0.04
815.2 5.94+0.08
1127.1 : 302 02
370.5 1.55 +0.04
370.5 0.67+0.03
123.0 9.05+0.1
815.2 0.4240.02
995.8 101.4 +0.3
370.5 213 +0.2
0 2.32+0.05
815.2 2.82+0.05
680.3 0.82+0.03
123.0 50.2 +£0.2
370.5 2.12+0.05
815.2 3.17+0.05
680.3 <0.05
0 384 +0.2
1230 | 645 +0.2
123.0 0.2940.02
123.0 0.8040.03
123.0 0.83+0.03
370.5 0.32+0.02
0 0.1140.01
370.5 3.27£0.05
123.0 100403
370.5 0.15+0.01
123.0 1.704-0.04
123.0 | 0.11+0.01
123.0 j 4.38+0.04
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FIG. 2. A part of the coincidence spectrum obtained by gating at 557.6:£10 keV.

as emitted by the impurity of **2Eu. However, in check with the coincidence

measurement, a peak appears at channel 1767 which corresponding to 366 keV.
It is most likely that the 996 keV p-ray arise due to the transition between 1650

keV state to 680 keV state of the '**Gd nucleus. Based on a simple analysis,
a proposed decay schame is constructed and shown in Fig. 3.

More experimental works such as the coincidence measurements directional
correlation measurements, and the lifetime measurements for each of the excited
states of **Gd will be continued to carry out, in order to get more informations
about the structure of the strong deformed nucleus of '**Gd.
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FIG. 3. A proposed decay schame of the '™Gd nucleus.
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NOTE ON MOMENTS ANALYSIS FOR THE DELAYED
COINCIDENCE MEASUREMENTS

G. C. Kiang (ir & &), L. L. Kiang *(# #), and C. W, Wang (2% )

Institute of Physics, Academia Sinica

Abstract

Based on Weaver and Bell’s Theory, a simple method for analyzing the time spectra
obtained by the delayed coincidence measurements was introduced. By using this method,
several examples of analysis for the known half-lives were presented. It is believed that
this method may extend the measurable range of the delayed coincidence down to 10"
sec. or less,

Short lifetimes of excited states of nuclei are frequently measured by means
of delayed coincidence method with a time-to-pulse-height converter in com-
bination with a multichannel analyzer. And the evaluation of the lifetime from
the measured curve can be made by many ways such as the well known slope
method(?, the moments method® » etc. However, if the lifetime of the inquiried
excited state is shorter than 107! sec the methods mentioned above will not
be able to evaluate the lifetime accurately.

Here, we would like to introduce a new, simple but convience and quite
accuracy method for analyzing the time spectra obtained from the delayed coinci-
dence measurements. It is the possible way to extend the measurable range
down to 10~'? sec. and not introduce much errors.

Based on the centroid shift method of Bay®, Weaver and Bell¢?? developed
their method, which only need a rough knowledge of the shape of the prompt
curve P(x) but not the position of its centroid. According to Bay®, the
relationship between the measured delayed curve F(x) and the prompt curve
P(x) is

!

M. () =23 i!(nn-—i)!

M, (F) = f : XoF(x)dx

where, M, (F) is the n-th moment of F(e) and,

M, _;(P)M;(w) [¢))

w(t) =11 exp(—t/z) t>0)

For n=1, 2, and 3, we have the following relations,
M, (F) =t +M,(P) 2
M (F)=7*+M(P) ° (3)

* Department of Physics, National Tsing Hua University.
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M,(F) =22+ M,(P)

Weaver and Bell®® pointed out that when the prompt curve P(x) is an
“unobserved”. It may define the centroid of the delayed curve F(x), from (2)
as.

%
M, (F)=0 (3
then the quantity My (P) is very small and even be neglible. In such a case,
the mean lifetime can be obtained from the delayed curve F(x) only

*
t=[+M, (F)]".

Based on Weaver and Bells method, we chose the known half-life T;=0.8
ps©® ®Co 1332 keV excited state as our time standard. That was we measured
the time spectrum of the 1332 keV state of *Co (Fig. 1) with the delayed
coincidence method. Then normalized the whole peak area to unit. A computer

code was prepared to help finding it’s centroid with MT(F)=0.' About this
centroid we evaluated the third moment as well as the lifetime r in number
of channels. The same procedure was applied on the required time spectrum
and the lifetime may evaluate from the simple formula

Ty _ T
0.8ps Ty

Several known half-life excited states, such as the frst state of °2Kr
(Tia=1x107"% sec)®, the second excited state of 3*Gd (Tye=4x 1071 sec)
and the first excited state of *Te (T,,=8x 107** sec)™® have been used for
the test of the method. Figs. (2), (3) and (4) wasn the time spectra obtained by
the delayed coincidence measurements of the excited states respectively. The
results of the analysis wes shewn show in Table 1. In comparision with the
known halflives, our results of the analysis are quite good, especially for the
short halflives arround 107'* sec. And the errors would not be larger than
the 3rd moment method¢*.

More measurements for the other known half-lives states will be given in
order to test the accuracy and the reliability of the analysis method.
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FIG. . The time spectrum of the 1332 keV state of ¥Ni nucleus obtained by the delayed
coincidence method. This spectrum was analyzed with 3rd moment method as times standard.
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FIG. 3. The time spectrum of *Gd 371 keV state.
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Note on Moments Apalysis for the Dclayed Coincience Measurements

TABLE |
. Half-life obtained
Nuclei (itiit\?) l H"’El:;'l')fe‘ by om(x:e Swthog
2K r 0.776 1.0t x 10-12* 1Ox10-1
11Gd 0.371 4x10-1" 32x10—
122 0.564 8x10-12" 6% 10-12

*Ref. 6. G. C. Kiang et al, to be published.

+Ref. 5. C. M. Lederer, J. M. Hollander, I. Perlman, ‘Table of Isotopes’ 6th Ed. Jonn

Wiley and Sons, 1967
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THE QUASI-FREE («2¢) REACTION INDUCED BY 140 MeV
ALPHA PARTICLES ON °Be, G, 160 and °Ne

C. W. WANG, N. 5. CHANT, P. G. ROCS,
A. NADASEN, and T. A. CAREY

Department of Physics and Astronomy
University of Maryland, College Park, Maryland 20742

Abstract

Measurements of the (@, 2a) reaction on °Be, *C, *O and *Ne targets at E, =140
MeV were made at 20 angle pairs. The quasi-free knockout mechanism appears to
dominate the reaction. The experimental data were analyzed with distorted wave impulse
approximation calculations. The factorization approximation employed in the calcula-
tions was tested explicitly and found to be valid. The shapes of the calculated energy
sharing spectra are in satisfactory agreement with the data. The predicted absolute cross
sections were found to be very sensitive to the cluster core bound state radius parameter,
and a bound state radius R=2.52 A.l/* fm is necessary to obtain absolute spectroscopic
factors consistent with existing theoretical values. Several possible explanations for this
excessive value are suggested. Comparisons are made with other alpha knockeout and
transfer reactions.

I. INTRODUCTION

Quasi-free knockout reactions have proved to be a powerful tool for the
investigation of nuclear structure. Since the first experiment studying (p, 2p)
reactions on light nuclei,” a considerable amount of experimental and theoretical
work has been carried out on this subject. In situations where the quasi-free
knockout reaction mechanism dominates, the (p, 2p) reaction can provide two
types of information.!”® Firstly, the proton hole states in nuclei can be inves-
tigated, and secondly, one can study off-energy-shell p-p interactions. Similar
information about nucleon clusters in nuclei can be obtained using quasi-free
cluster knockout reactions.®

In this paper we present studies of alpha clustering using the (a«, 2a) reaction
at 140 MeV. In recent years alpha clustering in 1p and 2sld shell nuclei has
been studied using a variety of nuclear reactions. The (d, °Li), (*He, "Be),
(a, ®*Be), (°Li, d), (°Li, t) and (**O, 2C) alpha transfer reactions’™'®> have
been studied and analyzed using distorted wave Born approximation (DWBA)
and coupled channel Born approximation (CCBA) calculations.!” However,
most of these analyses are limited to extracting relative alpha spectroscopic
factors. The (p, pa) quasi-free knockout reaction has been investigated in
several works.'""!®  Analyses of the experimental results at an incident energy
of 100 MeV have shown that the plane wave impulse approximation (PWIA)

* Present address: Institute of Physics, Academia Sinica.
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reaction model is inadequate but that the data are well described by distorted
wave impulse approximation (DWIA) calculations.’®~*"> In these analyses the
extracted absolute alpha cluster spectroscopic factors are found to be in good
agreement with theoretical calculations.?? 2%

The (a, 2a) quasi-free knockout reaction on Ip and 2sld shell nuclei has
also been studied by other groups. Results for the ® ’Li(a, 2a) reaction at
E,=50 to 80 MeV?* * have been analyzed using the PWIA. Also a reaction
mechanism study of °Be(a, 2a) at E,=40 to 60 MeV has been reported.?®:
In addition, data have been obtained for the :*Ne(a, 2«) reaction at E, =78
MeV?® and analyzed using the PWIA. Recently, Sherman, et al.,” * have
carried out extensive measurements of the (a, 2a) reaction on nine nuclei from
"C to **Zn at E,=90 MeV. Finally the %O, ®Si(a, 2a) reactions have been
studied at 0.65 and 0.85 GeV.’®

‘The most complete (a, 22) study is the work of Sherman, et al., at 90 MeV
which poses some interesting problems. Using an approximate parameterized
form for the distorted waves*® quite good agreement was obtained with the
shape of the energy sharing spectra and the results were insensitive to the type
of bound state wave function used. The alpha spectroscopic factors obtained
from this analysis are 2.9+0.4 and 2.9+ 0.5 for *C(a +°Be(g:s.)) and *O(a -+ '*C
(g.s.)), respectively, which should be compared to the theoretical values of 0.55
and 0.23 obtained by Kurath.?> However, for the *O(a, 2a)**C data of Sherman,
et al,, calculations by Chant and Roos,'® using an exact partial wave expansion
of the distorted waves and a2 Woods-Saxon bound state wave function with
parameters chosen to reproduce the rms radius of **O, yield absolute spectroscopic
factors roughly 100 times the theoretical prediction. In spite of this unexpected
result, the ratio S,,/S,, of the spectroscopic factors for 12C(g.s.) and the first
excited state of '*C(4.43 MeV, 2*) was found to be 1/8, fairly close to the
value 1/5.7 of Kurath. At E,=850 MeV, Chant and Roos obtained a value
of 1.8 for S, which is an upper limit since many levels contributed due to poor
binding energy resolution of the experiment.?"

Studies®® * of *O(a, 2a)**C(gs.) at E,=25 MeV and **O, *Ne(p, pa)
at E,=46.8 MeV showed that the alpha removal reaction at these energies is
dominated by sequential processes, while in the systematic study of Sherman,
et al,,’» *" at E,=90 MeV the quasi-free knockout mechanism appeared to
dominate. Nevertheless, since the difficulties in Sherman’s approximate DWIA
analysis and in the exact DWIA treatment of Chant and Roos may arise from
the presence of competing processes at this energy, we chose to study the (a, 2a)
reaction at a higher energy, E,=140 MeV, in the hope that the reaction
mechanism might be more easily understood and hence more reliable nuclear
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structure information obtained. Results for °Be, *C, *O and *'Ne targets are
presented. The experimental details and results are presented in Sec. II. A
DWIA analysis of the data is presented in Sec. IIl. An important feature of
this section is a series of explicit tests to the factorization approximation employed
in the analysis which serve to establish the validity of the assumed reaction
mechanism. As a prerequisite to a comparison of experimental and theoretical
values for the alpha cluster spectroscopic factors it is important to be aware of
the sensitivity of the results to the various parameters associated with the DWIA
calculations. Thus, in Sec. III we also present studies of these sensitivities
together with comparison of our results with theoretical predictions and the

other experimental studies. Finally the implications of our results are discuseed
in Sec. 1V,

II. EXPERIMENT
A. General Description

A 140 MeV alpha beam from the University of Maryland sector-focused
"isochronous cyclotron was focused at the center of a 1.5 m diameter scattering
chamber. The beam spot at the center of the target was 2mm X 2mm with an
angular divergence of S5Smr. Beam currents ranged from 15 nA to 100 nA~
depending on the detector angles.

The outgoing alpha particles were detected by two identical counter tele-
scopes which were mounted coplanar with and on opposite sides of the beam.
Each telescope consisted of a 300 u silicon surface barrier AE detector followed
by a 4 mm Si(Li) E detector mounted at 45° to provide an effective thickness
of 5.65 mm which is sufficient to stop 140 MeV alpha particles. The solid
angles subtended by the detectors were 1.35 and 1.39 msr, respectively.

For the °Be runs a self-supporting foil of 2.52 mg/cm?® thickness was used.
For the other measurements, high purity !*0, and Ethane (C.H,) and isotopically
enriched 2°Ne gases were used in a 12 cm diameter gas cell. The ‘typical
pressure was about 1 atmosphere. In order to define the gas target thickness
and to prevent particles scattered by the gas cell windows from entering the
detector telescopes, a double slit collimator system was used in front of each
telescope. The overall angular resolution provided by the slit system was 1.9°
and 2.8°, respectively.

Details of the experimental setup are discussed in Ref. 35. Briefly fast
timing signals from the AE preamplifiers provided start and stop signals for a
time-to-amplitude converter in order that real and accidental coincidences could
be simultaneously stored. The timing resolution was approxsmately 3ns. In

™addition a slow coincidence was required between the four detectors and the
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TAC signal. The analogue signals from the four detectors and the TAC signal
were gated by the slow coincidence and fed to analogue-to-digital converters
interfaced to an IBM 360 44 computer. Dead time losses were determined using
a four-fold pulser unit triggered at a rate proportional to the beam current.

All ADC data were written, event by event, on magnetic tape for off-line
reanalysis. In addition a very flexible data handling code permitted on-line
calibration, particle identification, random coincidence subtraction and one and
two dimensional array accumulation.

On reanalysis two-dimensional spectra were constructed for the parameters
Fy vs. T, where T, is the total energy deposited in one telescope and F;=
T,+T;+T.,. Here T, is the energy deposited in the second telescope and T, the
(computed) residual nucleus recoil energy. Clearly F,=T,—B where T, is the
incident kinetic energy and B the alpha binding energy in the target. Thus we
refer to distributions of the parameter F, as “binding energy” spectra. Fach F,
vs. T; spectrum was gated by the computer generated particle identification
functions to correspond to alpha-alpha coincidences and random events were
subtracted. The counts in each F, vs. T, spectrum were summed along the
kinematic line for each final state in the residual nucleus in bins of AT, =24
MeV. The resulting spectra were plotted as a function of T, yielding the energy

. . d’e
sharing cross SeCt.lon -dQ_Idgszi .

The errors in the calculated cross sections are predominantly statistical. An
error evaluation showed the errors due to other sources such as random subtraction,
solid angles, target thickness, gas pressure and temperature, current integrator,

slit scattering, dead time correction and bin size measurements, could be neglected
relative to the statistical errors. .

B. Experimental Results

The (&, 2a) reaction yields were measured for *Ne, O, *C and *Be targets
at 20 angle pairs with an incident energy E,=140 MeV. Table I shows the data
taken in the experiment, where q,;, is the allowed minimum recoil momentum
of the residual nucleus for the ground state transition. All but three of these
angle pairs permit qu;,,=0. At these so-called “quasi-free” angle pairs the
reaction can proceed leaving the residual nucleus at rest.

'The binding energy spectra for °Ne, %O, 2C and *Be(a, 2a) reactions at
symmetric quasi-free angles are shown in Fig. 1. Each binding energy spectrum
shows a prominent isolated peak corresponding to the ground state of the residual
nucleus. In the *Ne(a, 2a)!*O spectrum, a peak corresponding to the 6.05 and
6.13 MeV doublet of *°O is also rather clear. Other states, due to poor counting
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TABLE |
; ] ’ i
Target - &,/4, i Qmin{MeV/c) Target 8,/8, Imin(MeV/c)

i t i g

wNe | 43.71°/-43.71° | o I uc 6221°/-230° | 0
| 49.39°/-38.0° 0 i i ‘
s 0 0 Be | 41944190 0
; 63.82°/-23.0° i 0 P 47.39°/-41.0° ; 0

w0 | a6/ o el X
| o300 X 1 | 54850035 0
, : ¥ - | 58.30°/-30.0° 0
| esrse 10 | 6125%/27.0° 0

e | e~ 0 : 64.65°/-23.5° 0
| 49.15°/-37.0° 0 ¥ 40.0°/-40.0° 69
| 55.86°/-30.0° 0 | 36.0°/-36.0° 1 125

statistics, could not be identified. In the "*O(a, 2a)'*C spectrum, the 2* (4.43
MeV) peak is comparable in magnitude to that of the **C(g.s.) transition. In
addition, a broad peak corresponding to the 4* (14.0 MeV) is evident. The
ground and first excited states of °Be are smeared somewhat in the binding energy
spectrum. This is largely due to a slight gain shift of the detector telescopes
and some nonlinearity of the F; functions in the F; vs. T, spectra. However,
the two dimensional F, vs. T; spectrum used to calculate the cross section had
a much clearer separation of the two states. For °Be(a, 2a)°He reaction, no
"He state other than the ground state is seen in the binding energy spectrum.

The energy sharing spectrum for the transition leaving the residual nucleus
in its ground state was extracted for each target and angular setting. Three
additional spectra for *Ne(a, 2a)'*O (6 MeV), *O(a, 2a)*C (4.43 MeV),
and *C(a, 22)°Be (2.9 MeV) at the symmetric quasi-free angle pair were also
obtained.

The g.s. energy sharing spectra for the symmetric quasi-free angle pairs
are presented in Fig. 2. There are several systematic features which characterize
these spectra. Firstly, the maximum in each quasi-free angle pair spectrum
comes at the minimum recoil momentum of the residual nucleus. An arrow in
each spectrum indicates this point. Secondly, the structure of the spectra is
characterized by a broad, smooth bump which is characteristic of the quasi-free
knockout mechanism for L=0 transitions.*® Spectra for non-symmetric angle
pairs, two of which are shown in Fig. 3, are very similar and the full width
at the half maximum (FWHM) of the spectrum for each target is essentially
independent of the particular angle pair when plotted against the momentum
of the recoil nucleus rather than outgoing particle energy. The approximate
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widths are: 70 MeV /¢ for **Ne(a, 2a)'*0(g.s.), 90 MeV /¢ for *0O(a, 2a)'*C(g.s.),
90 MeV/c for "*C(a, 22)°Be(gs.), and 70 MeV/c for *Be(a, 2a)*He(gs.).

When one of the detector angles is less than 30° strong contributions
from mechanisms other than knockout are evident. For example in Fig. 3(a)
for *Ne(a, 2a) at #,/6,=63.82°/—23°, a large vyield is observed on the lower
energy side of the quasi-free distribution. There is no well defined peak,
although in Fig. 3(b) for the *°O target there is evidence of sequential alpha
decay following inelastic - scattering to levels in the target nucleus centered
around 20 MeV excitation. In this excitation region many alpha. decay channels
are open and cannot be resolved in the experiment.

III. ANALYSIS

A. DWIA Calculations

- The theoretical analysis of the data was performed using the distorted wave
impulse approximation code written by Chant and Roos.!*> The differential
cross section for the reaction A(a, 2a)B for the knockout of an alpha partlcle
with total angular momentum J and orbital angular momentum L is glven by

désl) —KFXS « de x 3 Tmmfz_ i (1)
dQdedT, Y7 de =

where KF is a kinematic factor, do

[ 2t ]

is the two body a—a cross section,

& -

and S;; is the cluster spectroscopic factor for spemﬁc L and ]J. The quant1ty
' I * * +
TH = i B OB ORGDILOE @)

where the x{*> are distorted waves, y=B/A and ¢;A(r) is the bound state wave
function of the alpha cluster in the target nucleus. We refer to this quantity

as the “distorted momentum distribution”, since in the limit of no distortion

%i> reduces to ¢f, in a momentum representation at the point q=—pz. In

practice we shall see that distortion effects are quite severe for the present data.

It is important to note that Eq. (1) employs a factorized impulse approxi-
mation in which the two-body cross section enters as a multiplicative factor
rather than as a t-operator within the integrand of Eq. (2). Thus the integra-
tion over what is properly a fully off-energy-sheli matrix element is replaced
by the half off-shell value at the asymptotic kmemancs Furthermdré, in practice

we make the additional approximation of replacing -d—— ! by the correspond-
| B—cb

ing quantity dctcrmmed from a measured (on-shell) two body cross section.
In analyzing (p, pa) data at 100 MeV, Roos, et al.,'”? found little error arose
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from the neglect of half off-shell effects although there was some breakdown in

the factorization approximation. This problem is investigated for the present
data in Sec. III. B.

B. Factorization Test

In order to test our description of the assumed reaction mechanism we first
divided the measured experimental cross sections at Py=0 by the kinematic
factor KF. According to Eq. (1) we have

d®e _ = 2 de ‘
ahlm7/KF"{Sw|¢( Ps) | *) aQ |y

In principle S, is constant. In addition, explicit DWIA calculations of the
quantity |¢(—ps)|? varied by less than +£10% at the py=0 point over the
entire angular range studied for all four targets. Thus, in the factorized DWIA,
the ratio constructed in Eq. (3) should be proportional to the two-body cross
section de/dQ|,., to within this accuracy, Results are shown in Fig. 4 for all
four targets studied plotted as a function of the two-body c.m. scattering angle.
Also shown are measured free a—a cross sections at 120 and 140 MeV lab
energy.*”» *> As indicated in Fig. 4, since the struck alpha particle is bound,
the effective scattering energy (in the final state) is less than 140 MeV. It is
found that, for all four targets, the ratios (d*s/dQ,dQ.dT,)/KF can be normalized
to lie between the free cross sections at 120 and 140 MeV and that the angular
variation of the data points follows the free cross sections very closely over
almost three orders of magnitude.

(3)

The result of the preceding series of factorization tests with the quasi-free
angular distribution data is encouraging. However, there is no free @ —« scattering
data available at energies between 120 and 140 MeV and the uncertainties in
the extracted half-shell cross sections are quite large. In order to choose a
suitable energy for the free a—a cross section which is used to replace the
half-shell cross section, three possible prescriptions were examined. On-shell
a—a cross sections were obtained by interpolation at energies: a) E=T, b)
E=1/2(T¢+T,), and c¢) E=T,. Using these cross sections the ratio of the
experimental three-body cross section at py=0 and the product KF - 2—5 is com-
pared with the calculated |¢(0)|* at each angle for each of the (a, 2a) reactions
under investigation. Differences between the three prescriptions are not large.
However, a careful comparison of the extracted |$(0)|? obtained from the on-
shell cross section at the three different energies with the calculated |¢(0)|®
shows that the T; prescription gives slightly better consistency between the
experimental and calculated results. This result is in agreement with other
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investigations and with the result that the final energy prescription arises as the
first term of a multiple scattering expansion based on the Fadeev equations.’®
It thus is used throughout the ensuing analyses.

These tests have been carried out with different sets of distorting and bound
state parameters. The factorization characteristics are found to be insensitive
to the distorting and bound state parameters.

C. Comparison of DWIA Calculations with Experiment

In order to carry out the DWIA calculations it is necessary to evaluate both
the distorted wave functions and the bound cluster “wave function” appearing

in the integrand of Eq. (2). The latter quantity, ¢£A(;), more properly represents
the result of projecting the target nucleus wave function onto the product of
the residual nucleus wave function and the internal wave function of an alpha
particle in its ground state. Following common practice in both knockout and
transfer reaction analyses we have replaced ¢f,(r) in our calculations by an
eigenfunction of a Woods-Saxon potential with an energy eigenvalue equal to
the alpha particle separation energy. The principle quantum number N is chosen
on the basis of conservation of oscillator shell model quanta, Thus where the

2(N—1)+L= :Zﬂ?.(ni—l)-i—ﬂ.i 4

n; and £; are individual nucleon principal quantum numbers and orbital angular
momenta respectively. Thus, assuming (1s*) (1p") configurations for A < 16,
L=0(2) transitions must have N=3(2). For *Ne, if we assume an initial
(1sY) (1p'*) (2s1d)* configuration, L=0(2) transitions have N=35(4).

Initially calculations were carried out using bound state potential parameters
yielding a potential consistent with the known r.m.s. radii of the target nuclei.
For the ®0O target the parameters used are listed in Table II. The wvalues
(R=1.22%12"® fm, a=0.76 fm) are quite similar to the results of a folding
procedure which was used successfully in an earlier analysis'’? of the (p, pa)
reaction at 100 MeV. Also listed in Table II are potentials used for the incident
and emitted alpha particles. Qur notation is such that, for example, C/391isa
potential obtained by fitting a+ '2C elastic scattering at a laboratory energy
of 139 MeV. Notice that our use of a+ '*C potential parameters is consistent
with the formal result*” that the projectile-ejectile interaction is, in principle,
included to all orders via the two-body t-matrix.

Using the parameters C139/C139/C139 for the incident/emitted/emitted
alpha particles for **O((a, 2&)**C(g.s.) at 140 MeV the shapes of the experi-
mental distributions at three different angle pairs were reasonably well reproduced.
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TABLE Il. Optical Potential Parameters® for %Qlg. 2q/'*Clg.s.) Test
‘ ] ‘ x : 5
Set Series | Vo | Iy : a | re W, . ! a’ Ref.
i R B : ‘ I S
BS® | 725 122 | 0% | 1.4 i | |
A o181 122 0 076 i 126 | 169 | 185 | 047 52
B 1140 1220 080 | 126 138 19 1 050 52
C o IsLe 124 065 14 2805 124 | 0.6t 53
D 2168 | L3 | 038 | 14 | 3805 L3 0.32 53

2} The optical potential is defined to be

Vopr = —Vol(r, ryy, a) — i wof(r, 1, a") + V,

where f(r, ry, 2) = [l4exp{(r—r,A'/)/a}T!; A is the target mass;

V. is the Coulomb potential of a uniform charged sphere of radius r.A'/?.
b) V, and W, in MeV: r,, ry/, a, a%, and r; in fm.
c) Bound state.

Typical results are shown in Fig. 2. Somewhat surprisingly, however, the
extracted spectroscopic factor S, was approximately 25, more than 100 times the
theoretical value of 0.23 predicted in the Kurath shell model calculations.?®
This result is similar to that obtained by Chant and Roos'® in their DWIA
analysis of the 90 MeV (a, 2a) data. Noting that, at ps=0, the emitted alpha
particle kinetic energies are each about 66 MeV the sets Gi139/C104/C104,
C104/C104/C104, C139/C56/C56 were tried. However, these calculations
produced a variation in the spectroscopic factor of less than a factor of three.
Finally, to allow for the energy variation of the emitted alphas in the exit
channel (between 40 and 90 MeV) calculations were carried out using the
various combinations of potentials listed above with real potential strengths
readjusted to yield volume integrals J/4A corrected for an energy dependence
of —1.3 E., where E_, is the c.m. energy. This is consistent with the observed
variation of the real volume integral in the range 30 < E < 160 MeV and
4 <A <60. In all cases the extracted spectroscopic factors were at least 30
times larger than the theoretical value. '

A similar study*"? by Jain and Sarma of the sensitivity of the spectroscopic
factor extracted from the 90 MeV *O(a, 22)*C data®:3® to the choice of
optical parameters has been reported. These authors correctly point out that
the optical parameters selected for the original calculations of Chant and Roos'®
are not in good agreement with appropriate elastic scattering data (being in fact
obtained from fits to slightly heavier targets). By selecting optical parameters
from the work of Pehl,*®» Jain and Sarma obtain improved fits to the relevant
elastic scattering data and obtained a spectroscopic factor only about five times
the theoretical value. We have carried out additional calculations which suggest
that this reduction in S, is a consequence not of the detailed improvements in
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the elastic scattering fits but rather of the fact that, in his early wore, Pehl
reported the shallowest potential from among the various discrete ambiguities.
Specifically the potential of Ref. 42 has V=33 MeV and J/4A roughly onc
fourth of the value derived from the energy dependence described above. In
the light of more recent work*® we argue that this choice is unphysical and
does not satisfactorily remove the large discrepancy in S, which we have noted.

Similar problems are encountered for the other targets. Initial calculations
reproduced the shapes of the («, 2&) distributions but gave spectroscopic factors
of 9 for °Be, 11 for *C and 27 for *Ne which are much larger than the theoret-
ical values® *» of 0.57, 0.55 and 0.21 respectively. As found for !*Q reasonable
variations in distorting parameters failed to remove the disagreement between
theory and experiment.

Next a test of the sensitivity of the calculations to the bound state parameters
was carried out. The results were found to be relatively insensitive to the
diffuseness parameter “a” and to the Coulomb radius r.. Variation of the bound
state radius parameter r, produced no change in the shape of the energy sharing
distribution, but resulted in significant changes in the predicted magnitude. To
illustrate this effect we have plotted in Fig. 5 the distorted momentum distri-
bution at p;=0,]¢(0)|?, as a function of the bound state radius parameter r,
for 1°O(ea, 2a)'*C(g.s.) at 6, = —#,=43.16°. In these calculations the distorting
- parameter set was C139/C139/C139. For the bound state, the parameters a and
r. were fixed at 0.76 fm and 1.3 fm respectively while the potential strength
was readjusted at each value of r, to yield a solution with the empirical alpha
separation energy. It is seen that the magnitude of |#(0)|? is increased by a
factor of approximately 120 on changing r, from 1.2 fm to 2.52 fm which thus
serves to reduce the extracted spectroscopic factor to approximately 0.23, the
anticipated value.

It should be noted that the value r,=2.52 fm for *O(ea, 2a)!?C(g.s.) does
not lead to noticeable deterioration in the fit to the shape of the energy sharing
distribution. However, the associated 3S wave function has an r.m.s. radius of
4.37 fm while the r.m.s. radius of the potential is 3.56 fm. Both values are well
in excess of the empirical r.m.s. radius of 2.65 fm for *O. Although the value
r,=2.52 fm may seem excessive it is important to note that comparable values
have been used in analyses of alpha-transfer reactions in order to reproduce the
experimental absolute cross sections (that is to obtain absolute spectroscopic
factors in agreement with shell model theories). For example, the authors of
Refs. 11 and 12 used bound state well radii of R=2.0A'" fm and R=1.2
(AP +4Y%) fm respeciively, where A, is the mass number of the core. These
values are equivalent to r,=2.0 and 2.05 fm for *O in our parameterization.
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Our decision to characterize the enhanced (@, 2a) cross sections by an incre-
ased value of r, thus has the merit of consistency with transfer reaction analyses
and is clearly preferable to the introduction of unphysical optical potentials in
both knockout and transfer analyses. Nevertheless, it is a somewhat arbitrary
device. We shall return to the question of the implications of this choice in
Sec. III. F. For the present we choose r,=2.52 fm for all targets studied in
order to investigate the resultant fits to the energy sharing distributions as well
as the deduced spectroscopic factors.

Calculated energy sharing spectra for all four ground state transitions at the
symmetric quasi-free angle pair are shown in Fig. 2. The optical parameters
used are listed in Table III. It should be noted that, with the exception of °Be,
these are pure L=0 transitions. For °Be, as we have discussed previously,'™
roughly equal admixtures of 3S and 2D transitions are expected. These terms
add incoherently and the curve shown in Fig. 2 is the summed result. As found
for (p, pa) at 100 MeV the 2D admixture has little effect.

TABLE 1. Optical Potential Parameters® for Final Calculations
: : | \ [ ] [ !
Reaction - System V,b? Ty : a i Te w, | T | al | T |J/4A‘ Ref.
i i | ! ) : ‘ : .““_._w_.
i l 1‘
"Be(ar, 2) He | a+'Be | 7263 | 136 0.765| 1.3 | 238! 1.36 ' 0.765 | 329 | 54
a+He | 7263 | 136 0.765! 1.3 | 238 | 1.36 | 0.765 396 | 54
BS.® 3669 | 252 | 0.765 | 1.3 474 | 806
2Cla, 2a) Be | «+“C | 1081 | 1227 076 | 1.26 | 169 | 1.85 | 047 356 | 52
a+'Be | 1081 | 122 076 | 1.26 | 169 | 175 | 0.47 402 | 52
BS. 35.80 | 2.52 1 0.655 | 1.26 _ 4031 700
38,514 ! j
160(e, 2a) #C | a+'0O | 108.1 122 0.76 | 126 | 169 | 185 047 | | 330 | 52
e+C | 1081 1 1221 076 126 | 169 | 1.85 | 047 | 356 | 52
BS. 30.50 | 2.52 1 0.7825] 1.26 437, 604
35.130
®Ne(a, 20) O | a+Ne| 1106 | 122 082 | 13 | 179 | 177! 0.63 338 | 55
a+%0 | 1106 G 122] 082 | 13 | 179 | 177 063 ! 358 | 55
BS. 4634 | 252! 078 ! 13 | l 5.44} 892
[ | ‘

a) The optical potential is defined to be
Vopr =V, (1, 14 a)—iW, f(r, r,%, aY+V, where f(r, r,, 2)=[1 + exp {(r—r,A'/)/a} ]
A is the target mass; V; is the Coulomb potential of a uniform sphere of radius r,A' /%
b) V, and W, in MeV; r,, 1y, a, 3%, r, and ryyp in fm; J/4A in MeV-fm?.
c) Bound state
d) When the core is left in its first excited state.
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In general agreement between theory and experiment in Fig. 2 is good.
Comparable agreement is also apparent in Fig. 3 in which results are shown
for the ground state transitions at asymmetric angle paris.

D. Spectroscopic Factors: Ground State Transifions

The ground state spectroscopic factors extracted from our 140 MeV data
are shown in Table IV together with theoretical values obtained from structure
calculations employing shell model®® and SU; model*® approaches. All data
sets have been included with the exception of the +36° angle pair for *Be
which was poorly reproduced in the DWIA calculations. This difficulty can be
attributed to the fact that this angle pair involves much higher momentum
components in the alpha wave function than any other angle pair chosen. Speci-
fically, the minimum value of pg is 125 MeV/c which is to be compared with
a distorted momentum distribution width of +70 MeV/c for 'Be. As a result
the knockout cross section is suppressed, and accuracy in treating the bound state
and distorted waves becomes more crucial. Also competing reaction mechanisms
may play a more significant role.

From Table IV it is seen that the extracted spectroscopic factors for each
target vary between +20% and £30% over the angular range studied. The
uncertainties attached to the average spectroscopic factors quoted are merely
standard deviations of the angular variations. Clearly many sources of relative
and absolute errors have been ignored.

Agreement between theory and experiment is generally good. Clearly our
choice of r,=2.52 fm guarantees this result for *O. However, it is seen that
this choice, made arbitrarily for the other targets, leads to an excellent descri-
ption of the relative strengths for the four targets.

As a further test of our chosen bound state geometry, calculations were
carried out for (a2, 2a) data obtained by other groups at lower energies. Results
for the four targets under discussion are compared with our 140 MeV results in
Table V. For *Be(a, 2a)°He(g.s.) data at E, =55, 49.2, and 42.8 MeV? 2D have
been analyzed. It is surprising that at these low energies, where the quasi-free
knockout reaction mechanism may be less dominant and the free a—a cross
sections oscillate, we obtain an experimental spectroscopic factor consistent with
that from 140 MeV data to within about 50%. The results of the same analysis
of *C data at E,=90 MeV?* * and *0O data at 90 MeV?*: % 52,5 and 46
MeV?% 2D and **Ne data at 78 MeV?®® are also shown in Table V. The results
from the *CG and '*O data at 90 MeV are consistent with the results from our
own data to within a factor of 3. For the *O data at around 50 MeV the
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TABLE IV. Spectroscopic Factrs for Angre Pairs {4,/8,) Extracted by Means of
the DWIA Apalysis. The Average <« S% > is a Statistical
Average of all Angle Pairs.

Reaction 8.,/8, Sexp <8exp > Stneory Ref.
IBe(a, 1a)* He(g. s.) 44.19°/-44.19° 0.656
47.39° /-41.0° 0.930
50.38°/-38.0° 0.574 0.57 22
54.85°/-33.5° 0.635
58.39°/-30.0° 0.57% 0.633£0.120
61.25°/-27.0° 0.622
64.65°/-23.5° 0.540
40.6°/40.0° 0.527
2Cle, 2a)" Be(g. s.) 43.11°/-43.11° 0.641 0.674 11
49.15°/-37.0° 0.682 0.55 22
55.86° /-30.0° 0.421 0.5584-0.107 0.285 23
62.21°/-23.0° 0.487 0.759 56
0.675 56
¥0(e, 2a)'? Clg. s.) 43.16°/-43.16° 0.209 0.295 47
55.97°/-30.0° 0.304 0.23 22
63.82°/-23.0° 0.222 0.2444-0.046 0.296 23
0.333 56
0.296 56
WNe(a, 2a)'* O(g. s.) 43.71°/-43.71° 0.157
49.39°/-38.0° 0.235 : 0.21 23
57.20°/-30.0° 0.220 0.2024-0.029 0.182 47
63.82°/-13.0° 0.196
Ce, 2a)® Be(2.9 MeV) 43.16°/-43.16° 1.74 1.74 0.72 22
0.592 23
14O e, 2a)'2 C(14.43 MeV) 43.11°/-43.11° 1.26 1.26 1.31 22
1.48 23

agreement is within a factor of 4. For **Ne at 78 MeV agreement with our 140
MeV result is within the experimental error. Considering the original disagree-
ment of over a factor of 100, these differences are not large. ‘

The optical model parameters used for the lower energy calculations are
the same as those listed in Table III. We have not investigated the sensitivity
of the lower energy results to the choice of distorting potentials. Clearly there
are large uncertainties and 2 more consistent description might be possible. An
important ingredient of any improved analysis would be a more systematic
treatment of the energy dependence of the alpha optical potential.
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TABLE V. Speciroscopic Factors Sexr Extracted by Means of the DWIA
Analysis at Symmetric Quasi-free Angle Pairs

Reactions { Ex(MeV) Sexp ‘ < 8exp > Ea=140 MeV
Be(, 2a)° He(g. s.) 55 | 0.820 +0.082
492 | 0.655 +0.068 0.633
| 428 | 0936 £0156 |
12C(e, 22)* Be(g. s.) 90 0196 0014 0.558
10, 22)" Clg.s.) 9 I 0.0942+0.011
: 5.5 | 0982 £0225 | 0.244
]’ 46 | 0.687 £0.125
ONe(a, 2a)' O(g.s.) i 78.6 | 0.149 +0.017 0.202

E. Transitions to the First Excited States of ®Be and 2C

The overlaps of C— a + ®Be (2.9 MeV, 2*) and O — a + C (4.43
MeV, 2*) have also been investigated with the quasi-free knockout reactions
2C(a, 2a)°Be(2.9 MeV) and **O(a, 2a)'*C (4.43 MeV) at angles 43.11°/—43.11°
and 43.16°/—43.16° respectively. The measured energy sharing spectra are
shown in Fig. 6. The distorting parameters and bound state radius and diffuse-
ness parameters of the DWIA analysis are the same as those for the ground
state transitions. Both states have spin and parity 2*. The principal quantum
number N=2 and orbital angular momentum quantum number L =2 are used
for the analyses in both cases. The calculated energy sharing distributions can
roughly reproduce the experimental data in the region where the two outgoing
alpha particle energies are not very different. However, the overall fits are
disappointing.

Alpha spectioscopic factors were extracted by comparing the data with the
DWIA calculations near the minimum recoil momentum regions. The results
are compared with theoretical estimates obtained using a 1p shell model*® and
by considering the nuclei as alpha chains,* in Table IV. The consistency
between the experimental and theoretical values for the *O — a + 2C (4.43
MeV) transition is remarkable while for the *C — a + ®*Be (2.9 MeV) transition
agreement 1s within a factor of 3. A difficulty in this case is the possibility of
L =0 contributions to the transition which are permitted owing to the unbound
nature of the final state and which may be present in (p, pa) data for the same
transition.'” Clearly data with improved statistics coupled with further reaction
mechanism studies for the excited states are needed.

F. The Alpha Cluster Bound State Wave Function
In the preceding sections we have seen that DWIA -calculations for the
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(a, 2a) reaction at 140 MeV are relatively insensitive to reasonable changes in
the distorting potentials but are strongly dependent on the choice of bound state

wave function ¢EA(;). Specifically, if we accept the theoretical absolute spec-
troscopic factors quoted as being correct to better than an order of magnitude,
calculations using a bound state radius parameter r, ~ 1.22 fm seriously under-
estimate the observed absolute cross section. Such a choice for r, is “reasonable”
in that the resultant wave function and potential have r.m.s. radii similar to the
empirical target r.ms. radii. In fact, in order to reproduce the observed cross
sections the apparently excessive value of r,=2.52 fm is needed. This choice
leads to reasonable predicted absolute cross sections for all four targets at 140 -
MeV without deterioration in the fits to the shapes of the distributions. In
addition, consistent absolute cross sections are obtained at lower energies (at
least to within a factor of 2-3).

This behavior is in marked contrast to studies’ of (p, pa) and (p, d *He)
reactions at 100 MeV on °Be and ‘*C and in more recent studies** *> at the
same energy on '*O and **Ne. These authors used values of r, ~ 1.1—1.3 fm
which is close to a folding model geometry and thus quite different from our
value of r,=2.52 fm. However, as pointed out elsewhere*® the predicted distorted
momentum distributions for these (p, pa) transitions are not very sensitive to
the radius parameter of the alpha-core bound state. Thus in Ref. 46 we noted
that S, for **O(p, pa)'*C(g.s.) at 100 MeV changes by less than a factor of 2
when r, is changed from 1.2 fm to 2.3 fm.

Some of these features can be understood in terms of the radial localization
of these reactions. By integrating T%:* of Eq. (2), from r to infinity one obtains
a_calculated differential cross section a(r), which is a measure of the contribution
to the reaction in the range from r to infinity. The differende Ao=o(r)—¢
(r+Ar) is thus a measure of the contribution to the reaction in the range from
r to r+Ar. From a histogram of these differences against r one can investigate
the reaction contribution from different values-of r. Fig. 7 shows the histogram
for *O(a, 2a)*C(gs.) at 6,/6,=43.16°/—43.16°, py=0, and E,=140 MeV.
For the case of bound state radius parameter r,=1.22 fm, one observes a dramatic
interference near the region r ~r A '/% It is this calculation which seriously
underestimates the experimental absolute cross section. Also shown in Fig. 7
is the corresponding histogram for r,=2.52 fm, which leads to agreement with
experiment. It is seen that the reaction is now localized to a region near 6.5
fm and that the interference region has been eliminated. At the lower end of
Fig. 7 is the corresponding diagram for *O(p, pa)'*C(gs.) at 100 MeV using
r,=13 fm and a=0.65 fm. These parameters lead to calculations in good
agreement with experiment.*> Here we see that the reaction is no longer
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localized in the extreme tail of the bound state wave function and it is this
feature which accounts for the more modest sensitivity to r,.

As mentioned briefly in Sec. IIl. C. our choice of r,=2.52 fm is not inconsi-
stent with the values used in alpha transfer reactions. Firstly the (a, °Be)
reaction study of Ref. 11 obtained absolute alpha spectroscopic factors for eight
Ip shell nuclei using an alpha core bound state radius parameter r,=2.0 fm.
Secondly, the analysis of the 2C(**O, **Ne)®Be reaction data'® used an a— *Q
bound state radius R=1.2(16'"*+4'/*) fm, which corresponds to r,=1.96 fm in
our notation, to reproduce the experimental data. Thirdly, in analyzing the
°0O(d, °Li)'?C reaction Nagel and Koshel'*> were obliged to use a bound state
radius R=1.27(12**+4'7*) fm (which corresponds to r,=2.15 fm in our notation)
in order to reproduce the magnitude of the experimental cross section. These
authors pointed out that the magnitude of the calculated cross section increased
by a factor of 18 when the bound state radius changed from 1.25x12'*® fm to
the above value. This is to be compared with a factor of about 24 for a cor-
responding change in our *O(a, 2a)"*C(g.s.) analysis. Finally, two groups'-
have investigated the (*He, "Be) reaction on 1p and 2sld shell nucle i and
extracted relative alpha-spectroscopic factors. The authors of Ref. 47 used
r,=12 fm for "Be -~ *He + a while Audi et al.,*® used a bound state radius
R=125 (A" +4'*) fm. The results of Audi et al., are more consistent with
the spectroscopic factors obtained in SUj,,

We have seen that while reasonable bound state geometry parameters work
well for (p, pa), most alpha transfer analyses and the (a, 2a) reaction at 140
MeV incident energy or less require bound state wave functions enhanced in the
nuclear surface by up to an order of magnitude. The device we have selected
to achieve this end, namely an increase in r,, probably has no intrinsic signifi-
cance. For example, as an alternative, we could have arbitrarily reduced the
calculated cluster binding energy. ' ‘

Yet another approach is that suggested by B. K. Jain*® who was able to
reproduce both the shapes and absolute magnitudes of the 90 MeV data of Ref.
30 using a strong absorption model with a radius parameter R=1.15(A!/ 4 41/%)
fm where A is the target mass number. Unfortunately the success of the strong
absorption model calculations do not greatly clarify the situation and more
physical explanations for the apparent enhancement of ¢Z,(r) are needed.

IV. DISCUSSION AND CONCLUSIONS

The present (a, 2a) data suggest the dominance of the quasi-free knockout
mechanism. The energy sharing data are well described by the DWIA calcula-
tions. Perhaps more importantly the angular dependence of the three-body cross
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section is in excellent agreement with that obtained in free a4« scattering.
However, in spite of consistency with alpha-transfer analyses, the necessity of
using bound state radii yielding rms radii sigificantly in excess of those expected
is disturbing. Two possible explanations are suggested.

First one might conclude that surface clustering exists in excess of that
predicted by the simple shell model calculations considered so far. To examine
this question we have considered the treatment of the '°O ground state by Brown
and Green®™ who include 2p-2h and 4p-4h admixtures. We expect an increased
yield over our Op-Oh calculation, since these components lead to 48 and 58
bound state wave functions, respectively. Using the amplitudes of Brown and
Green we obtain an enhancement in the DWIA cross section of only a factor
of 3.5. In fact, any combination of the various components is insufficient to
explain the present data using a bound state radius near r,=1.2 fm.

Thus more pronounced correlation effects than included in the calculations
of Ref, 50 seem to be implied by the present data. However this result is not
at variance with the general success of structure calculations such as Ref. 50.
Referring to Fig. 7 we see that nuclear radii of 6 to 7 fm appear to be responsible
for the (&, 2a) yield. In this region for the targets studied, nuclear densities
are well below 1% of central density and it is only here that alpha clustering
of order 100 times shell model estimates are implied by the data. In this
regard it is of interest to compare the present results with charge distributions
obtained in mode! independent analyses of electron scattering data. Using the
bound alpha cluster wave function obtained with r,=2.52 fm we can estimate
the charge densities at r=6—7 fm implied by the (a, 2a) data. These are
clearly crude estimates. However, it is interesting to note that the results are
comparable to (or even exceed) values obtained from electron scattering. For
example, for 2C at r="7 fm, Sick®" obtained p(r)/p(0) ~2.5x 10~* from analysis
of low momentum transfer electron scattering data whereas our *C(a, 2a)Be
results is p(r)/p(0) ~3.5x10-%. Thus the (@, 2a) data seems to imply that
most of the nuclear matter at these very low densities has coalesced into alpha
clusters.

As an alternative explanation of the present results we can consider alpha
clustering in the surface region induced by the projectile. This would correspond
to inelastic scattering to states with large alpha parentage followed by knockout.
This is an appealing possibility since there exist (at least in '*O) states near
the alpha threshold*® strongly excited in inelastic scattering. Thus, the second
step would consist of knocking out an alpha particle weakly bound to the
residual nucleus (and therefore having a large asymptotic tail). Unfortunately,
no calculations for such processes exist at present. It is worth noting that not
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only is it necessary to fit the energy sharing distribution, both in shape and
magnitude but also such calculations must reproduce the angular dependence of
the (a, 2a) cross section. As we have seen this is in excellent agreement with
free a4« scattering and thus seems to imply a one-step process. This feature
of our data may well prove decisive since one might speculate that dominance
of two-step processes would lead to some broadening of the angular distribution.
Lastly, similar levels must exist in all four nuclei studied despite their rather
different nuclear structure, since all show the same basic effect. Notice also
that such calculations must reproduce the alpha-transfer data, since similar
bound state geometries are needed in those analyses.

We are indebted to the operators and staff of the University of Maryland
Cyclotron for their assistance in obtaining stable and reproducible beams.
Calculations were carried out using the facilities of the University of Maryland
Computer Science Center. Pravision of time is gratefully acknowledged. This
research was supported in part by the National Science Foundation.

REFERENCES

. O. Chamberlain and E. Segré, Phys. Rev. 87, 81 (1952).

. J. M. Wilcox and B. J. Moyer, Phys. Rev. 99, 875 (1955). _

. H. Tyrén, P. Hillman, and Th. A. J. Maris, Nuovo Cimento 6, 1507 (1957); Nucl.
Phys. 7, 1 & 10 (1958); Phys. Rev. Lett. 5, 107 (1960).

4, M., Riou, Rev. Mod. Phys. 37, 375 (1965).

I. E. McCarthy, Rev. Mod. Phys. 37, 388 (1965).

G. Jacob and Th. A. J. Maris, Rev. Mod. Phys. 38, 121 (1966); Rev. Mod. Phys,

45, 6 (1973),

J. D. Cossairt, ez af, Nucl. Phys. A261, 373 (1976).

D. J. Pisano and P. D. Parker, Phys. Rev. C 14, 375 (1976).

M. E. Cobern, D. J. Pisano, and P. D. Parker, Phys. Rev. C 14, 491 (1976).

N. Anantaraman, et al, Phys. Rev. Lett. 35, 1131 (1975).

G. J. Wozniak, D. P. Stahel, J. Cerney, and N. A. Jelley, Phys. Rev. C 14, 815

(1976).

12. H. Yoshida, Phys. Lett. 47B, 411 (1973).

13. K. Bethge, Ann. Rev. Nucl. Sci,, 20, 255 (1970).

14. P. Nagel and R. D. Koshel, Phys. Rev. C 14, 1667 (1976).

15. A. N. James and H. G. Pugh, Nuci. Phys. 42, 441 (1963).

16. B. Gottschalk and S. L. Kannenberg, Phys. Rev. C 2, 24 (1970).

17. P. G. Roos, et al, Phys. Rev. C. 15, 69 (1977).

18. A. A, Cowley, et al, Phys. Rev. C 15, 1650 (1977).

20. N. 8. Chant and P. G. Roos, in Proceedings of the Second International conference

on Olustering Phenomena in Nuclei, College Park, 1575, edited by D. A. Goldberg,

J. B. Marion, and S. J. Wallace, (ERDA Technical Information Center, Oak

Ridge, Tennessee).

LT I o A

o

i N

Ptk

— 58 —



The Quasi-Free (o, o) Reaction Induced by 140 MeV Alpha Farticles on "Be, VG, 'O and *Ne

21,

22,
23.

24.
25.

20.
27,
28.

29.
30,
31
3.
33.

34.
35.
36.

37,

38.

39.
40.
41.

42,
43.

44.
45,

46.
41.
48.
49,

50

P. G. Roos and N. S. Chant, in Proceeding of the Second International Conference
on Clustering Phenomena in Nuclei, College Park, 1975, edited by D. A. Goldberg,
J. B. Marion, and 5. J. Wallace, (ERDA Technical Information Center, Oak
Ridge, Tennessee).

D. Kurath, Phys. Rev. C 7, 1390 (1973).

M. Ichimura, A. Arima, E. C, Halbert, and T. Terasawa, Nucl. Phys. A204 215
(1973).

J- W. Watson, et al, Nucl. Phys. A172, 513 (1971).

.M. Jain, P. G. Roos, H. G. Pugh, and H. D. Holmgren, Nucl. Phys. A153, 49

(1970); H. G. Pugh, et al, Phys. Rev. Lett. 22, 408 (1969).

A. Guichard, et al, Phys. Rev. C 4, 700 (1971).

P. Gaillard, ¢t al, Phys. Rev. Lett. 25, 593 (1970).

M. B. Epstein, D. J. Margaziotis, N. 8. P. King, and T. A. Cahill, Phys. Rev. C
9, 581 (1974).

J. D. Sherman, Ph. D. thesis, University of California, Berkeley, 1973 (LBL.1690).
J. D. Sherman, D. L. Hendrie, and M. S. Zisman, Phys. Rev. C 13 (1976).

O. Chirapatpimol, ¢t al,, Nucl. Phys. A264, 379 (1976).

I. E. McCarthy and D. L. Pursey, Phys. Rev. 122, 578 (1961).

A. W. Parker, J. S. Allen, R. L. Yerke, and V. G. Scotland, Phys. Rev. 174, 1093
(1968).

M. Epstein, et al., Phys. 178 169¢).

C. W. Wang, Ph.D. thesis, University of Maryland, 1978 (unpublished).

H. D. Holmgren, Int. Conf. on Clustering Phenomena in Nuclei, Bochum, 17
(1969).

A. Nadasen, et al, Phys. Rev. C 18, 2792 (1978); P. Frisbee, Ph.D, thesis, University
of Maryland, 1972 (unpublished).

P. Darriulat, G. Igo, H. G. Pugh, and H. D. Holmgren, Phys. Rev. 137, B315
(1965).

E. F. Redish, G. J. Stephenson, Jr., and G. M. Lerner, Phys. Rev. C 2, 1665 (1970).
D. F. Jackson and T. Berggren, Nucl. Phys. 62, 353 (1965).

A. K. Jain and N. Sarma, Clustering Aspects of Nuclear Reactions, Winnipeg 1978,
paper Bl2, edited by W. T. H. Van Oers, J. P. Svenne, J. 8. C. McKee and W,
R. Falk (American Institute of Physics 1978), p. 568.

R. H. Pehl, Ph.D. thesis, 1963, UCRL 10993 (unpublished).

See for example D. A. Goldberg and 8. M, Smith, Phys, Rev, Lett. 33, 715 (1974);
P. Gaillard, et al, Nucl. Phys. A131, 353 (1969).

T. A. Carey, Ph.D. thesis, University of Maryland, 1979 (unpublished).

N. S. Chant, Clustering Aspects of Nucleyr, Structure and Nuclear Reactions,
Winnipeg 1978, edited by W. T. H. Van Qers, J. P. Svenne, J. S. C. McLee, and
W. R, Falk (American Institute of Physics 1978) p. 415.

N. S. Chant, P. G. Roos, and C. V. Wang, Phys. Rev. G 17, 8 (1978).

C. Détraz, H. H. Duhm, and H. Hafner, Nucl. Phys. A147, 588 (1970).

G. Audi, C. Détraz, M. Langevin, and F. Pougheon, Nucl. Phys. A237, 300 (1975).
B. L. Jain, Nucl. Phys. A314, 51 (1979).

G. E. Brown and A. M. Green, Nucl. Phys. 75, 401 (1966).



Annual Report of the Institute of Physics, Academai Sinica, Vol, 9, 1979

51. I Sick, Nucl. Phys. A218, 509 (1974).

52. 5. M. Smith, et al, Nucl. Phys. A207, 273 (1973).

53. P. Gaillard, et al, Nucl. Phys. A131, 353 (1969).

54. S. Matsuki, ef al, J. Phys. Soc. Japan 26, 1344 (1969).

55. H. Rebel, et al, Nucl. Phys. A182, 145 (1972).

56. H. H.- Gutbrod, H. Yoshida, and R. Bock, Nucl. Phys. A165, 240 (1971); P. Beregi,

N. 8. Zelenskaja, V. N. Neudatchin, and Yu. F. Smirnov, Nucl. Phys. 66 513
(1965).

— 60 —



The Quasi-Free (@, 2a) Reaction Induced by {40 MeV Alpha Particles on *Be, *C, '*O and *Ne

| -l I | T T T T |
30 Binding Energy Spectrum for %Belq, 2a) e i) -
201 i i
2
5
.810_ M“J |
0 ! lLlﬂﬂr"ilElﬂDJE

1 1 1 1
50 75 200 225 250 275 300 325 350 305
BIND

Fig. 1 (a) Binding Energy Spectrum for *Be (w, 2e)° “He Reaction.

1 | 1 1 1 I T T
i5. Binding Energy Spectrum for (29 venl (98 _
12C(a,Za) ®Be

[o] 8 |
2
=Z \
3
O 5{...

0 —

. | | ,

100 133 |67 200 233 267 300 333 367

BIND

Fig. | (b) Binding Energy Spectrum for '*C (&, 2a) *Be Reaction.

— 61 —



Annual Report of the Institute of Physics, Academia Sinica, Vol, 9, 1979

] 1 1 1 1 i
80L Binding Energy Specirum for ~(g.5)
®0(q,24) C.
60 44 Me;;v
2
% 40L
9 MeV
8 ]
20
- . [ .
i wfrﬁil |
° ! L g
L 1 ] 1 | 1 ! | i
0 50 100 50 200 250 300 3250 400 450

BIND

Fig. 1 (¢) iBinding Energy Spectrum for O (a, 2a) ?C Reaction.

100[

- COUNTS

Ol —

1

1 v T V‘ f
20Binding Energy Spectrum for 2ONe(c:,Zcz)“sO ‘

+(q.5.)

(6 llVleV)

IOO

133

M“ ot AN \Mmm

167 200

233 26? 300 333 367
BIND

Fig. 1 (d) Binding Energy Spectrum for *Ne (a, 1a) '*O Reaction.

— 62 -



The Quasi-Free (@, 2a) Reaction Induced by 140 MeV Alpha Particles on *Be, ?C, O and **Ne

PSEE S T ORI o

ID":I: .
. Fig. 2 (a) Energy Sharing Spectrum
_ . I ] for *Be(e, 22) *He (g.s.)
z ; f 1 at 8,/6,=44.19°/—44.19°,
".-é' J J
B[
0
107 3
5] -
107 === — e 4!5 e ra—
Ti{Mev) :
57 ! ]
16% { } { E
Fig. 2 (b) Energy Sharing Spectrum 2 E { ‘[} 1 { 2
. 5
for “C(e, 22) *Be(g.s.) at £ . : i
8,/6,=43.11°(—43.11°. So l
& ]
16% E
] ]
i6* PR TS SR TS TR A N U N —
26 28 60 T2 & %
T1(MeV)



Annual Report of the Institute of Physics, Academia Sinica, Vol. 9, 1979

x 1 |
o T .._
o ]
Fig. 2 (¢) Energy Sharing Spectrum E‘u - ‘ ;;-
for 9O(a, 2¢)"C(gs.) at 5% -)
8./8;=43.16°/—43.16°. ke : .
5 2
o !
iz 24 85

K ! :
10221 I -

] { 3 .
— 5 - 7
E, . H u [] 1 Fig. 2 (d) Energy Sharing Spectrum
37 1 for *Ne(e,”. 2a)!® O(g.s.)
5 I

] at §,/8,=43.71°/—43.T1

e
4Tz

e .
1% FL] 35 () i 7]
T1iMev)




The Quasi-Free (@, 2&) Reaction Induced by 140 MeV Alpha Particles on *Be, ¥C, 'O and ®Ne

o et J
1 F yn ]
= I -
i
o EEI _ :
4. J_’ -
ERy 1 N
- 8 I}. 7 Fig. 3 (a) Energy Sharing Spectrum
;-g‘ il 1 ] for 'O(w, 22) *C(gs.) at
2] i 1 6,/6,=63.82°/—23°,
16™ =
. N
575 R T T
TitMev)
3 !
A
loﬂ__ ; -
) "3
A
Fig. 3 (b) Energy Sharing Spectrum ‘::_ : 1";
for 2Ne(e, 2a) '*O(gs.) s, \ ‘:
bl I~ Y
at 6,/0,=63.82°—23°, o :
T
16 i
¥ i
- i
5
16 * l|?. * 214 * 315, * 4la
Ti{teV)

— 65 —



Annual Report of the Institute of Physics, Academia Sinica, Vol. 9, 1979

Fig. 4 (a) Half-shell a—a Cross Section
Extracted from the 'Be(a, &)
*He(g.s.) Data at 140 MeV.

T =140 MeV

T, =1237MeV

ooy i

{mb/sr}

da

¢l oo
h

=

o L.

500
T, =120 MeV
Ti =i42'MaV
Ea™H0p, T, =1255MeV
Q0]
sok
<
P}
R
v
5
EIC 5
h=1h=1
os-
ol 1 1 _ I . ! ! ]
40 50 &0 0 80 oF
Sen,
Fig. 4 (b) Half-shell #—a Cross Section

Extracted from the *C(e, 1z)
*Be(g.s.) Data at 140 MeV.



The Quasi-Free (w, 2a) Reaction Induced by 140 MeV Alpha Particles on °Be, "'C, *O and *Ne

500

60

3

la—q {mb/sr)

=)

do
dn,

£
a

B

" 05

T; =140 MeV

T =1253 My

A=

40° 50° 80° 70° 8C° 90°

5Q0-

e

0=
Fig. 4 (d) Half-shell a—a Cross Section =
Section Extr acted from the l‘;

B |

#Ne(a, 2) ¥0(g.s.) Data at 8

140 MeV. - Bosp-
==

05

— 67 —

Fig. 4 (¢) Haif-shell a#—a Cross Section
Extracted from the “"Ofg, 2a)

12C(g.s.} Data at 140 MeV.

Ti sl Mey
Te =130.5 Mev

0l



Annual Report of the Institute of Physics, Academia Sinica, Vol. 9, 1979

{mb Z2ar?- MeV}

40
K,

_ 8
s

T ] T i17T]

: o+ 07625 fm / i
1 SLZ6tm
o) =
s .
= -"1
Fig. 5. Dependence of the (PSF) «| ¢(0) |? i
on Bound State Radius Parameter -‘F;_ ‘5'25' 3
ry for "O(e, 2&) *C(gs.) at E: 5:._ .E
E=140 MeV. = T ]
10} -
n 3
sk -
’6;:‘: f.:l I.‘S 2‘.0 ?js :;.G ,; Aim
1.1 111
] I t I Ay
- I I' : Fig. 6 (a) Energy Sharing Spectrum
] I I for *C(a, 2e) *Be(2.9 MeV)

at 9,/8,=43.11°/—43.11°,

TH {Mev}

— 68 —



The Quasi-Free (@, 2&) Reaction Induced by 140 Mev Alpha Particles on *Be, **C, 'O and *Ne

RN _
Fig. 6 (b) Energy Sharing Spectrum
e E| for “O(w, la) C(44
5 F . R MeV) at 8,/8,=43.16°/
0 * ] —43.16°,
5 T 7 B3 T 1 |
3 - T 1. > i 1 I
= I. N ;/.::.’-I\I\T T
"EF; - T/L § i '
=z I
193 i -]
- I - T T T T T T Y
s 1 -
T 1 ﬂIJ_H“—L_ K, =109 fm
| R D_J )
, , )
- [ 1 . r 1 1 . 1] 1 ] l: . |._r\—‘_L‘\ " (
Ic 3@ 48 50 72 25 a3 H N r. sl22fm ]

»

E= R A - Fr‘-'"'m_ r.*i62fm 7

5 T :

]

5 7
5 s r.=202 fm |

Do

Fig. 7. Surface Localization of “O(z la) ]
- P it r,=2.52 fm
2C(g.s.), Ex=140 MeV, 4,/8,= A Tt b
43.16°/—43.16° for various r,

(p, pa)
r, =135 fm

— 69 —



PHASE-SHIFT ANALYSIS OF «"C ELASTIC SCATTERING
DATA AT ENERGRIES E., = 5. and 6. MeV

C. W. Wang (2% #), G. C Kiang (>r & &), L. P. Liang (BE-+), M. W, Lec (2% %)
D. Wang (£ &), L. L. Kiang (# %), E. K. Lin (& &)

Abstract

Elastic scattering of a-particles from '2C target has been measured at E4 = 5. and 6.
MeV. The results have been interpreted by a real phase-shift analysis, The phase shift
of each partial wave has been compared with other work.

The phase-shift analysis of a-'®C elastic scattering data at energies below
“N+p threshold had been reported by Clark et al>. Resonance states of '°0
at excitation energies below 12.05 MeV had also been studied by Larson and
Tombrello® and by other authors®* via the a-'*C scattering experiments. The
phase shifts extracted by these authors are not quite consistent with each other.
The purposes of this work are two-folds. Firstly, we are trying to interpret
the low energy a-'?C scattering data with real phase-shift analysis. This is
part of our current study about low energy a-scattering on light nuclei.
Secondly, we are trying to solve the inconsistency of the results obtained by the
authors just mentioned. '

The particle-nucleus elastic scattering differential cross section in the CM
system may be expressed in terms of real phase shifts 4, by®
do 1 1 1
a0 = |~ 7t ()]
2

+ 224+ 1P, (coss) expli(2e, +3 ) Jsing, |

where a;= E‘ tan™'(p/m), a,=argl'(1+iy)
m=1

and » is the charge parameter and k is the wave number associated with
relative motion. In this work, we have used a conventional x%-fit of the ex-
perimental and theoretical angular distribution to extract the phase shifts J, at
laboratory energies E,=5. and 6. MeV. The optimal results are shown in
Figs. 1 and 2 for incident energies 6. and 5. MeV respectively. The extracted
phase shifts together with ¥* are shown in Table 1.

TBBLE |
Ea(MeV) | 4y 3 | s | & s | 2
6. i ~3Te 0 1183 | MLT 101.0° 172.3° . — 005° | 086¢
5. | — 680 , —185.9° | —12536° | 133 170.4° — 1.54° 7.28

]
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Phasc-shife analysis of & '2C elastic scattering data at cnergies Ee=5. and 6. MeV

For the case of E,=6. MeV, additional inelastic channel (E,=4.43 MeV)
is open. A complex phase-shift analysis should be performed. However, the
inelastic cross section is found to be very small in comparing with the elastic one at
the energy studied. Thus we expect that real phase-shift analysis is acceptable.
The results shown in the Figures and Table are quite good. The phase shifts
for 6. MeV scattering are consistent with those obtained by Clark et al.> The
2% for 5. MeV fitting seems to be too big. Refined fittings are in process.
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A SIMPLE NUCLEAR E2 TRANSITION MODEL OF 2.+ — 0.+
TRANSITION FOR EVEN-EVEN NUCLEI

C. W. Wang (24 %), G. C. Kiang (iz 2 &),
L. L. Kiang (# #)* C. C. Hsu (##4#), and E. K. Lin (GA#& &)

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

Abstract

A simple model for nuclear E2 transition from 1,+ to 0,+ states for even-even nuclei
has been proposed. Transition probabilities based on this model have beer deduced. The
lifetimes of the 2,* states have been calculated and compared with experimental results,
The ratios of these two values fall into a region from 0.3 to 3 for most nuclei.

The theory of electromagnetic multipole transitions between two nuclear
states had been well established by using the long wave length approximation?.
In that formulism, the transition probabilities are proportional to the square
of the matrix elements of the nuclear electric or magnetic multipole operators
which contain the structural information about the nuclear states. The E2
transition probabilities predicted by the simple shell-model calculation of
Weisskopf® are some order of two magnitude smaller than the experimental
results for most nuclei. Refined calculations for - specific nucleus have been
reported®. Collective model calculations have also been made(®.

In this report we present a model for nuclear E2 transitions between 2,*
and 0,* states of the even-even nuclei. Assuming that the interaction of a
nucleus and a radiation field could be thought of as a point charge of mass
M=Am, (m is the nucleon mass, and charge is Ze), moving in a potential

V(r)= =V, + 4+May’r?, if the wave length of the field is much larger then the
nuclear dimension, where V, and w, are parameters. The nuclear E2 transition,
2,*—0,*, is then corresponding to the transition of this system from the n=2
state, n being the oscillator quantum number, to the ground state. From this
arguement and the electric quadrupole operator '

Qs = :‘21 Ler'Y 5. (6 ) +i &y #u(%) 2+ l)_l;j X ;Je @YD)
NJZ;I. [erzY;p. (Hj, 6,-)]=Zer2Y;’,L 4, &) )

and the harmonic oscillator wave functions
lnﬂ-m > = Rng(r)Y.sm (6, ¢)

* Dept. of Physics, Tsing Hua University, Hsinchu, Ta}wan_, R.OLC,
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the 2,* — 0,* transition probability becomes

8r(2+1) 1 [hw\’ e .
O 106 B Ch) <000 (ZerYs ) | 22m> 1* ()

for specific m and p. By carrying out equation (2) explicitly and averaging
over the initial states and summing over the final states, we obtain

cZ® ¢€f (Ahw T 1

T2 =05 ED =45 e\ ke | a? 3

where a=Mauw,{(2h). The characteristic angular freqency w, can be determined
by considering that the energy of the emitted gamma ray is ho=E(n=2)—
E(n=0)=2hw, Thus wy=w{2. The parameter V, plays no role in the transi-
tion probability calculation. Substituting the universal constants and w, in
equation (3), we reach
T(2,* —0,%, E2)=2.5199 x 10*Z*(hw)®/A*  sec™ (4)

with fiw measured in MeV. There is no free parameter in the expression (4).
The mean lifetimes of the 2,* states have been calculated based on equation
(4) and compared with the experimental results for even-even nuclei (stable
and unstable) from A=12 to A=206. The ratios of these two results Teat Texps
without the correction due to internal convertion, are shown in Fig. 1. The
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FIG. 1. Ratios of calculated and experimental life times, & = Ame/(4h)
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calculated and experimental values are nicely consistent with each other to
within a factor of 3 with fewer exceptions.

Recently, Hsu et al®® have suggested that pure vibrational nuclear states
were due to the vibration of the nuclear center-of-mass. These authors have
also proposed a size parameter 1=Muw,/(2%)=0.083A"* fm~* from an averaging
point of view. The calculations based on that arguement have been made by
Kiang et al®. They have obtained an expression for transition probability
mathematically the same as equation (3) with 2 corresponding to our a. By
using their size parameter for our a, the results (again without the correction
due to internal convertion) are qualitively in agreement with -our results as

shown in Fig. 2.
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FIG. 2. Ratios of calculated and experimental lifetimes, & = 0.083AY% fm?*
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THE REDUCED E2 TRANSITION PROBABILITIES
OF THE ONE PHONON STATES TO THE GROUND STATES
OF EVEN-EVEN VIBRATIONAL NUCLEI
L. L. Kiang (# #)* G.C. Kiang (& &), C W. Wang* (2 §)+

and

C. C. Hsu (H4p#)*+

National Tsing Hua University
and
Institute of Physics Academia Sinica

Abstract

Based on the harmonic oscillator potential the reduced E2 transition probabilities
B(EZ) of onec phonon states to the ground states and the half-lives Tija of the one phonon
state of the even-even vibrational nuclei have been calculated. In comparison with the
experimental data, the ratios are in the range of 0.2~1.3 and 0.8-7 respectively.

‘The interaction in a doorway state and a nucleon in a more complicated
- states of the nuclei has already been discussed by Hsu¢*:» and Hsu and
Gonsior®-  These authors proposed that owing to the vibration of the nucleons,
the center of mass of the nucleus could be assumed to be a harmonic oscillator
which is oscillating in a vibrational potential

V(r)=-A <V, > + +Ma,r? (D
where, <V, > is the averaged interaction potential between the nucleons in
the different state with the value of ~8 keV. A is the number of nucleons of

the nuclei. The second term is the potential of the assumed oscillator in the
position r relative to the equilibrium point.

The electromagnetic transitions between one phonon state and ground state
of the even-even vibrational nuclei are pure E2 mode. Due to the flictuation
of the nucleon density, we assumed that the oscillating nucleus has a very simple

kind of charge distribution, and the electric quadrupole moment operator is
approximately

Qzﬂ-=zj le‘} Y;p-cea @) 2)

where 1] is the position of the charged nucleons to the equilibrium point. The

reduced E2 transition probability for an electric quadrupole transition from the
i state to the f state is

NPT I,
BED) = < £ Quli> ©)

* Dept. of Ph-\}s;ics National TsmgHua Univ.
+ Institute of Physics, Academia Sinica
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where I; is the augular quantum number of the state. And the transition
probability for emission of a photon of energy Aw from the one phonon state
to the ground state is

4 1 @ N +
T(E2 2 - 0= 2T L (T) SB(E2; 2* — 0%) (4)
The wave function of the harmonic Oscillator is
Yarm=Roe ()Y (9, ¢) (5
where R,,=N,, exp (—ar®) vttty ,(22r%) ~ (6)
and N,, are the normalization factors,

va, are the associated Legurerre polynormals,

A 1s the size paramerter and 1= Moy

2h

According to equation (3), we calculated the reduced E2 transition
probabilities B(E2) for the vibrational even-even nuclei in the mass region of
54 << A< 80, 96 <A< 148 and 188 << A < 206 which were taken from the
literaturet®. We also calculated the half-lives Ty, of the one phonon states of
the vibrational nuclei from the E2 transition probabslities which were obtained
from eq. (4). The results are shown in Table 1. In this table, we listed the
nuclei of A > 54, which were similar in the excited states with the other
vibrational nuclei in ref.(4). The A > 54 nuclei were chosen from the ‘Table
of Isotopes’ of C. M. Lederer et al.(®,

TABLE |

Elements ,L-phonon state | B(E) exp | B(EZ) cal | BCED)Gal | Tyg exy Ty ou Tz eu

Z+—energy[MeV] 2+—.0+(10-5° cm‘eg);2+—>0+(10"° cm‘c‘); B(E2)exp| 2t ps ' 2Y ps Tijsexp
MRu, | 0358 ; 54 1318 | .44
1wpd,, | 0555 | : , 98 | 324 | 33
wpd, | 012 : , 12 428 . 356
“*Pd,, | 043¢ , | 25 73 292
wpd 0374 17.6 i 6.53 037 | 45 1185 | 163
wCd,, ¢ 0633 1 ; 6 208 | 346
oQd, - 0.633 | _ } 53 1 20 3.77
HCd, i 0658 10 ' 2.3 023 5 199" | 3.98
wGd,, | 0617 10.9 2.52 023 | 62 | 25 4,
MG, 0.558 11 _ 3 027 | 99 | 351 | 354
meCd,, | 0513 . 12 | 34 o028 12 468 | 39
0Te, | 0560 1 | 3.12 ©023 |10 328 | 328
tTe,, | 0.564 1 13 [ 3 o019 ‘ 7.6 33.2 4.37
WTe, | 0603 : | 9 81 | 715
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Vibrational Nuclei

{Continued)

. ‘ | B(E2)cal |
E'emcn“gziiﬁﬁf,;’;’[ﬁi‘\‘% 2,,_,}}3%20)_,‘5"6*:“@)EZMOE((I;%EJ a(‘:lm‘c’)‘ B*((']-,;_z)%f:; } T;’i’ ps } Ty pe %’—:i—:
4T,y 0.667 - 10.6 ! 20 0 019 | 38 | 214 ! 563
14T, 0.743 8.3 ﬁ 1.56 o019 29 | 160 ; 551
190, 0.840 : , 20 | 114 | 57
14Nd,, 0.695 6.0 E 1.9 032 8.0 | 186 | 232
16N, 0.455 5.0 | 4.26 | 038 | 580 | 669 | 115
1Nd,, 0.300 | 2100 | 2300 | 1.09
1905, 0.155 72.0 | 35.5 P05 7100 10310 | 145
9Q0s,, 0.186 52.0 20.13 ' 04 |4250 (8520 | 2.0
Ne,, 124 0.64 1 0.66 103 27 2.57 | 095
*Mg,, 1.8t ﬁ j 0.5 0.86 | 1.72
Ti,, 099 1.4 1.0 - un 4.2 60 | 143
#Cr,, 0.79 3.0 2.0 07 6.2 98 | 158
$Cryy 1.443 3 064 | 17 | 265
#Cry, 0.835 1.14 1.48 13l 95 | 0.79

“Fess | 141 : | ;
#Fe,, 0.845 i 1.22 1.57 © 1.8 8.3 83 | 1
Fe,s 0.805 3.1 1.62 052 54 | 103 | 19
“Zn,, ' 0.990 | 2.5 | 1.17 047 2.3 50 217
Zn,, 1.039 2.14 ﬁ 1.0 . 047 217 | 467 115
“Zn,, 1078 2.0 0.87 044 1.6 44 | 275
"Zn, . 0887 32 122 04 | 32 | 844 | 263
"Se,, | 0635 | 42 | 2.73 | 065 | 13.0 | 200 | 1.54
76Se,, 0.559 | 8.8 | 3.35 ‘ 038 | 1387 | 310 | 223
"Se,, | 0614 | 12 | 2.63 | 037 | 895 46 | 213
"Se,, - 0666 46 2.13 L 0.46 9.65 | 203 | 2.1
"Ru,, | 0838 | | 2.1 89 | 329
“Ru, '~ 0654 | : 50 [ 192 | 3.84
WRy, | 0540 | 114 | 35 03 | 10 | 355 | 322
Ry, 0.473 ‘ ' 160 | 550 | 343
193Qg,, 0.206 40.0 19.3 ' 048 |280.0 |6100 | 2.18
93Py, | 0.316 | 272 | 189.0 | 695
WPy, | 0328 39.0 7.84 L02 450 | 1770 | 3.93
1Py, | 0.35% | 25.0 6.5 026 | 360 | 1430 | 397
wepg,, 0405 | 27.0 4.93 {018 | 190 | 1006 | 529
WHg, | 0.426 140* | 775 | 553

|
19¢g,, 0412 22.0 5.0 022 | 222 | 910 | 41

iHg,, | 0.368 590 | 1283 | 217
wiHg,, 0.440 106 42 039 | 275 | 177 | 28
g, | 0430 80.0 | 850 | 1.06
‘wph,, | 0803 - 12 128 106 | 727 | 132 | 17
*REF. 6
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The experimental values of B(E2),,, and T, are taken from ref. (5).
The ratios of the calculated B(E2),,., and the experimental B(E2),,, are shown
in fig 1. The ratios of Tttheo/ 4exp are shown in fig. 2. Examine both of the
figures, we find that the variations of the B(E2)../B(E2).,, and Ty theo/T $exp
are in the range of 0.2~1.3 and 0.8~7 respectively, which is good enough to
be accepted. '
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FIG. 1 The ratios of the calculated B(EZ) e, and the experimental '
B(E2).xp versus the mass number A.
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FIG. 2 The ratios of the calculated Tijzqe, and the experimental Tijoexp
versus the mass number A,

Since the nucleon density fluctuation may induce a surface vibration®,
which causes the nucleus going to deform. This deformation may change the
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Vibrational Nuclei

potential V(r) from a real harmonic oscillator potential®, the wave function
which we used for calculation should be corrected by the perturbation theory
in order to have better match for the experimental results. The determi-
nation of the deformation parameters for the vibrational nuclei are in processing.
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ELECTRICAL RESISTIVITY AND CRYSTALLIZATION OF
METALLIC GLASSES FessBis and FessBi3Sis
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Abstract

Electrical resistivity (o) of metallic glasses Fe,B,; and FeyB,;;5i; have been measured
as a function of temperature (T) between 78 K and 1010 K. The p vs. T curves,
obtained with specified warming and cooling rates, show that such curves are sensitive
probes of the crystallization process. Within the experimental error, no anomalies in the
o behavior can be seen at the Curie temperature of each metallic glass.

INTRODUCTION

In recent years, metallic glasses have received considerable experimental
and theoretical attentiont'~®>. These materials are interesting from both the
fundamental and applied viewpoints. Because of various superior mechanical,
magnetic and electrical properties, in comparison with those of the crystailine
state, metallic glasses form a class of technological important materials. These
materials are essentially metastable substances. Therefore, each metallic glass
should possesses a specific lifetime at a particular temperature. Obviously, it
is very important to understand the lifetimes, stability and crystallization etc.
of metallic glasses.

On physical grounds it can be expected that the electrical resistivity (o)
is a sensitive property to structural changes. Specifically, at the crystallization
temperature (T,) the quantity o decreases drastically and exhibits specific
characteristics which can be useful for understanding the crystallization processes.
In this paper we report our investigation between 78 and 1010 K on two
ferromagnetic metallic glasses (Fey,B;s and FegB,3Sis).

GLASSY STATE AND CRYSTALLIZATION

In principle, a liquid, when cooled either crystallizes or becomes a glass
below its melting temperature (Tm). The structure and physical properties of
the glassy state below the glass temperature (Tg) depend on previous thermal
history. One particularly important aspect is the cooling rate used for the
preparation of the material which can cause structural relaxation effects¢® when
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the glassy material is heated towards Tg. Therefore, the preparation of amorphous
metallic materials is extremely important for the subsequent studies of their
properties.

Upon crystallization the internal energy (E), the viscosity (5), and the
specific volume (v) change discontinuously while these properties change rapidly
but continuously with the temperature if the crystallization is bypassed. Associated
with this transition, certain other properties, such as the specific heat, electrical
resistivity etc. also change dramatically.

Details of crystallization, such as temperature and time dependences, micros-
tructures, their stability and transformation, etc., have not been extensively and
completely studied. Thus, it is obvious that a systematic investigation on well-
selected glassy systems are definitely needed. ‘

EXPERIMENTAL RESULT AND DISCUSSION

We would like to start our electrical resistivity studies on metallic glasses
by measuring the electrical resistivity of Feg,B,, and Fey, B 3Si; between 78 °K
and 1010 °K. Our results and their significance are presented below.

Ribbon samples of Fe,,B,; and Fey,B,.Si, were prepared by Prof. Lin during
his visiting in University of Pennsylvania (U.S.A.) recently. Electrical resistivity
of ribbons of FeyB,; and FeyB,;Si, was measured using the facility described
beforet>. These two samples were mounted together on a sample holder for
the resistivity measurements. The behavior of the electrical resistivity of Fe,,B,,
and FegB,Si; as a function of temperature between 78 and 1010 °K is shown
in Fig. 1. The rate of temperature increased from 78 to 300 °K and from 300
to 500 °K was roughly 2 K/min. Between 500 and 800 °K the temperature
was increased roughly with the rate of 1 K/min. Above 800 °K the temperature
increasing rate changed to roughly 2 K/min again.

The crystallization in Fey,B,; starts at about 625 °K at which p begins to
decrease with increasing T. The crystallization processes is characterized by a
single and sharp p drop of 42 xQcm which terminates at about 700 °K. The
crystallization process in Fe,,B,;Si; starts at about 610 °K. Above this temperature
p drops rapidly with increasing T. The size of the p drop, which terminates
at about 720 °K, is 43 xQcm. Near the temperature of 75] °K, a second
crystallization process seems to occur by a sharp p drop of 11 #Qcm which
terminates at about 770 °K. When temperatures are further increased, p continues
to increase. After reaching approximately 1010 °K, temperatures were decreased
with a rate roughly about 2.5 K/min down to 300 °K. The p data in this
region show typical behavior of a crystalline material.
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FIG. 1. Electrical resistivity of Fey,B,, and Fc,B,,Si, between 78 and 1010 K.

According to the DSC studys‘® of these samples with a heating rate of 20
K/min, there are two crystallization processes for both FegB,, and Fe,,B,,Si,.
In Fe,B,, the first crystallization temperature is 675 °K; and the second
crystallization occurs at 731 °K. For Fey,B,;5i;, the first crystallization starts
at 678 °K and the second appears at 793 °K. The second crystallization process
of Fe, B, did not shown up in the resistivity measurement. This may be
explained by either one of the following two statements: 1, the metastable
phase in metallic glass may be absent if slow heating rates are used. 2, the
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two crystallization processes of FeyB,; are too close to distinguish by the
electrical resistivity technique. Further experimental results are definitely
needed for clarifying these arguments. It is clear that, in'general, the transition
from the glassy state to the crystailine state is a complicated process. It may
lead to a fine grained crystalline but compositionally homogeneous body or, by
phase separation, to a variety of two or more phase structures. For example,
the crystallization processes of FegoBy, reported by Chien and Hasegawa® are
complex. After crystallization using heating rate of 20 K/min, Fe,,B,, is trans-
formed predominantly into Fe,B. This is a postulated compound because of its
structural instability. At higher temperatures Fe,B phase completely disappears,
and Fe,B and ‘a-Fe are the resultant equilibrium crystalline phases.

The above data clearly indicate that the glass temperature (Tg) of a
metallic glass can be approached . experimentally from the amorphous side by
using very fast heating rates. However, if slower heating’is used, an amorphous
material will crystallize at some. temperature (Tx) which is lower than Tg.

It is obvious from Fig. 1 that the presence of 3 at. % Si increases the
value of the -electrical resistivity at room temperature :by about 27 xOm at
amorphous state and 21 #Qcm at crystalline state; and decreases the crystallization
temperature by about 15K. !

According to Lin® the Curie temperature (Te) of” FemBls is 585 °K; Tc
of Fey,B,3Si, is'572 °K. However, our electrical resistivity data shown, at least
within experimental error, ne -anomalous behavior in the p vs T curve which
could be associated with the ferromagnetic-paramagnetic transition. It appears
that this behavior may be typical for all amorphous materials.

In summary, our experimental data clearly show that the electrical resistivity
can serve as a very sensitive probe for studies of trystallization in amorphous
materials. Further systematic investigations on these glassy systems are now in
progress in our laboratories and will be reported elsewhile.

Acknowledgement: The authors are grateful to the National Science Council of the Republic
of China for the financial support of this research work.
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AN EXPERIMENTAL STUDY ON ANTHRACENE
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Abstract

Anthracene thin films were prepared by dissolving anthracene in proper solvent. We
intend to study the switching phenomenon of anthracene thin film prepared by this
methed and comparing it with that prepared by evaporation method reported by
Elsharkawi and Kao>. The metal-insulator transition has not been found in our samples
yet. More samples will be prepared. Experiments on these will be reported later.

Carbon chain systems of the polyene type have attracted great interest
recently -because of the possibility of occurrence of phenomenon such as metal-
insulator transition etc.. The electric conductivity of carbon chain systems
can be changed many orders of magnitude either by doping with diverse sub-
stances® or by selecting proper film thickness¢®, Anthracene is one of the
carbon chain systems which has been extensively studied for fluorescence and
switching phenomena (I, 3, 4, 5).

In this short note, we reported further study about the anthracene thin film
prepared by dissolving anthracene in proper solvent. We intend to study the
switching phenomenon of anthracene film prepared by evaporation method re-
ported by Elsharkawi and Kao? using this method. This method seems to
be more convenient than the evaporation method. According to Elsharkawi and
Kao, anthracene film was prepared by vacuum sublimation of high-purity
anthracene crystal at 70°C, and the temperature of the substrate had to be
kept at-120°C during sublimation. After sublimation the film was kept in
the chamber filled with dry nitrogen at a pressure of 5x 10~ torr to avoid
volatilization when it was annealed slowly from -120°C to room temperature. In
the present study, benzene was chosen to be the proper solvent. The solubility
of anthracene in benzene is 5g per 100g benzene. The vapor pressure of benzene
at 20°G is abount 75 mmHg. For benzene, the boiling temperature is about

80°C; and the melting temperature is about 5.5°C. However, for anthracene,

the boiling temperature is about 350°C; and the melting temperature is about
215°C. The above physical properties show that the solution of anthracene in
benzene can be used to prepare anthracene thin films at room temperature.

High-purity anthracene (standard for elementary analysis) was purchased
from E. Merck Co. (Germany). About twenty samples were prepared by the
solution of anthracene in pure benzene. The solution was dropped onto a flat
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glass substrate-on. which several gold or copper stripes of 0.2mm in width and
about 5 mm in separation had already been fixed to form the base electrodes.
Let the benzene solvent be vaporized and repeated this procedure several
times, then another gold or copper striper were mounted on the top of the
sample as the electrodes. The the electrodes stripes and the base electrodes
stripes are perpendicular to each other. Finally, the solution was again dropped
onto the top of the sample for several times for the purpose of making good
contacts. The film thickness is about 0.1 mm measured with an accurate vernier.
A voltage/current reference source (North Hill, Model TC-100.2 BR) was used
as a constant voltage supplier. The current through the samples was measured
by an electrometer (Keithley Instruments, Model 610C). Qur experimental
result is presented below.

Figure 1 shows the typical D.C. current-voltage (I-V) characteristics of our
samples. We did not observe a sharp increase in current with the applied
voltage between 0 and 100 volts. ‘This means that the switching and memory
phenomena ‘have not been observed in our samples. The electrical resistivity
calculated from our experimental data is roughly in the order of 10°Q-crr which is
definitely in the insulator region. The next step we plan to do is to prepare more
samples with thickness less than 5 ym under the technique described in this
note, and to extend the voltages to higher values. Experiments on these will be
reported later.

, REFERENCES _
L -A. R. Elsharkwai and K. C. Kao, J. Phys. Chem. Solids 38, 95 (1977).
2...C. K. Chiang, C. R. Fincher, Y. W. Park, A. J. Heepar, H. Shirakawa, E. J. Louis,
S. C. Gau and A. G. MacDiarmid, Phys. Rev. Lett. 39, 1098 (1977).
3. W. Helfrich and W. G. Schnider, Phys. Rev. Lett. 14, 229 (1965).
4. W. Hwang and K. C. Kao, J. Chem. Phys. 58, 3521 (1973).
5. C. Chiang, Ann. Rep. Inst. Phys. Acad. Sin. 8, 61 (1978).

—92 —



107 1

An Experimental Study on Anthracene

Anthracene
(Cy,Hyo)

b
C){
~]
¥

Current{A)

1078

109—=2

T I LR

1 L Lt 1 1111}

1 10

100

Voltage (V)

FIG. 1.
film samples with thickness around 0. 1 mm.

— 93 —

Typical D. C. current-voltage characteristics at room temperature for our anthracene



ANISOTROPY OF MAGNETORESISTIVITY OF
NI-RICH NI-CU AND NI-SI ALLOYS
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Abstract

Measurements are reported on the anisotropy of the magnetoresistivity of Ni-rich Ni-
Cu and Ni-Si alloys as a function of applied magnetic fields (up to 12 KG) at liquid
nitrogen temperature. Our results imply that Smit spin mixing type of mechanism is
the dominant one in our Ni-Cu and Ni-Si alloy systems

[. INTRODUCTION

The galvanomagnetic . phenomena occur whenever a conductor carrying an
electric current is placed in a magnetic field; and these effects have been
extensively studied since quite a long time ago®~*. Recently, the interest in
these effects has been renewed®> because of the practical applications of bubble
memory read outs and tape readers etc.. Magnetoresistance in magnetic alloys
has been the subject of current interests(-19,

The resistivity anisotropy is characteristic of ferromagnetic metals and does
not occur in non-magnetic metals. Generally, two extreme situations can be
distinguished. for the resistivity anisotropy; i.e. the saturation magnetization of
the ferromagnetic metal is either parallel or perpendicular to the electrical current.
Such an anisotropy is generally recognized as originating in spin-orbit coupling
effects and various types of mechanism have been proposed to explain the relation
between the spin-orbit coupling.

In this paper, we present a study of the anisotropy of the magneto-resistivity
of a series of Ni-rich Ni-Cu and Ni-Si alloys in magnetic fields up to 12 K
Gauss at the liquid nitrogen temperature.

II. EXPERIMENTAL CONSIDERATION

One pure nickel, two nickel-copper alloys containing 5.0 and 10.0 wt.%
copper and three nickel-silicon alloys containing 0.2, 0.73 and 1.66 wt.% silicon
were prepared by a laboratory arc melter. Both nickel (99.999%) and copper
(99.999%) used for these alloys was purchased from Electronic Space Products.
Silicon used for this study is also 99.999% pure. After repeated melting the
ingots were sealed in silica tubes under about 1/5 atmosphere pressure of hilium
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gas at room temperature, annealed at 900 °C for several days and then furnace
cooled. From these ingots, samples in the form of rectangular parallelepipeds
were cut by hand using a diamond saw. The surfaces of the samples were
polished using files and sandpapers. The electrical resistivity of these samples
was determined using the conventional four-probe technique. A seven inches
laboratory electromagnet (O. S. Walker Company) was used to produce the
magnetic fields. The magnetic field was applied parallelly as well as transversally
to the measuring current of the samples.

II. RESULTS AND DISCUSSION

For a fully magnetized ferromagnetic polycrystalline alloys, the electrical
resistivity can be written as

o (B, 8)=po+ (cos'0— ) Bo-+dp (B, 6) (1
where @ is the angle between the current direction and the macroscopic magnet-
ization of the sample. The last term represents the ordinary Lorentz force
magnetoresistivity; the second term is due to the spontaneous anisotropy of

resistivity, Ap; the first term is due to all other effects. To separate the terms
experimentally, the sample resistivity is measured as a function of applied
magnetic field for #=0 and /2. Then, the curves for ¢,,(B) and p, (B) above
technical saturation are extrapolated back to B=0, ecleminating the Lorentz
term. We define the resistivity anisotropy ratio as

;_P_= p11(B— 0)__P1 B—-0)
o o
with ;’-:‘5' Lo (B— 0} +20,(B—0)]

In this study, the electrical resistivities were all measured at liquid nitrogen
temperature (78 °K). For the convenience of our experimental process, we let
Ap= py_n— Pu-o; this is the difference of the resistivities between applied magnetic
field H and zero applied magnetic field. Here, we must note that the value of
pu-o depends on the magnetic history of the sample and is generally different

(2)

from p. Eq. (2) can be rewritten as
£= Doy (B —0)—Ap, (B —0)
P ' o

Fig. 1 shows the difference of the electrical resistivities between applied
magnetic field H and zero applied magnetic field of our Ni-Cu samples contain-
ing 0.0, 5.0 and 10.0 wt.% Cuat 78 °K as a function of H for both H//I and
H | I, where I is the current through the sample measured. Ap of Ni-Si samples
containing 0.20, 0.73 and 1.66 wt.% Si at 78 °K as a function of H for both

&)
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FIG. 1. ap of Ni and Ni-Cu alloys as a function of H at 78 °K.

H//I and H | I are presented in Fig. 2. From these two figures, we find that
Ap of Ni-Cu samples containing 5.0 and 10.0 wt.% Cu is quite large comparing
with that of pure Ni and Ni-Si samples.

Table I shows our experimental values of p, Ap and Ap/p for all the samples
prepared for this study. We know that, in a ferromagnetic alloy, spin up( })
and spin down( | ) electrons (i.e. spin parallel and antiparallel to the magnet-
ization) carry current in parallel and we can define at T=0 specific residual
resistivities p,? and p,. The ratio a=p,}/0,! for many Ni and Fe alloys has
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been analysed in terms of a two-current model®. According to Dorleijn®?,
fol =38 4Qcm/at.9 and p,} =1.3 xQcm/at.% for Ni-Cu alloys; po] =6.4 pQcm/
at.% and p,1=35.0 uQcm/at.% for Ni-Si alloys. Therefore, a = 2.9 for Ni-Cu
alloys and « = 1.3 for Ni-Si alloys. Roughly speaking, (since the liquid nitrogen
temperature is not low enough to show exactly) our data imply that the resis-
tivity anisotropy ratio of our Ni-Cu and Ni-Si alloys is roughly proportional to
(e—1). This means Smit spin mixing type of mechanism!" is the dominant
one in our Ni-Cu and Ni-Si alloy systems. Usually, in alloys where e is less

Ak o_ o | .
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FIG. 2. ap of Ni-8i alloys as 2 function of H at 78 °K.
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-
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TABLE |.  Experimental values of ; Ao and K;:/p for Ni-Si and Ni-Cu alloys at 78°K

|
— ! .
Alloys (,uﬂlfcm) ! (pQA—im) ! ap/fe
Ni | 0.77£001 0.02+£0.02 ‘ 0.0264-0.026
Ni-0.20 wt.% Si 2.10+0.01 | 0.05+0.02 0.024£0.010
Ni-0.73 wt.% Si 5.30 0.01 0.09 +0.02 0.017-£0.004
Ni-1.66 wt.% Si 11.08+0.01 | 0.08+0.02 0.007-:0.002
Ni-5.0 wt.% Cu 4.86£0.01 : 0.294-0.02 ‘ 0.060%0.004
Ni-10.0 wt.% Cu 8.38+0.01 ] 0.5440.02 | 0.064+0.003

Acknowledgementt The author is grateful to the National Science Cuoncil, Republic of
China for the financial support of this work. The assistance in laboratory by Mr. W. J. Ueng is
greatly appreciated.

than 1, the anisotropy is always quite small and there are always large deviations
from the (a~—1) rule. These studies for other systems with values of a both
greater and less than 1 are now in progress and will be reported later.
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ANNEALING STUDY IN GLASSY Fess Bis
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Abstract

Metallic glasses are essentially metastable substances. It can be cxpected that the
lifetime will be a function of temperature since the crystallization is a thermally activated
process. A short period of time of annealing effect for glassy Fe,, By is reported here.
This is just 2 beginning of our systematic investigations a.bout the lifetime of metallic
glasses.

Metallic glasses are essentially metastable substances. It can be expected
that the lifetime will be a function of temperature since the crystallization is
a thermally activated process. Usually, the end of life of an amorphous material
is defined as the onset of crystallization. The available data®=" of the time
for start of crystallization as a function of temperature are shown in Fig. I.
These data clearly define the maximum fabrication and operating time-tem-
perature exposures. For example, the crystallization of Feg,B,, will start (a
linear Arrhenius extrapolation is assumed) at 175°C after 550 years or at
200°C after 25 years.

The electrical resistivity (o) can serve as a very sensitive probe for studies
of crystallization in amorphous materials. Starting from this short note, we will
continue to investigate the lifetime of the metallic glasses by means of the
electrical resistivity technique. |

The equipments used for this study were constructed by Dr. Yao. Stripes
of amorphous Fey,B,; were sealed into the silica tubes which can be either
evacuated for filled with helium gas. After being evacuated, the silica tubes is
always filled with helium gas kept at a pressure of approximate one atmosphere
for all the temperatures. This is to improve the thermal coupling between the
stripes and their environments. Each sample was annealed at selected temperature
for specific periods of time. The periods of time are additive for each specific
temperature of annealing. After each aging, the electrical resistivity was
measured at room temperature.. Fig. 2 and Fig. 3 are results of our data. p,
is the electrical resistivity at room temperature before annaling. The normalized
electrical resistivity (p/p,) as a function of annealing time at different annealing
temperatures is shown in Fig. 2. Except the annealing temperature at approxi-

* Present address: Department of Physics, National Cheng Kung University, Tainan, Taijwan, 700,
R. O. C. '
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mate 400°C, the electrical resistivity did not change manifestly within 30
minutes. Fig. 3 shows the normalized electrical resistivity as a function of
annealing time within 30 minutes at approximate 400°C. After 30 minutes of
annealing, the normalized electrical resistivity decrease approximately 35%.
Further study of these annealing effects are in progress in our laboratory; and

resuits of systematic investigations about the lifetime of metallic glasses will
be reported lator.

S Te
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3 o . . ,
=10 Co,5Siy5Byg.
Z 102 Fe,s C°3q' PsBsAl,
0l Fegofia Gy
vl Fe, Ni.P B
Fe@scoaoasBsAla ~ LT
Fe,-Ni B ' -
10 \ 40 40520 . .
13 1.4 15 1.6 1.7 18

10%/T(K™)
FIG. 1. Time for start of crystallization as a function of temperature,
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Annealing Study in Glassy Fe, B,
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FIG. 2. Normalized electrical resistivity of Fe,, B,; as a function of annealing time.
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MAGNETIC PHASE TRANSITION IN NI-RICH NI-SI ALLOYS
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Abstract

The clectrical resistivity, p, of a set of Ni-5i alloys containing 0.00, 0.20, 0.73, and
1.66 wt.% Si has been studied as a function of the absolute temperature, T, between 300
and 700 °K. Our experimental data show that each of the p vs. T curves exhibits a
well-defined knee in the critical region of the magnetic phase transition. The concentration

dependence of the Curie temperatures of these Ni-Si alloys has been determined from
(de/dT) vs. T etc. analyses.

I. INTRODUCTION

During recent years there has been intense interest in the behavior of various
physical systems¢? in the vicinity of the phase transitions. It is well known
that electrical resistivity measurements on a ferromagnetic system provide useful
information about their magnetic phase transition etc.®> According to Fisher
and Langer®, Richard and Geldart(®, the magnetic component of de/dT above
the Curie temperature, T, should vary like the magnetic specific heat. This
means that it is proportional to ¢™*, where ¢= |T—T,|/T, and « is the specific
heat critical exponent. Below T, dp/dT should be proportional to &**-, where
B is the critical index for the spontaneous magnetization. The divergence is
positive both above and below T.. The Curie temperature occurs at which
dp/dT diverges and there is no cusp in the p vs. T curve. Recently Su et al®-®
basing on the itinerant model and band calculation of pure nickel, show that
dp/dT is divergent linearly and positively below T..

In this paper, we present a study of the electrical resistivity of nickel-
rich nickel-silicon alloys containing 0.00, 0.20, 0.73 and 1.66 wt.% Si as a
function of temperature between 300°K and 700 °K, and try to get further
information about ferromagnetic alloy systems. Our experimental procedure and
results as well as their significance are presented below.

II. EXPERIMENTAL PROCEDURE

The nickel-silicon alloys were prepared by means of a laboratory arc melter
which was construced by Dr. Yao. It is a water-cooled type melter. A com-
mercial rectified D.C. welding unit (the maximum power comsumption is 12
KW) is used as the electrical power suply.
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Before melting, the chamber has to be cleaned and vacuum pumped. Due
to the limited amount of metal available and the limited size of the copper
base of the arc melter, the total weight of one batch of the material to be
‘melted is about 5 to 7 grams. Each ingot was turned over and remelted two
or three times to ensure homogeneous distribution of the impurity solute. In
most cases the weight losses assured about 5% accuracy of the nominal impurity
concentration.

After melting, the ingots were sealed in quartz tubes under 1/5 atmosphere
pressure of helium gas at room temperature and annealed at 900°C for three
days. From these ingots, samples in the form of rectangular parallelepipeds
were cut by hand using a diamond saw. The surfaces of the samples were
polished using files and sandpapers. Typical sample dimensions were roughly
2x 3% 20 (units in mm). R ‘ ‘

Four nickel-silicon alloy samples containing 0.00, 0.20, 0.73 and 1.66 wt.%
silicon were prepared for this study. Four copper electrodes were lightly spot-
welded to each sample. The center two copper electrodes are the potential leads;
the other two are the current leads., The width, thickness and distance between
the potential leads were determined by means of a very accurate vernier caliper.

The equipments for the electrical resistivity measurements include the high
vacuum system, the high-accurate temperature control system and the precision
potentiometer system with necessary accessories etc. etc.. Those experimental
equipments had been already set up by Dr. Yao before this study. The elec-
trical resistivity of the above four Ni-Si samples was determined using the
conventional .four-probe technique. Temperatures between 300°K and 700°K
were achieved achieved in a Marshall vacum furnace.

OI. RESULTS AND DISCUSSION

Fig. 1 shows the values of p of our Ni-Si alloys as a function of Si content
at 78°K. The increase in the electrical resistivity is about 7.2 pQ-cm per wt.%
of Si at 78°K. This plot confirm the expected good quality of the alloys pre-
pared by the methods described above. Fig. 2 shows the electrical resistivity
of our Ni-Si alloys containing 0.00, 0.20, 0.73 and 1.66 wt.% Si between 300
and 700°K. It is obvious that the p vs. T curve undergoes an abrupt slope
change which results from the ferromagnetic-paramagnetic phase transitions.

Fig. 3 presents the temperature dependece of the deviation from Matthies-
sen’s rule, DMR or Ap, for three nickel-silicon alloys containing 0.20, 0.73 and
1.66 wt.% silicon. Values of Ap were obtained by subtracting the electrical
resistivity of the pure Ni from the electrical resistivity of the particular Ni.Si
alloy. Mathematically, let:
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FIG. 1. Electrical resistivity of Ni-8i alloys as a function of silicon concentration at

78 °K.
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FIG. 2. Electirical resistivity of Ni-Si alloys as a function of temperature between 300 °K
and 700 °K.

These three functions are called, respectively, the derivative, the derivative on
the right, and the derivative on the left of Ap(T) at T=T,. AndAp’ (Tc) does not
exist means that Ao, (T,) 7 Ap:(T.). From figure 3, Ap exhibits that (dAp/dT)
does not exist at T,. The arrows in figure 3 indicate T. of the particular alloy
and the crossed arrow shows the value of T, for pure nickel. Below T, of the
particular alloy, Ap increases smoothly with increasing T. Above T. of the
particular alloys, Ap changes slowly and smoothly with increasing T. However,
between T. of pure nickel and T, of the particular alloy, Ap decreases much faster
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FIG. 3. ap(T) as a function of T for Ni-Si alloys between 300 °K and 700 °K.

with increasing T than that above T. of pure nickel.

It is clear that™Ap is

continuous through the Curie temperatures, even Ao, (T.) # 8o (T.).

Fig. 4 shows the temperature dependence of the temperature derivative of
the DMR, dAp/dT, of our nickel-silicon alloy system. For each curve, dAp/dT was
obtained from the Ap (T) data by point-by-point differentiation using a computer.
On each curve, there are two points that Ap [ (T,) %= Ap (T.), one point is the Curie
temperature of the particular Ni-Si alloy and the other is the Curie tempera-
ture of pure Ni. According to the theoretical analyses®~®, dAp/dT should be
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FIG. 4. dap/dT as a function of T for Ni-Si alloys between 300 °K and 700 °K.

divergent positively near T, of Ni-Si alloys and divergent negatively near T, of
pure nickel. However, from the experimental point of view, or figure 4, we
would rather say that the two points of T, occur at the maximum and minimum
of each dAp/dT vs. T curve, respectively. Below T, of a particular alloy dAp/dT
increases slowly with increasing T. Between the T.’s of the particular alloy
and the pure nickel, dAp/dT decreased quite fast with increasing T. Above T.
of the pure nickel, dAp/dT increasing very fast within a few degrees and appears
to become quite flat thereafter. Evidently, we can conclude that the dAp/dT
method gives results identical to those obtained by conventional methods.

Fig. 5 presents dp/dT vs. T curves of these Ni-Si alloys in the temperature
range between 300°K and 700°K. The Curie temperature is determined from
this plot ast he temperature at which dp/dT diverges. These dp/dT vs. T plots
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FIG. 5. dp/dT as a function of T for Ni-8i alloys between 300 °K and 700 °K.

for the above alloys are quite similar to that shown for the pure Ni by Craig
et. al.®, The values of T, determined from above are shown in Fig. 6. The
Curie temperature decreases monotonically with increasing Si concentration.

IV. CONCLUSION

One of the important properties of a ferromagnetic system is its Curie
temperature. In this paper, we experimentally conclude that the Curie tempera-
ture of the Ni-Si alloys containing up to 1.66 wt.% of Si is monotonically
decreased from about 627°K for pure Ni to about 480°K for Ni-1.66 wt.% Si.
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FIG. 6. Tg of Ni-Si alloys as a function of Si concentration.

REFERENCES

P. Kawatra and J. I. Budnick, Int. J. Magn. 1, 61 (1970)
D. Yao and J. H. Tsai, Chin. J. Phys. 16, 189 (1978)
E. Fisher and J. S. Langer, Phys. Rev. Lett. 20, 665 (1968)
G. Richard and D. J. W. Geldart, Phys. Rev. Lett. 36, 290 (1973)
R. Su and T. M. Wu, J. Low Temp. Phys. 19, 481 (1975)
R. Su, J. Low Temp. Phys. 24, 701 (1976)

D. Hu and D. R. Su, J. Low Temp. Phys. 31, 527 (1978)

R. Su, Nuovo Cimento 46B, 315 (1978)

P. Craig, W. I. Goldburg, T. A. Kitchens and J. I. Budnick, Phys. Rev. Lett.
19, 1334 (1967) '

. M.
Y.
M.
T.
D.

. D.
C.
D.
P.

— 112 —
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CONTINGENT AFTER EFFECT

CHUN CHIANG (% 4 %)

Institute of Physics Academia Sinica
Nankang, Taipei, Taiwan, The Repnblic of China

Abstract

A model is advanced to explain the McCollough effect and the contingent motion
after-effect. This model is based on the coupling of two umits at the inspection stage,
each of which sensitive to a particular feature of the stimuli. In the testing stage, the
stimulus induces the excitation of the other feature detector through coupling to the state
compatible to the previous inspecting stimulus, and the new incoming feature in reference
to this state gives rise the after-cffect. Comparision with other theories is discussed.

The McCollough effect (McCollough, 1965) is the effect that when viewing
alternatively red/horizontal and green/vertical grids for some time, the achro-
matic vertically lined grid appears pinksh coloration and the achromatic
horizontally lined grid appears greenish coloration.

Even though a lot of experimental data on this effect have been obtained,
the theoretical explanation is still in question (Skobo et al, 1975). Of the
many theories, two classes of theories may be classified. The first class of
theory, orginally proposed by McCollugh (1965) and extended by many others,
assumes that the effect arises due to chromatic adaptation of color coded
edge detectors. With the inspection of red/horizontal lines, the chromatic
component of the horizontal units for red is adapted, thus the achromatic
test pattern presented later will appear tinged green by the unadapted horizontal
detectors. The same reasoning applies to the appearance of pinkish coloration
of achromatic vertical. However, this model has been criticized that too many
properties have to be assigned to this color coded edge-detector (Murgh, 1976).
Also, Murgh (1979, 1975, 1974, 1972, 1969) has reported some other data which
are not compatible with this model.

The second class of theories attributes the McCollough effect to “a learning
process by which the pairing of a color with a specific grid orientation produces
an association in which the grid orientation comes to evoke the response of the
visual system to the color” (Murgh, 1979). Furthermore, the lined grid in
inspection was viewed as the conditioned stimulus and the color functions as
the unconditioned stimulus, However, the learning process and the condition
process imply that the effect can be taught by instructions without actually
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requiring the inspection process; also, as remared by Mayhew and Anstis (1972),
if it is due to learning, then the effect should be able to be contingent on
shape such as triangles or disks. This seems not to be the case. In the fol-
lowing, a new model is presented which seems to be able to alleviate the
above mentioned defects.

THEORY

Visual system consistes of many individual feature detectors or sensors,
which normally detect each in-comming features. However, this is the passive
response of our visual system. In order to perceive the in-comming signals
through the detector, the visual system also consists of active response, this
active response consists of subjective controller and follower (or filter) as shown
in Fig. 1. The subjective controller exerts a concious control of the com-
ponents of the visual spstem to match the signals and the matched components
for the signals are termed the follower or the filter and the perception space
is the detected signals filtered through this filter, namely, the in-comming
signals minus the matched signals in the filter. This model has been used to
explain the motion after effect (Chiang, 1978).

For the present situation, when two different features, feature A and feature
B in the signal are repeatedly presented in the “inspection stage”; the matched
filter for feature A, namely the filter A, and the matched filter feature B,
namely the filter B, are coupled together. Also, the controller for feature A
and the controller for feature B are coupled together as well. The coupling is
due to the correlation of simultaneous firing of neurons for two different
featurers. In the testing stage, with the signal containing feature A and a
neutral feature, the filter A and controller for feature A are rapidly activated
and thus feature A is perceived in the perception space. However, due to
the coupling process, the firing of neurons for filter A will induce the firing
of neurons for filter B even though feature B is not presented in the signals.
Concequently the perceived “neutral feature” will be the “neutral feature”
minus the “feature B” and this gives rise the contingent after effect.

Some experimental evidences can support above coupling induction process.
For example, Hebb (1949) found that the firing of neurons in a “cell assembly”
can affect the probability that other cells will fire. Also, Leppmann and
Allen (1973) have reported that when test patterns are presented for brief
periods, the exposure time required to identify the form of the pattern is less
than that required for subjects to identify the color aftereffect; this fact supports
the view that filter A is activated first, and filter B is activated latter by the
coupling and induction process. Further support of the above model may
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be judged by the cases for which this model can explain.

Case (a) McCollough Effect, the orientation contingent color after-effect:

In this effect, the inspection stimuli are the vertically orientated red and
blace strips alternating with horizontically orientated green and black strips.
Thus the feature follower for vertical black strip is coupled with the feature
follower for red color and the feature follower for horizontal black strip is
coupled with feature follower for green color in the visual system (see Fig. 1).
In test stage, with the viewing of vertical black strip and white color, the
vertical black strips induce the feature follower for red color through previous
coupling mechanism, thus the white color goes through this red color filter (or
the white color in reference to this red color) gives the green sensation.
Similar explanation applies to the red sensation for viewing the horizontal
black strip and white color.

Case (b) Color contingent motion after-effect (rotating spirals):

The inspection stimuli are spirals rotating clockwise in red background
alternating with black spirals rotating counter clockwise in yellow background
(Mayhew and Austis, 1972). According to Chiang’s theory of motion after-
effect (1978), the follower for the motion in the visual system should be a
trisient. In the inspection stage, the follower follows the rotating stimulus
starting from motionless in the beginning to full rotation and to abrupt stopping
and then rotates in reverse direction. The coupling features are: red color (or
yellow color) in follower A is coupled to transient clockwise rotation (or.
transient counter-clockwise rotation) in follower B. Furthermore, the switching
of color from one color to the other (or from clockwise rotation to counter-
clockwise rotation) in stimuli requires great concious effort in the subjective
controller to cope with; thus in the present situation, the act of switching to
red color (or yellow color) in the subjective controller A is also coupled to the
act of initiating the clockwise rotation (or the counter-clockwise rotation) in
the subjective controller B.

In the test stage, with the presentation of stationary spirals in red light,
the stimulus of red light sets the follower A to conform to the red light, and
since the red color in follower A was coupled to clockwise rotation in follower
B, thus the stationary spirals will appear to rotate counter-clockwise in reference
to this clockwise rotation of follower B. However, the coupled follower B is
transient and will disappear gradually, thus the apparent rotation of the stationary
“stimulus will also be a transient and disappear gradually. Since the “switching”
of color is also coupled to the “initiating” of the rotation in the subjective
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controller, thus even though the apparent counter-clockwise rotation will
gradually disappeare in the background of red light, the act of new switching of
color to red light in subsequent test can again initiate the clockwise rotation of
follower B and the stationary stimulus can appear to rotate counter-clockwisely
again. With the similar argument, the stationary spirals will appear to rotate
clockwisely in yellow light. Thus, these coupling of color with motion and
the coupling of switching of color with the initiating of rotation together may
explain the observed facts (Mayhew and Austis, 1972), namely, the color
dependence of the direction of the apparent rotation, the gradual disappearence
of the apparent rotation and the renewed apparent rotation with the switching
of the color.

Case (c) Space contingent motion after-effect (moving strips):

The inspection stimuli are narrow spaced strips downward and medimum
spaced strips moving upward (Mayhew and Austis, 1972). The coupling features
are: narrow strips are coupled to the downward motion and medium strips are
coupled to the upward motion. Thus in testing, the stationary narrow strips
should appear to move upward according to the above theory and the stationary
medium strips should appear to move downward. This is observed. Mayhew
and Austis (1972) also reported that for some subjects, with the inspection of
medium spaced strips and broad spaced strips (instead of narrow spaced strips
and medium spaced strips), the “medium” spaced strips will appear to move
upward (instead of downward) and “broad” spaced strips (which have not been
presented in the inspection) will appear to move downward; and in general,
this kind of transposed space contingent motion aftereffect occurred only
if a rest period of about 20 min. was given between the inspection and test
procedures. No explanation was given to this phenomenon. It is postulated
here that in the inspection stage, not only the actual physical and physiological
space of strips was coupled to the motion, but the impression of “broad” or
“narrow” of the space was also coupled to the motion. Thus in the inspection
stage, both the space of the narrow strips and the impression of being relative
narrow are coupled to the downward motion and the space of the medium
strips and the impression of being relative broad are coupled to the upward
motion. Concequently, with the stimulli of stationary medium strips and broad
strip in the test stage, the medium strip (the impression of being relative
narrower) will appear to move upward and the broad strip (the impression
of being relative broader) will appear to move downward. However, this kind
of coupling takes time to develope, since the impression of the strips being broad
or narrow requires the brain to interpretate, and the process of interpretation
and its subsequent coupling with motion take time. Whereas the coupling of the
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actual sensed space with the motion does not require interpretation, thus does
not need time to develope. Also, since attention was concentrated in perceiving
the motion in the inspection stage and there is not enough time for the brain
to interprete the strips being broad or medium and to make strong coupling
in the inspection stage. For these two reasons, the transposed space contingent
motion after-effect can not show up right after the inspection stage and have
to wait for 20 min. to show up. Thus the usuall aftereffect can apper right
away and the motion aftereffect with transposition will take about 20 min. to
develope. The above theory of contingent after effect may not only explain
the examples given above, it may also explain many other experimental
findings.

DISCUSSION

While there are many theories advanced in the past (see review by Skobo
et al, 1975), it might be appropriate to compare some of those theories with
the present one. For the edge-detection model and the single-unit model
(McCollough, 1966, Fidell, 1970; Teft and Clark, 1968, Hepler, 1968), it was
postulated that there is a single neural unit sensitive to two stimuli. In the
present theory, it is the coupling of two units sensitive to each stimulus that
leads to the after-effect, in stead of one unit sensitive to two stimulli. Murch
(1972) proposed that “color adaptation in conjunction with a specific line
orientation” might be an apropriate way to describe the the physiological
correlates of the McCollough effect, the fatigued opponent-process color
_ receptors in the lateral geniculate nuclus would “feed into” cortical units having
orientation sensitivity; achromatic spatial patterns would appear colored because
the lines were processed through fatigued color units on their way to the
orientation detectors. Murch (1972) also suggest that the McCollough effect
involves only the adaption and fatiguing of color, but probably does not
involve a fatiguing of orientation-sensitive units. Skobot et al (1975) however
questioned that why exposure to chromatic gratings could produce no longlasting
fatigue of the orientation-detecting mechanism and yet, at the same time,
would fatigue color units for a period of weeks. In the present theory,
while it also proposes that the orientation elicites the aftereffect, similar to
Murch’s model, however, it does not use the notion of adaptation, and after-
effect is due to the coupling, which is induced by the simutaneous firing of
some neurons by other nuurons. This coupling is at a more basic stage and
does not necessarily involve the retrival of the information from the memory.
Therefore, this theory is also different from the pure learning or condition
theory.
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Fig. 1. A block diagram showing the perception and coupling of the units in the visual
system sensitive for two different features of the stimulli. The sign-sindicates the direction
of flow and the sign—- - -—indicates the coupling of two units.
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MECHANISM OF MEMORY AND SWITCHING
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Abstract

The mechanism of transition from one state to the other is proposed to explain the
electric switching and memory phenomenon in thin film made of organic or inorganic
material. An equation is derived,

~ Memory and switching process are of keen interest not only for its scientific
curiosity, but also for its potential vast industrial applications. Nature also
provides living examples of switching process such as nerve membrane excitation,
etc. Thus it would be of vast interest to explore the switching mechanism for
biologist, physicist, electrical engineer, and find the similarity and the difference
of the switching mechanism among the biological membrane, organic thin film
and the inorganic thin film.

Despite intensive research in recent yearst-* % %% no electronic theory has
been developed to the stage that quantitative calculation and prediction can be
made to the threshold behavior of amorphous thin film. Recently, a quantitative
switching theory‘® has been given for the organic thin film with dipoles, a
quantitative theory has also been given for the nerve excitation and action
potential®® ®, This articie will report a novel switching mechanism in amorphos
thin film and comparision of switching mechanism with other type of films can
be made.

I propose that there are two stable configurations exist in the amorphous
thin film (Fig. 1), configuration I at energy E, may transform to configuration
II at energy E, through a barrier (E, < E;), and the conductivities of these
configurations are different. The difference between configuration I and con-
figuration II may be due to the positional variation of the atoms, the variation
of the number of the bonding atoms, the changing of the bonding state such
as from p-orbital to d-orbital or from lone pair to bonding®®, or from neutral
dangling bond to positive and negative dangling bond® !> or a conbination of
above situations. Furthermore, depending on the relative position of the atoms,
the bond angle and bond distance among atoms may vary and thus the barrier
and the configuration II may have several energy states as indicated in Fig. L.
Also, I assume that a2 current I passing through the film may elevate the energy
of the configuration I and II by the amount k, I and k, I resgectively, where
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Energy
Barrier

—
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k,I

E1> . 72

Configuration I Configuration II -

FIG. 1. Energy level of configuration I, configuration II and the barrier. The

coergy level of the configuration I and the barrier may be varied by
the ON process.

k, and k, are constant. The elevation of the energy by the current is due to
the fact that the kinetic energy of the current may dissipate and excite the
respective configuration within the film. What essentials in this model are (i)
there are two stable and reversible configurations exist in approximately equili-
brium in the amorphous film, (ii) the conductivity of configuration II is much
higher than that in configuration I, (iii) the energy level of the configuration
I and II may be elavated by current I with the amount k, I and k, I respectively.

With above ideas, it can be seen that configuration I usually prevailes in
the film together with a small number of configuration II, since E, is smaller.
When passing current through the film, as E, + k, I { E; + k, I, namely, as
long as the energy level of configuration I is smaller than the energy level of
configuration II under electric excitation, then configuration I is more stable
and prevails in the film. If configuration I is ohmic, then the V-I curve is
linear as shown to be AB line in Fig. 2 (OFF state). With increasing current
such that E, + k, I ) E; + k, I (this is possible at large current, since k, is
larger than k,), namely the energy level of configuration I is much higher than
that of configuration II, then the atoms and electrons will be arranged in the
form of configuration II, since it is this configuration which is favorable under
electric excitation. Again, if it is ohmic and if the conductivity of configuration
II is higher, then the V-I curve is shown as CD line in Fig. 2, and represents
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FIG. 2. I—V curve of the threshold switching and Memory state,

the ON state. If E, + k, I = E, + k, I, namely the energy level of configura-
tion I and configuration is comparable, then the population of configuration I
and configuration II is approximately equal and is very sensitive to the current.
Slightly increasing of the current will shift the. equilibrium and increases the
- population of configuration II significantly. Since the conductivity of configura-
tion Il is higher than that of configuration I, the “voltage drop” for the same
amount of current passing through configuration II will be lower than that
passing through configuration I, thus the voltage decreases as the current increases
in the switching region as shown to be the BC line in Fig. 2. The minimum
current which initiates the significant change is the threshold current and the
corresponding voltage the threshold voltage (point B).

If the arrangement of atoms in configuration II is rigid and configuration
II feels a constant envioroment, then the energy level and potential barrier of
configuration II is fixed and assumed a unique value, then the switching from
the ON state to OFF state will follow DCBA line which is exactly the reverse
of the path from the OFF state to ON state. However, since there is drastic
change of atomic and electronic arrangement during switching, configuration II
feels different envioroment in ON state and OFF state, thus she energy level
and the potential barrier will have different value; since large current passing
through the film during switching and the temperature increases, thus the atoms
or electrons may take a more optimum position with less geometrical strain,
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thus the energy level and potential barrier of configuration II in theON state
is smaller than that in the OFF state, namely, E, is smaller in ON state than
in the OFF state, thus the current for which E,+k, I =E,; + k, I is smaller,
thus the switching from ON state to OFF state follows DEFA line instead of
DCBA line. The current corresponding to point E is called the holding current.

Suppose E, of configuration II after switching to ON state has decreased
to E, or smaller than E,, then configuration II is 2 more favorable state than
configuration I, thus even the current decreases to zero, the film is still in the
ON state with configuration II prevails in the film. This is the “memory”
state. However, with a large sudden current pulse of either polarity, the optimum
position of the atoms and electrons in configuration II is disturbed and they
will be displaced to a more strained position, thus E; of configuration II increases
again, which renders the configuration II unfavorable and the film switches to
OFF state again, this is the erasing process. Experimently('®, it is often found
that the newly deposited film initially requires holding current to keep the film
in ON state, but after a few cycles, the film is in Memory state and does not
require the holding current, this is due to the fact that after a few cycles, the
enviorment gradually adjust for the configuration II to locate in a lower energy
state with less bond strain which make it less probable to transform back to
configuration L

This model concisely explains the mechanism not only of the threshold
switching process, but also the memory process. This model specifies the amount
of current as the determinating factor, thus the changing of the polarity of the
applied pulse should not appreciablly change the characteristics of the film as
indeed observed by the experiment®. Following a similar mathematical treat-
ment of organic thin film switching!®, a quantitative calculation of the ahove
idea is possible and may show to be

_ d  e(E+k [1])/KT 4 e(E,+k, [1])/KT

N g, e(Batk D/KT 4 g, (E+k D/KT

where d is the thickness, N is the total number of atom units in the film and
is constant in a given condition, g, and g, are conductivity per unit of configura-
tion I and II respectively. The detailed calculation will report in other paper.
It seems that no other electronic theory is able to derive a threshold switching
equation yet.
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POLARIZED LIGHT AND VERTICAL SOLAR CELL

YU-TUNG YANG (# &% %)

Institute of Physics, Academic Sinica
Nankang, Taipei, Taiwan, Republic of China

Abstract
Experiments show that a vertical solar cell made of plane junction prefers the ab-
sorption of plane polarized light. The electric power output is maximum when the E-
wave of the incident monochromatic light Eny is parallel to the built-in electrostatic field
i — —>
Eiy of the solar cell, and becomes minimum when Epy becomes perpendicular to Eg,,

In the case of a honzontal solar cell, the power_¢ output is maximum when the H-
wavc of thc incident light, th, is perpendicular to E,, and it decreases gradualiy when
th A Em On thc other hand, the power output iz minimum when Ehv 1 Em, and

it increases when Ehv A Em . Since the electric power output is directly related to the
free clectron-hole pair production probability and the latter is related to the light ab-
sorption coefficient o, therefore an analysis based on the “method of damped oscillater”
is described. The analysis shows that the @ for the free electron-hole pair production
increases with the energy hw of the incident light in an exponential mapner and the «
can not exist if hy approaches the abscsption edge from above.

(1) EXPERIMENTAL FINDINGS

If light is monochromatic and plane polarized and is shone on a vertical
solar cell made of Sip-n junction, the electric power output is found maximum

when the E-wave of the monochromatic light (E;,,j is paralle! to the built-in

—
electrostatic field E;, of the solar cell, and minimum when E,, | E;. Fig. 1
shows the relation between the open circuit voltage V,. and the angle 8, where

— -—
6 is the angle between E,, and E;,. Fig. 2 shows the relation between V,. and
6 when the illuminated spot is far away from the junction layer.

(2) EXPERIMENT

The source of light was the coherent light from a He-Ne laser. The frequency
of the red light is »v=4.740 x 10" sec™. (1=6328 A). The image of the light
beam is circular in shape without any noticeable ellipticity. The light emitted
from the laser is unpolarized. A polarizer was used for producing the polarized
light. The calibrated polarizer indicates the direction of the E-wave of the
polarized light.

The solar cells were made in this laboratory by diffusion method. The
dopants were BBr; and POCI,, and the diffusion method described in the
Runyan’s bookt> was used. The V,, obtained at AMI1 is around 0.56 volt.
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06

* Vo : Voe (mv)

FIG. 1. V. vs. ¢ near the _]uncnon layer of a vertical solar cell. #=0 corresponds to E;,

|Eny and §=+4m corresponds-to Em L Eh'v The Vi vs. 8 curves werc obtained by experiments
using silicon diodes made by the diffusion method. The concentrations were: Boron: 10 cm=~?,
and Phosphorus: 10" to 10 em~3. Conventional chmic contacts were applied.

For the purpose of local illumination, an instrument similar to the one
described in my previous report®® was used. The slit width of the instrument
was adjusted to 10 . The diameter of the coherent light was 1.5 mm. Thus
the area of illumination was 10 zx 1.5 mm. Within such an area, the physical
properties of the vertical solar cell was found relatively uniform. (Tested layer
by layer by using an electric probe).

The adjustment for the strict alignment between the light beam and the
plane of the wvertical solar cell is important. The plane should be exactly
perpendicular to the light beam. The location of the illuminated spot on the
plane should remain unchanged during the rotation of the vertical solar cell
around the normal of the plane passing through the center of the illuminated
spot. The selection of the illuminated spot was done by adjusting the two
perpendicularly oriented micrometer sticks. The position of the slit relative to
the light beam was fixed. The vertical solar cell was placed near the center
of the leveled round turn- table The turn-table was used for the purpose of

changmg the angle ¢ between Em and Eh, The simplified experimentz] arrange-
ment is shown in Fig. 3.
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K

° ™~

Ein
FIG. 2. V4 vs. @ at a distance about 30 u from the junction layer of the same vertical
solar cell. The total thickness of the diode is about 0.5 mm. The junction depth is about 100 .

Hhv

No such an angle-dependent-effect was observed in case of a horizontal
solar cell, i.e., if a horizontal cell is rotated around the normal of the frontal
plane by an angle ¢, the output V,. (as well as L) will remain unchanged.

(3) A THEORETICAL EXPLANATION

A possible theoretical explanation of the above phenomena is proposed as
follows. The theory is based on the method of damped oscillator.

(3a) The damping force and the photo-electrodynamic interaction
The Lorentz force due to an internal electrostatic field of the diode is
F=-e Ein E] ( 1 )
where E;, is the built-in electrostatic field of the diode. The effective force is
possibly
— 127 —



Annual Report of the Institute of Physics, Academia Sinica, Vol, 9, 1979

Blow-up view

FIG. 3. Experimental arrangement. The basic instrument remains the same as shown in
Ref. (8) except (1) He-Ne laser, 1=6318 A. The diameter of the beam is 1.5 mm. (2) Polarizer
which is fixed on the laser. (3) Pin-hole, 1.5 mm. (4) Slit, the width of which is 10 g The slit
is placed very close to the surface of the solar cell yet the solar cell can still move in the x-y
directions relative to the slit. The laser beam after passing through the slit is narrowed down
to 10ux1.5 mm. (5) Micrometer stick for the y-movement of the solar cell adjustment. (6)
Micrometer stick for the x-movement of the solar cell adjustment. (7) Solar cell which may
either be a vertical or a horizontal one. (8) solar cell holder (a piece of black bakelite), (9)
Turn-table, the center of the table is aligned with the laser beam and the plane of the table is
perpendicular to the laser beam. (10) Fixed 360° plate. The D.V.M. stands for digital voltmeter.
(Keithley model 160 multimeter).

P‘E-“'= —€e Einiii, 2

e (2)
This is because e | (v/c)|is the space component of the charge four-vector is
(e(v/c), ie), such that®

55; .
3xi =0 ’ ( 3 )
where v
s=(e_-,ie>. ' (4)
c
If v < ¢, the effective mass of the carrier m* may be introduced in (2), such that
U m¥
Fo= —e B, |27 (5)
| m*c
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The above expression may represent the elecctrodynamic interaction scheme in
a diode. The energy dissipation due to F, may be

= —eE-.-_-m*v —¢E;, L cos @
=L f= — SR, —chufoosd

pl, (6)

where E“ -E-l;, and { is the magnitude of the oscillation of the carrier. § is the
—> —3
angle between E;, and E,, and E,, is the amplitude of the E-wave of photon.

If the momentum p of the oscillator is represented by an operator in terms
of 4,

—ih d '
— . 7
P 1 dé (7)
The kinetic energy in terms of p is then
) — Rt 4z

: (8)
g = — = —_
T 2m* 2m*)? deP
Assuming that ¢ is the energy mainly from photon for the excitation of
the carrier, and if the wave function of the carrier is 8, then the wave equation
of the carrier in terms of # may be written as

—-h* de ( eE,, cos @ ) 'h de
2m*{* dg® N m*c ! dg
which is a damped oscillator wave equation. (9) may be transformed into the

Mathieu’s equation in standard form. However, for the present semi-quantitative
analysis, instead of considering the general solutions of (9), only two extreme

cases are considered. Namely, (I) 6=%—5, and (II) 6=-0+44, and in the

=¢0, (9)

limit, § -~ 0. &, instead of 6, is used as the variable for the semi-quantitative
analysis in the extreme cases. (At the absorption edge, ¢=0, f - oo, and the
damping term does not exist, therefore the whole eq. (9) vanishes).

(3b) Case (I): 3=-?2r——5.

cos f=cos (izr——é)=sin d=é, (10}
and

d d d? d:

Rl o =2 11

dsg do °  de* ds&® ’ (b

By substituting (11) inte (9) and by rearranging the terms,

( m*ce ) d
N
iheE,, dé }8=0,

(12)

r3
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where
= ke
2 i eEinﬂ'Z '

y is a dimensionless quantity. Let

then (12) becomes
de de
- S 4q0=0.
g TP g5t

The solution of (14) ist®

4 2
"'"'i' pda'| - 16—;
J"’ =y (§) e Ty

B=u(d) €
By substituting (15) into (14),

d?v
Lo 41@) =0,

where
_q- L dp@@) 1 s\
. J@r=a-— =55 {p@}
By substituting (16a) into (16),

d?y
da®
where B=y"°. Let

1 1
—— B—_ B%)y=
+ (- - =0,

D = q —
and
then (17) becomes
J 1 g°
KD—ﬂ—m_j
2 {
déu . 4 K ’

ds?  \ K /
Let a new variable be

and
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(13)

(14)

(13)

(16)

(16a)

a7

(18)

(19)

(20)
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¢ _ 1 & _1/d

6 g+ & d® K (dﬁ,'?) (22)
then (20) becomes

d*»(%) - (K _d e =

o T D--, £ u(&)=0, (23)

where {=0 is an ordinary point. The linear differential equation (22) is easily
transformed into the “Weber’s equation” in standard form(*, namely,

d2u() 1 1 —
7?1&? + (H+T - ,:Licz) U(C) =0 N (24)
and in which, in comparison with (23),
1 m*c ¢
~-Kp-_L - ( _____ —-—1).
o 2 \TiheE, : (2%
The solution of (23) is
w(O) =w(l) e~ F¢ (26)
where
w(d) =a,+a,0+a,+. - 27) -
According to Weber, there could be two selections of the constant coefficients
a;: one setis a,=1, a,=0, .- , and the other set, a,=0, a;=1,--...- . For the
analysis, the second set is selected. Since & is very small if & is, therefore,
w(®) =¢. | (28)
From (26),
-3 _@;R{Qj)% ~y (HeEnl’ o
v(8) = Ce =( e J 8¢ (flc . (29

and therefore from (15),
2ieE;nf? ieE. \+ ieEig
1 %Li 52 (21eEmﬁ) 2  (2ieE ez)az.

HOMIOKS ~\hec e (30)
The amplification probability is defined as
02

8%(5)8(5) ~ (EE_L) 5, (31)

he
which is assumed proportional to the light absorption coefficient «, i.e., at
=T 5,
- M) 2
o a(,T_,)OC( o il (32)

and
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T

a(,T)=O when =0, or 8=—2—--. (33)

(33) agrees qualitatively with the experimental fact.
(3¢) Case (Il): =042V, o<LI1.
In this case, cos #=cos (0+2"%) — (1—4%). In this way, (9) becomes

m¥*c ¢ 52
Ay
d?e { ihekE;
in 34
de® + 7’ (34)
Since
d 1 d d? 1 d?
_ , = : 35
d9 o+ do de* 2 ds (33)
therefore, (34) becomes
(_2%rn*c € ) —(1=6% d _
d0() | 1 ihek, | @ _dew=-0, (36
d52 ( TS )
2t
which may also be put in the form®
2
LD 5, L +q,)0) -0, €0
where
p(d)=— {135 , and q,=constant= 2 Fm¥c as . (38)
r #eE. (T_
( 2'5') HHESin 2'&")
6=0 is a regular point.
The solution of (36) may be written as
- ? 1 é")da’ -.gllf (e -7 ’
0(5)=2(5) e "&JUP( Jdé — () e+4~( o ) Jo(l 3'*)da
L (58 1
ey T ) ey o) ? (39)
since 6 < 6 when §— 0.
In (39) £(6) satisfies
L dg-g‘? +L(8)e(8) =0, (40)
where
Tm* _
gk S e e 8 {0200).
SYEANEARA
vl 2%
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Since the last term on the right is much smaller than the other two terms

(y* is of the order of 10'®), and since the first term is usually the largest,
therefore,

L(5) =~ 2rm¥*ce & ) (42)

(+)

The first term is real and the second term is purely imaginary. The first term
is usuelly of the order of 10°. Thus, (40) becomes

2 / Fm*
d 5(52)_ b _oimrce 53 }5(5)=0. (43)
49" iheE, (r) (L) |
' " in 2_} 2_% 4

Let a new variable be
— A1_5 —_ A1 . 6

7= T T (44)
where
~otm¥*ce gT-_ T 45} -
o ' iheE,, an %’ (45)
then (43) becomes '
2
&8 4 oo, (46)
d » :

(46) is the Lommel equation in standard form®?, and the solution of (46) for
large 7 is |

E(n) = 9—% exp(i%pi ) 47
The second derivative of £(7) is
d® £(y) __( 5 )
d 1]2 - 1677+ -_-77%) €Xp (1 _3‘“"‘7?%) . (48)
The absolute value of (48) is
| d® ¢!
E AL LI et (49)

which shows the approximate validity of the solution (47).

If the standard formula (58.1) is applied, (see H. B. Dwight, “Tables of
Integrals”, p. 13), the equation (44) shows '

Caripanly/ AEBIF-K /(AT BHTHAY
;g'i'—(A-I-IB)'L—{j;]/ 3 £ ““'”2'*7*},,,
L B E ( B )% AT B?
eyl Axr. P —~ A
i{<4A) FLLAT A } 1A% A>T, (50)
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where
_2m*e c¥ gt B 2F e* EY ¥ 5 51
STFEFRE 0 B TThE (1)
from (44) and (45).
(50) shows
nk~titAt - 1 “;1 A%, (52)
2

together with-

sl 1 A G}

- ={(Gx) viviny A fr o) ar i) - (as 30)7).
(53)

In the above, only the imaginary part of 5% is necessary for the evaluation of
the photo absorption coefficient « (i.e., ay.,).

2
Im 73 zii{ :13% —A*}. (54)
4

t]sing (54},
e +{ +(on o) — A}

= (55)
If we select the negative sign in (553),
:g.As/z
3/2
4 ~ “. (56)
ot A
From (39), (47) and (52)
_8 1 ;/ 2 A8/ Vo8
~ 21/273':3 (Ed ! 242y
O0) = 4() e TiF AT | Ee i ® G
\-., e‘z‘ INTIE

in the above B=B(4), and A is a real positive value inde pendent of 5. B is
also a real positive value

At any angle ¢
%0
is already an “amplification probability” therefore, it is not necessary to integrate

0%0. Except a constant of the dimension of (1/length) the photo absorption
coefficient for electron-hole pair production @ may be written as
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2 (2mi ety

Fpk g Az-[ €xp PRI !
efpE_p ) ; {3_ eEa 1T sy

am*ct e p¥/ 'mi"_(ﬁf_%:_n___ilég_‘) )
. exp{ yilmeae )l

When 6=0, « becomes maximum, and such a maximum means the full
utilization of light as a source of electric power.

aoce*az(

Ao = Q30 when §=0, (59)
and
T EY ¥ 4 /2 m.t
€° L S e me” e’ E_/QA) 60
omax “(z%m*%ch%u) e"p{ 3 ( ¢ E, & } (60)

The required constant of proportionality in (60) may be obtained from classical
electrodynamics, namely a moving electron in the diode may be excited only
when the electron is actually hit by light. If the light wave hits the electron
within the area of = rj where ry=e?m*c?® (the classical radius of an electron),
then the total cross-scction and the density of electron product may be defined
as (for silicon)
ag=nrnr; = 1.033x 10*/m?®x 25 x 10~*m?
= 2.58/m. (=0.0258/cm). (60a)

In (60a) n is the particle number density of silicon. @, may be modified by
(60) such that

t pd pd 47 2% mat .4
~ . e M m & C,Q. ) 60b
fmax = LG (Z%m*%‘c%e%ﬂ%) exp | 3 ( e E, 1 }- (60b)

The eq. (60b) shows that « is a function of ¢ and f, and { is considered
an amplitude of the carrier oscillator excited by light. Without light, =0 and
f=0c0, When L=oco there will be no oscillation. Such a conclusion may be
seen in (9). L may be determined from the known s and « and (60b).

« is known from the optical experiments and
e=hw—e¢, (61)
where fiw is the energy of the incident light and ¢, is the energy gap in a

semiconductor. (For silicon, ¢,=1.1 ev). The a vs. hw curve for silicon was
reported by Dash and Newman.t®

Since ¢ changes with hiw, therefore { may also change with e. Thus { may
change with both & and «. If E;; is a constant in a diode, then the change of
L with ¢ is allowed in (9) because { and ¢ are independent variables.

If eE;,=10° eV/m near the depletion layer and is a constant, m* = 10~
kg, c=3x10° m/s and h = 1.0x 1073 J-s, then (60b) becomes
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0.0414
O Ty CXP (18.923 &84y, (60c)
where e = gx1.6x407° J,
and L =f,x10713% m,

were applied to (60b) for easy calculation.

For the purpose of demonstration, the dependence of L on a and ¢ (with
¢ = hw—¢,) is shown in Table 1. The ¢ vs. L curve obtained from (60c), (60d)
and (60e) is shown in Fig. 4, (curve A). That curve shows { decreases with
increasing s. Such a result is not surprising because if one compares the {
with the 1’ of a free oscillator without damping under the same &, one may
easily recognize that the decrement of { with increasing ¢ is a natural tendency.

TABLE 1. The light absorption coefficient ¢ and the excited oscillator
amplitude { relation (From (60c) |

i e(experi)s, e 12 ¢
e (em™) 2 K g (m)
12 70 0.1 0.316 0.0316 11.9% 107155
1.4 600 03 ©0.5477 0.1643 3.0%

1.6 1,000 0.5 0.7071 0.3535 148

1.9 3,650 0.8 0.8944 0.7155 0.828 X

2.6 14,500 1.5 ' 1.2247 1.8371 0.552 %

3.0 50,000 19 1.3784 2.6190 0.281 %

The free oscillator energy balance equation is
h® (27)* _ :
T gt e

The ¢ vs. ' curve obtained according to (62) directly is also shown in
Fig. 4 (curve B).

One may wonder why for the same ¢ (of the order of 107 J), in the free
oscillator case (' is of the order of 107'°m, but in the damped oscillator case
L is only of the order of 107"** m. The answer may be found in (9). Using
the numerical values shown previously, one may easily find that the value of
the damping term | (ieE;;h/m*¢) (d©/dd) |,., = 107** J, which may be neglected
in comparison with the other terms in (9). Then, calculation shows

—ht d*0(s)
2m* )* d ¢

—~
-~

smQ
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x107%° dxi0®
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FIG. 4. Curve A: £ vs. { curve calculated according to (61) with £ = he — &; and the
values of @ are known from the published experimental curve of & vs. fiw for 8i crystal shown

—_—
in Ref. 6. Curve B: € vs. £’ curve calculated according to (62) for free oscillation without Eiy,
or crystal potential. ’

The carrier wave function 8(9) is shown in (57).

The difference between a homogeneous crystal without a junction and that
with junction is the existence of the internal “lined-up” electrostatic field E,,.
The E;, may also play the role of keeping the electrons and holes from re-
combination and for the power production. If E;, is not uni-directional,
<cos #> =0 in a sphere, therefore there is no damping. But, there is also no
power production because the charge accumulation g<{cos 6> =0. Therefore,
there can be light absorption by a piece of homogeneous crystalline silicon but
no electric power production (*.© q<(cos §> =0). '

(4) HORIZONTAL SOLAR CELL

In the casee of the horizontal solar cell (i.e., if the frontal surface of the
solar cell is illuminated), the present expression of a may still be correct be-
cause if one considers that the cos §=cos(0+2% ) —> (1—4%), then the final
expression of @ will remain the same as that shown in (60). @ is again the

angle between]':"l_::l and E (which may be called Eﬁ. in this report). However, L
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is now presumably created by the ﬁ,;-wave of the incident polarized light, The

—_—
evidence of this argument is shown in Fig. 5. Fig. 5a shows if we let the E,,
vector of the incident polarized light be fixcd on the frontal surface of the
solar cell and be normal to the “normal vector” of that plane, and if we rotate

-_') . L
the plane around the “fixed” E,, vector as the axis of rotation, then the angle

between the “tangent” of the plane and the II;, vector of the incident polarized
light will change accordingly. (i.e., ~(normal of plane, propagation vector of

lighe I—c-) =  (tangent of plane, I-f:, vector of the incident light)). If the above
angle of rotation of the plane is &, then £=0 means normal incidence of light,

and 1 of the excited carrier is parallel to the propagation vector k of the in-

cident light and is also parallel to the f}: vector of the solar cell. Fig. 5a
shows in the case of normal incidence of light, V,, is maximum. a which is

roughly prhportional to I, or V,. may also reach maximum when I;‘:: 4 I:I-;
Gie., By [k L Hy). |

When the angle ¢ > 0, the normal incidence becomes oblique incidence of
light, and ~ (Ei)n, I-T:,) becomes smaller than 4z, However, .~ (E;, E—l,:) remains

'—a . * - 3 - .
at +x because E,, of the incident light is along the axis of rotation of the

hy
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FIG. 5. (a) Curve I: V. vs. ¢ which is the angle of rotation of the frontal plane of the
horizontal soalr cedaluor In El:_y ﬂy is parallel to the ax1s of rotatlon and the axis of rotation
is a tangent of the frontal planc 4(—5—7: — k) = z_(E,m Hh-,), when x increases (Em, th)

and V. decrease while .~ (Em, Ehv) remains at 4. Thus the th -wave may be responsible
for the decrement of V,.. @ is therefore maximum when E;n 1 Hpy.

(b) Curve II: V. vs. ¢ which is the angle of rotation of the frontal plane of the horizontal
solar cefl around I-i;,. ﬁ;v is now parallel to the axis of rotation and the axis of rotation is
again a tangent of the frontal plane. .~ (47 — ¢) = 2 (Ein Ew), and when ¢ increases
pd (ﬂn, E;,)_‘decreases but V. as well as I.), increases. Since (-E.in, ﬁhv) remains at },

therefore, the Eny -wave may become responsible for the increment of V.. & is therefore maximum
when Eiy || Enw ie, the horizontal solar cell is turned into a vertical solar cell by rotation
—_—

around the Hy, vector. (For good experimental results, noise must be avoided by using coaxial
cable, etc).

frontal plane of the horizontal solar cell. Since cxpcnmentally 1t was found
that both the V,, and I, decreased with (—%—:rr k) = (Em, Hm,) while .~

(Em, Ehv) remained at ¥ =, therefore the Hh,,—-wavc of the incident light might
be responsible for the decrements of V,. and L.

The curve 5b shows that the V. increases with «p- (which is such an angle

that / (dx—+) = A(Em, Eh.,)) while the vector th is alone the direction of
the axis of rotation of the frontal plane of the horizontal solar cell. Since now

——r — .
Z (Ei, Hy,) remains at -, therefore the Pf,: —wave may be responsible for
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the increments of V.. and I,. In this case, the maximum V,, may be obtained

when the angle (47z—+)-0, i.e., when a horizontal solar cell is changed into
a vertical solar cell by rotation. '

If we look at the Figs. 1 and 2 again, we may observe that the V., at

f=3%x (ie., EZ, 1 E_i,:) is not zero even-though it is usually much smaller
than the maxmum V_ found at #=0. The reason for this is probably that
there is always some incident light being scattered away.from the original
direction of incidence before being absorbed :for the pair production. For
instance, the carriers may be excited by the primary incident light first and
the free electron hole pair is not formed but the excited carrier will re-emit a

radiation with a component of E,,’ of the secondary radiation in the direction
p ! y

of E;, by quick deceleration in the direction of the original primary ET; of the
incident light. This process of scattering is allowed by the classical electrody-

namic theory®. If the E:‘ component is in the direction of E; and E,,’ =E,,
then the absorption coefficient a,, for the “background absorption” for the pair
production may still be the expression shown in (60). Thus, the total absorption
coefficient is

{ at(la 6)=aprimary(zs 0) +,ascconda;y(2):

abg = aaccOndary(’z) ° ) ' : ) : ((64)
This may be so because a is considered a scalar quantity. @,.coq.,(2) is con-
sidered the absorption coefficient of the scattered light and it is, .on the average,
independent of the angle 6 (2 is the wave length of the incidnet light).

The experimental findings in the case of the vertical solar cells may
indicate that if the vertical solar cell is properly designed technically, the
efficiency may be substantially improved. . '
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Abstract

A wideband bandpass surface acoustical wave filter of center frequency 87 MHz with
bandwidth 30 MHz has been designed and fabricated on a LiNb0; substrate. Measure-
ments on the filter showed an insertion loss of approximate 28 dB and a time delay of 2
microseconds. Laser optical probing technique has been employed to study propagation
characteristics of the surface acoustical waves. The resultant diffraction patterns expected
features. These data agreed in general to existing literature, except that the sinx-x comb
structure tended to generate energy profiles without strongly rising and falling edges
across the transverse direction. Discussions on this point and others have been given.

I. INTRODUCTION

Surface acoustic waves (SAW), mainly Rayleigh waves, have been widely
studied and developed to many applications. One feature of SAW is that the
particles at the surface move in elliptical paths¢>. The SAW velocity in a semi-
infinite medium is practically independent of frequency through the microwave
range, and the particle motion decreases from its surface to small values at a
depth about one wavelength. Hence, the SAW have much larger powes density
than the elastic bulk waves. Since SAW wvelocities are roughly 10° times
smaller than electromagnetic wave velocities, it is attrative to study the use of
SAW in electronic devices, such as delay lines, filters, etc.. In section II, a
SAW bandpass filter will be reported. The flexibility of the SAW design gives
one vast freedom to choose time domain impulse response which has a desirable
frequency transform. :

In section Il we describe the diffraction of light by SAW. To study the
SAW on piezoelectric substrates by the method of optical probing is important
to a SAW-device designer. The properties of SAW, such as propagation and
steering effect, etc., can be obtained using a simple optical probing technique.
The energy profiles of SAW filter were measured. Finally in section IV we
will summarize the main results and discuss them.

* This work was financially supported by-(_.t‘};; National Science Council of the Republic of China.
** Current address: James Franck Institute, University of Chicago, I11. 60637, US.A..
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II. SAW BANDPASS FILTER

(A) General description

A widely adopted method of generation of SAW on piezoelectric substrates
is to make use of an interdigital transducer (IDT). In these SAW devices, the
frequency characteristic is determined by the finger spacing and finger width of
the input and output IDT comb structure. The amplitude response is controlled
by varying the lengths of the fingers. The delay time depends on the frequency
and the distance between transmitter IDT and receiver IDT. Since the finger
spacing and finger length are independent of each other, this feature allows us
to design an IDT comb structure which could meet a predetermined frequency
response.

The theory of the IDT may be described by some models, such as the equiv-
alent circuit model?, impulse model®, and the so called §-function model®,
The design of SAW devices requires information about the dependence of the
transfer function on electrode geometry and material parameters. In general,
the frequency response of an isolated IDT comb structure is determined by the
Fourier transform(®,

h(f)=KJ'°° Ax)cos(2r [ - 98y emranmnir gy )

- A .

where K is a constant, f is the frequency, x is the distance along the comb
structure, v Is the velocity of the SAM, A(x) is the length of the finger at x,

A(x) is the spacing between adjacent finger.

Surface acoustical wave filters are generally treated as a two-port network.
For a given impressed elastic excitation, the transmitting section generates a
summation of plane waves radiating from the finger edges. The electric output
in the receiver is a superposition of these transmitted waves as they traverse
each finger. The filtering properties of these devices are completely determined
by the process in conversion of electrical signal to acoustical energy, and vice
versa, at the input and output interdigital transducers. The total transfer
function of the device is the approximately given by ©

HO) = 2 = hu(D)e ™ by (D) @

where h;,(f) or hy, (f) is of the form of eq. (1) and < is the delay time between
the transmitter and receiver. Then the comb shape is the Fourier transform of
the desired frequency response H(f).

(B) Design of a SAW bandpass filter

Suppose we desire a normalized | H(f) |=1, where | f—f, | < & f,, and f,
is the center frequency. As given in section II(A), we would consider a case
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where one IDT is unapodized (broad band, uniform) and one (sinx/x) apodized
comb. On the unapodized transducer, the spectral amplitude response is nearly
constant over the desired bandwidth Af. Thus the frequency response is primarily
determined by the sinx/x comb. In order to build the transducer of finite size,
a finite impulse response is obtained by truncating the infinite spatial extent
of sinx/x at the two tenth lobes on either side of the main lobe. There is a
180° phase change at each zero crossing of sinx/x, where the finger connection
should be reversed. The input and output interdigital transducers are shown
in Fig. 1. The transmitter has 121 fingers with the overlap function which has
the finger lengths '

Fig. 1. (a)

Fig. 1. (b)
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Fig. 1. (c)

Fig. 1. (d)

FIG. 1. A part of photograph of a sinx/x comb is shown in Fig. 1{a). One broadband comb
is shown in Fig. 1(b, d). The reversed connection at zero crossings of sinx/x comb is
shown in Fig. 1{c).

Alx)=3.6(sin (*. *_ r X
(x) (sm(3 A))/(3 A),
where x=0, :t%— , T A, :I:—g—A, ..., £30A. The acoustic beam width a=3.6

mm and the acoustic wavelength A=40 ym. The equal finger spacing and
width A=10 gm. The receiver has 5 finger pairs with uniform overlap finger
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length a=3.6 mm. The distance between centers of transducers S=0.68 cm.

Consequently the filter will operate with center frequency f,=87 MHz and with
fractional band width 33%.

(C) Fabrication of the SAW filter on a piezoelectric substrate

The procedure required to prepare a filter on a LiNbQ, substrate is listed
as follows:

1. To comply with the design of SAW filter, a proportional 200 times
enlargement of the final image of the desired IDT is scribed on a section paper.

2. Carefully cut the diagrams down on Rubylity.

3. Fabricate a photomask. It was done at the Semiconductor Research
Center in National Chiao-Tung University.

4. Choose and clean a LiNbQO, substrate.

5. Fabricate the IDT on LiNbO; by standard photolithographic technique
in desired direction. The transducers are made of Al by vacuum evaporation
with thickness about 2000 A.

6. Bond the electrodes with silver bond.
In fig. 1 is shown the photographs of the structures of our IDTS.

(D) Measurement of the SAM filter

Because yz (y cut, z propagation) LiNbO, has maximum coupling coefficient,
minimum steering effect and minimum insertion loss at fractional band width
of about 30%, the yz LiNbO,; was used as substrate. After the fabrication of
SAW fllter on LiNbO, was completed, the edges of LiNbO; were surrounded
by an absorber (Q sealing compound) to eliminate the reflection of SAW.

The frequency response of the device was measured with AM signal. We
saw the input and output signals with a YHF oscilloscope, TEKTRONIX 7603.
To check whether the SAW was propagating through the substrate surface and
not through the air, we tested with a drop of acetone on the substrate and
watched the change in waveforms on the oscilloscope. Also, we can simultane-
ously record the input and output voltages. By definition, the insertion loss (IL)
of a network is expressed in ‘decibles as IL= —20 log H(f). The insertion loss
of the unmatched SAW filter is shown in Fig. 2.

The delay time of the device can be seen with a 50 KHz modulated wave.
It was found 2 psec via an UHF oscilloscope. This agreed reasohably with the
‘theoretical value of 1.95 gsec. The impulse response of the device can be seen
when a narrow pulse is applied. The impulse response is shown in Fig. 3.
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III. OPTICAL PROBING OF SAW
(A) General description

A propagating Rayleigh wave produces both a surface deformation and a
periodic variation of refractive index within the surface layer. It provides a
moving phase grating for an incident laser light beam and thus diffracts the
light into many side orders. For the reflected light beams only the surface
deformation contributes to the light diffraction.

Assume the surface deformation to be sinusoidal. As the incident light is
reflected, it produces a phase modulation and results in many interference peaks
in the far field region. Then, a plane grating type of diffraction will be found.
The angle of the m-th order diffraction is given by

sin #,==sin 4,+mi/A ; m=0, + 1, + 2,..,.

9 - —_

where ¢, is the diffraction angle of the m-th order with respect to surface normal,
6, 1s the angle of the incident light, 1 is the optical wavelength and A is the
acoustic wavelength,

The optical probing technique( serves to determine SAW propagating
characteristics on an anisotropic substrate. This is based on the fact that the
deflected light is directly proportional to the acoustic power of the surface wave.
We can use the optical probing method to study the radiation pattern of an
interdigital transducer. The energy profiles as a function of distance from the
input transducer provide the information about diffraction loss and beam steering
effect. These properties are very important in designing the microwave SAW
devices.

(B) Experimental set-up and result

The propagation characteristics of SAW can be determined by directly prob-
ing the acoustic energy with a He-Ne gas laser. The SAW must be modulated.
In this method, the surface wave deflects a small fraction of the incident light,
which 1s detected with a photomultiplier tube (PMT) and a lock-in amplifier.
The other instruments and experimental arrangement are shown in Fig. 4.

Because the first order diffracted light has higher intensity than other
diffracted order, it is comparatively easy to be detected. To prevent the inter-
ference from other diffracted light, we detected the negative first order only.
The recorder outputs of the first-order diffracted light at two different distances
from the input IDT are shown respectively in Fig. 5(a) and (b).

IV. DISCUSSION AND CONCLUSION
In fig. 3, we showed the impulse response of the SAW filter. The waveform
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FIG. 4. The setup for optical probing of the ecnergy distribution profiles of the SAW filter

behaves like a sinx/x truncated at the center.
the device is the Fourier transform of the impulse response, the transfer function
H(f) would behave like a gate function, i.e. an ideal band pass frequency
dependence. The H(f) as observed in Fig. 2 indeed appears somewhat like a
gate function except 2 number of diffraction peaks. This tends to demonstrate
the Fourier transform relation between the sinx‘x comb structure and the transfer
function H(f). The truncation of sinx/x at its center is not understood. This

Since the transfer function®of

might be due to improper triggering in using the VHF oscilloscope.

Impedance matching between the VHF oscillator GR type 1603 and the
SAW filter input was not used, because as filter without matching network could
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FIG. 5. The energy profile of SAW filter where the distance between scanning line and central
finger is (a) 2.7 mm and (b) 42 mm, (c) shows the substrate and the scanning lines.

obtain its minimized triple transit echo due to unavoidable regenerations of
unwanted signals at the network. In addition, transducers without matching
would have lower electric Q-value of the circuit to meet our wideband require-
ment. Furthermore, via the aid of an admittance meter, the input impedance
around the center frequency of the SAW filter was determined to be about 30
ohm pure resistance. This value was rather close to the idealized 50 ohm input
impedance as required to match the 50 ohm output impedance of the VHF

oscillator.

In the laser probing, the diffraction patterns of SAW generated by the sinx x
IDT at z=2.7 mm and z=4.2 mm have been detected and shown in Figs. 5(a)
and (b) respectively. These intensity distributions appear qualitatively correct
in their general shapes as compared to Fig. 12 of ref. (8). The pattern near
the input IDT had wider full width of half maximum (FWHM) than that at
farther distance. The position of the center of the pattern also shifted with the
SAW propagation. The ripple peaks were rounded and decreasing in number
at z=4.2 mm as compared with that at z=2.7 mm. These characteristics are

in conformity with those in ref. (8).
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The main differences of our results from the ref. (8) lie in two parts. One
1s that our pattern did not show strong rising and falling edges at two sides of
the pattern as shown in Fig. 5. This would be caused by our sinx x filter
structure which had shorter overlap finger lengths along the center line of the
two IDT’s at the sidelobes of sinx x than those fingers middle of the comb.
Here We remark that the interdigital transducer of in the ref. (8) is of
uniform overlap which quite differs from sinx x. Another difference is the more
pronouncing and sharper ripple peaks in our energy profiles. This effect could
be made less pronouncing if the size of laser beam is suitably enlarged. The
reason is that the optical probed diffraction pattern clearly is the result of the
convolution of the local surface acoustical wave and the probing laser light.
The above two differences could be quantitatively resolved if a computer com-
putation is to be done. A numerical calculation based on Sommerfeld’s diffraction
integral with convolution of a Gaussian laser distribution would very possibly
yield comparable theoretical diffraction patterns®.

In conclusion, we designed and fabricated a bandpass SAW filter with
satisfactory characteristics. Laser probing of the SAW exhibited features under-
standable and comparable with those of ref. (8) Clearly, this probing technique
1s very important in understanding the physics of diffraction of SAW and in
optimizing the performance of the filter.
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'LEE WAVES IN A STRATIFIED FLOW OVER
OBSTACLES-THE LABORATORY STRUDY

ROBERT R. HWANG
The Institute of Physics, Academia Stnica
Nankang, Taipei, R.O.C.

Abstract

This paper describes an experimental study of a stratified fluid of finite
depth flowing over obstacles which flow seperation and turbulence are induced
on the lee side and in which the inviscid model is no longer useful. Various
properties of the flow field, such as the development of lee waves behind the
obstacle, the blocking effect at upstream, the effect of viscosity, and in particular
the criterion for the onset of gravitational instability in the lee-wave field, are
observed and analyzed. The results show that lee waves produced by obstacles
in a stratified flow depend on the internal Froude number, the ratio of the
height of obstacles to the channel depth, the ratio of the height to the half
width of obstacles, and Reynolds number of the flow. Therefore, it can be
found that the existences of upstream influence and the flow seperation
induced by the obstacle have great effect in some flow conditions on the de-
velopment of the lee-wave field.
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EFFECT OF VARIOUS OBJECTIVE ANALYSIS SCHEMES
ON VERTICAL MOTION COMPUTATION

CHUNG YI TSENG

Institute of Physics. Academia Sinica
Dept. of Atmospheric Scienées, National Teiwan University

Abstract

- The effect of three objective analysis schemes on the vertical motion fields
is investigated for a synoptic case over the East Asia area during the Mei-Yu
season. Three objective analysis techniques are employed to prepare height
and wind data. These data were used as input to the continuity equation,
quasi-geostrophic omega equation and linear balance model to compute the
vertical motion field. A comparison is made between these vertical motion
fields using various analyses. It is found that the general patterns of the vertical
motion field for each objective analysis technique are in good agreement with
the middle-latitude synoptic weather system. The results of present Qtudy
indicate that the vertical motion field is sensitive to the analysis techniques.
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(8 o
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FURTEBAZBRERE %ﬁf@%?ﬂﬂﬁﬁﬁ&ﬁf%%ﬁf.%ﬁﬂﬁﬁ@%ﬁﬁ ’
FENREARTAERSAEE LFLREARZEEBEFLUSHRTZL o

LR RE AR RSB B B3

HFRETEETERRENBEEN » FHIELBRFEEION - BB FAZI9%
' RXOPET FETBEREES » REMREBREEHERETES » 8
168 X ERFER/ELTHERE - BESBRVFENFEREFARNE—KES
—B A—EHEFEAERRETAR T ARBMNo REERE - EERBTEE
EEESMET B - AERERA X 0B M EER - &5 o

MECRERGE AT HEREY (B0 BRE - BEE) - FAREE
A (S~ R~ TRRBEEREER A GEE-SBNERE » EME
WIERE « —BEREFTRAYERENEEIEREE/  BIRHEREE (H)
FRLALOERBHOBAER (L) - HE#KE (B) RUSBRERHEEZENSE
B o BREHUER BHMWBEZE (Emission Rate) E (Bf78 : g/m/vehicle) »
ﬁ*ﬁﬁmﬁﬁﬂﬁﬁﬁﬁd\ﬁ S=1.6H+L+0.3B » Eljﬂﬁﬁﬁﬁﬁg&ﬁq% ExS
(B g/m/hr) » BEIHER H 5 S RPFREKROHERES 0.0369g/m/

vehicle »
£l
Q =0.0369 S (g/m/hr) »
=1.02x10% 8, (g/m/sec) .
PHQERAMKPERR AL CO MEMMS g/m® - 20°C > CO Hfy
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Fab e — RALgl 5 B RO Al 2 R0

BRERE | g/m’ 5 875 ppm» &
Q =0.00869 S » (ppm. m®/m/sec) . 107
B SHEBQ » RABHERF » MBRERLUR ppm. » HREEENIREIR
ERmERR I AR -
2% ®IF RGBSR — RALBAE AL
HEE S TR SR IR o WL U EB BRI - DR RHRHE
O RERERE RIS - SR EMERNT - T AR EREHE R
IR T RERE o ZEEERHE » —ERMEESIHMUE » F—AEZKLAR
RO RSB —S/LBREEENRNSEENRENR  RERIARREE=
i REEREKSI (AR —BENSHRERESN  HRESEE—
2 WEALEARSHIACETERRE —ERE » AW PS5 —# Al
EABRHREME  FORRABEEEERZENMARRD T
&= s RtFER R LA AR EAKEILT —~ R E S
APy e MEZdRs st dRRREE » ERRA

f B Ed RRELSEE
{
. 5 ERBEE | W W & B
) |k BT (opm) (B + %)
1 T 103 (3797, 6105)
2 A BB 50 (5911, 4492)
3 X X \ | 4.0 (5035, 1129)
4 ;-3 E 6.1 | (1103, 3000)
5 OB W 12.5 L (3070, 4131)
| G o

Y b LRI EE B A B A LRI b=0.69 » HEX—EA THBEER
4.0 ppm » WK EMBM=FTR o

L& £ % O#

TR AR RESR » RARERERENEE A - K8 - BERER
BEEH RS —BN o MEEKER LF TR 255F 78 3755 MAM DR
AP > BmBILL TR SISZRIERE » A TR S R R AR E Y
o RABRIRSRIM (XS) Fim o
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= ETEERARE S Z AT EEE RS o RS ET
FRABETE - ZABARELREIGLAE o
AEZSRNTARENAGEF LG EANGEILTE LN o &
> ARE B REAR A R T
| ! EAREE | BEREXE
BRom| BREE A X oo |
4 1 3 527 i 1
4 6 1 590 | 2
5 6 1 621 i 2
7 2 2 715 1
7 3 1 652 | 2
7 6 1 610 ! 6
8 2 1 652 ! 1
8 5 1 652 i 1
8 5 2 715 ! 1
8 6 1 621 : 6
9 5 1 652 i 1
9 6 1 621 4
11 6 1 527 - 1
12 2 1 527 1
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A 125 EEAE DU R R B » < B R BB MBS - BT W{CEHE
» RS BARE  EREZAEMEMAR o £LFARESEEERFE —RSRR
FT2zEHRAERE 8% ID, IV, IL K&E4TAMARZ H.AD, IL, 1V) L
L HE - BHRRHETE oy~ 0. BEBENRBEENEE » 2300H Turner™
Wep oy~ o, MATEMRAREEOMAMREY o ftAENEREZENHEIE
BAZ » ABEEHE Stoner™ 3> mAERERL > MEAREEAIK
Holzworth®® R ARBREES » HEMERFERESTHER o
A0~ ARFETBAERARARRME

v REBT | “ESS"
1 0.0— 1.5 _ 0.75
2 16— 3.3 245
3 34— 54 4,40
4 55— 79 | 6.70
5 8.0—10.7 9.35
6 10.7— 12.30

BITHEEER R OEATR X SiERER ¢ Y MigHEL SRR
168G AL ~ R o @HERIER 500K » MIEEIAE 2708 « BE A
HEE > HEERTESHEE—FEAEUEXBEAMES o B4 L TREE (
Xu~Yo) B (X Y1) AERETRE  BULUAGE  REEEEERNBYAH
EEKX BT O o SERSEEALEZE (Simpson) Al H5 4B ERIS20
K WEAMBEREERRERE o, - o, HOBEHE Xp + LIS HA B BOR S0 B X Ee 2
HIZBERE o
| L EALB AL SR LA

FEEIHERANEENY  BEESBEE » B— [T SHOBATR o
SR ES K By RSB REHE » ER A EEH—EE S R BERAEY
B » EESKESRIE

BREFHERGLARESERR T2 OGRS » TRAERFEYE
B B B TE RO T Ak » PR B B T B LR e S SR O TR (IR
B> A/ oo By REBEMNKE T REGBRERES R
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B EEERR » LMEERA BRI R E RS QT ER R R T 20
REAIRSER o

EeAL AR R R IE S IE AR 1 % Y5 SR 1 S W S AR AL S )
Kb+ LIRBEACHBE - AR BRET R (4) RREBERES M %
H—RIIRRBET > BABRE f > BOER  HERS—E H EEE—
Al » FIBRERE TR R E B E BT /8 ik 5
PR SRR (LB B Rk 2 48 o

N EIL T EE S A R MELT RE TREN SRR AR
HRERBHER - FSERENMET L IGIENESBEHTE > B=RELS
AN E S 2SS E  FEE-ERRR BT AR ENE S AT
) 63 119 BRI > i — RIBLHBORRRLAE - AESTA W4 RTHE
BHESZA+  RRENEILHEENEHRPRTR » Bt RETETX
MERGERNSHEENEREY » BERRERER & LENHRER - Hi
HHE (RF) BENESEURTLETLS o

WABIOTIE6 AR LT E S BELHTAREEFZA+ GATER &

AE S BIRTELRRETFZATHRRBRAGTE £ —
T RASRGIA T80 F— AR B8

mEg® | L 2 0 3 | 4 | s |6 7,8 9 |1
0 | 234] 193 166 0981 095 0761 076! 0.72| 284| 265
1| 193] 144 140| 106 106 113 113 106| 095! 091
2 LOG6| 0641 060 057| 057| 042| 042 L66| 117] 091
3 091 | 091! 083 079 064, 057 049 | 045, 045, 0.2
4 0.64| 064 098 091| 083 076! 042| 034| 045 045
5 045 042 042 053] 049 045 045 045| 076 0.6
6 0.72 | 0.64| 0347 034 030 042] 042 0421 038 0.30
7 045| 0451 0421 038| 0721 0.64| 057] 053] 060 057
8 | 026 026] 026] 030 026 026| 026! 026| 023| 023
9 | 023 0387 034| 034 030! 026 026] 026/ 053! 0.53
10 045 | 042, 034! 049! 049 042| 026 026 023 023
1 09| 019] 049, 019 019 009 | 019| 0.09] 019
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mm A* MBIEH(E (Normalization) 49 8 16 » EC 8 EQ W » 45k éiéi“

s 31C. BEHLRES -

FEE » ZREERSBEERRERN LN —-SREEER KR ks
AFIRFEARREZL » HECHEZTHARERENTEREOR 13.1% » BRERER
124 % » JEHRAZEMSHEANTEETER » EERBRERENEERZD
383 FEFR » BAYARE (RAEHME) » WERRBEENYTHTETSE » B
MALHZE » ER-BEAFEHERNEY - XLNEZTIEHZBEBEEN
BRERZNZEMEFERE ( -2.0%)  ERREMEEREAB AN 43.2% »
BRLAAHREMS » 2R ERREREARTRE - 2EEENBHREREMER
- BESHIR12.8%51.6% » th A AR B RS EER R SRR EEE
%128 FEL2EME » REANBREREMGHE (RETBTaNEs 2+
) BEIERE - 7 REEREANEETHRERICC, BERMERERFEIBE23S
#15.1% » TRBSTEEERESBHRELBNTHEEMEN » HEUHRNE
EEHERRFNFG  RoBEEEERRARETERNBES

F A~ FT &R — AR BRI AR A K ST R 4G P

(EfL : ppm))

| v —_— RELEH | 2EBE | 7ESE | & 1L &

Wl s B B E * OEIBAM| EAE| R fE
1 wh i (3.8, 6.1) 10.3 13.5 15.2 12.6 10.3
| AEB | (59 45) 5.0 6.26 7.06 6.56 5.0
3 x K (5.0, L.1) 4.0 ! 1.93 2.18 4.0 4.0
4 | B % (L1, 3.0) 61 @ 415 468 | 618 6.1
5 | HEd (3.1, 4D 125 | 777 876 | 123 | 125
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K~ TEENREHERETESIRISOHR
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AQ | 0 12.8 34.3
AC | 13.1 - 2.0 10.6
D(AQ) 0 12.8 56.0
 DAC) 383 43.2 15.1
EQ 0 1.6 350
EC 12.4 14.0 2.3

Log (EC) - 091 085 1.70

B EEERRE A B RA T ORENRETELSRNEERNE
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B+~ FEE - %55 B G LR o
5/30 » it 67.5°fa PR AR A 2T #9809 » BB » B 20 %R ~ TERIRR -
SRYBEEPRER » FITHERE S HETE SRR o
£SERENAEREREENT I  RESHRRETE » WEAFF -
FEEESESGEE S AR SRR EEEANRBET (2 B S % /km
, BE A/ MEASIE  AE~ - SER—F - BH0% SRR ME e

AN BPERRELERRRBENETER

BT EYNBRBRBERE
-~ TEgy 1 2 3 4 l 5
ﬁ E\ ~ |
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e
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PR ME(RA) B MERWEEN o ES B 1305 1305 0.48 5 0.68 5 0.62 5 ¥
M~ FEEEREREQRE » BRAEHEEGEHRENSS  SUREGETE
Ko HEZERES - TERER > HEEAERRA=ZBERE » ERNEHSR
HElcAR 0.0369 g/vehicle-m » 2EOER PR LEK ETREEN—E/ L E
- BUBRGR » HEREES 547 km/hr» DUHEER RE LR AREELHESE » £
FAEM ~ ARETATHER o HREN - ARBRAZERE (Q) MEHER » Al
HEe AR 7R 00595 g/vehicle~-m » 0.0543 g/veyicle-m » #EEE LS 28.3
km/hrs 31.2 km/hr s R REMBREY » LEERAE - TRESERRERE
FERY R R #E B U By R RE AR LA i AR B BB 4 o

RTENEEHREGFRAGESERLPEZENER » BB
FRRRER (BRAEAANE) - AXAGRSRAER  FHREERELR
(Ef) » URABRETS 2 —REBRENERS SRELEER » /Ra1CUE
Bl BREZEERESSBIBZEENS A AR » &89 a5 % &l
BERE 600K » HARRESRRFMMAK » AR ENBESSEY (2REMN
) EXRAAE AXBELE -REXWE » B+~ EHEFAES
HMELS  AEFSERGRETEABEGERN - MEREEERERERHE S
REA TR » BLBINFY - HWEERGFEEETSEHWRE » ARAH
28 0% RIR T MIE £ » 29.72% 2 G IRIRE » BIHERETHBREER 18.71%
o BRILRFMAEFRBERRY » FEHEILTHERVER » ABANKERES
» AXERBEELBION L ERBREM » B LEE SR EHHE R

HREFLSRER > SAMCEREIBE TR ORLH o KREBT0% I
EREOER - FEXW-CEWSNT (B+—) FLUEKPEER

HvbA 2 N\ER BRI 0L » HFEBKEMEL o

Wy B : ARBMtieR R A LBEORERILEES -

WesC : EFRE—RNERERL D » BERHZRYEESF o

kD : CFRRIUEY » EHH DT o

FHE : P EBE—RAFLEER BT OR o
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AU~ BE A B 3k SR 00 SR S5 A A B R A SRR (&

BEL) BE > HF/THS R A BB NG GRR A

%
W REEMREE (EINBBERE %) A
¥ T
1 7€0.99), 40€0.27), 73(0.83), 74(0.58), 92(0.99), 97(0.88). 4.54
2 10€0.60), 14(0.89), 31(0.96), 60(0.54), 102(1.0), 3.99
3 18(2.4), 19(0.98), 20(L.1). 4.48
4 23(1.1), 25(0.94), 64(L.1), 65(1.2), 81(2.0), 108(L4). 7.74
5 32(1.2), 34(2.0), 37(2.0), 68(0.60), 111(0.97), 112(2.2). 8.97
A 1300.96), 14(0.89), 15(0.96), 43¢0.94), 75¢0.95). 4.70
B 1(1.0), 6(0.99), 10(0.60), 12(1.0). 3.59
21(0.90), 22(0.85), 23(L.1), 34(2.0), 49(L.0), 53(1.0),
G 68%0.603, 69%0.99%. (L1, 2.0, 49C1.0), 33CL0) 8.44
D 9(0.85), 44(0.69, 56(0.99, 59(L.0). 3.53
E 1900.98), 45€0.89), 62(0.97, 79(1.0), 3.84
| 49(1.0), 50(0.98), 51(1.0), 52(0.96), 53(1.0), 69(0.99),
F 70%1.03. 87%1.1),) 110&1.0,)) 115-(0.9%, 11%(0.39), 514(1).1). 12.09
G 3(1.0), 4¢1.0), 5(1.0), 54(1.0), 57(L0). 5.00
4~ Bl&R » R R FE SRR
—__ IR ;
- , - RE
oo SERMIUEE (EINREEE %) s
1 40(0.27), 55¢1.0), 58(1.0), 73(0.83). 3.10
6(0.99), 10(0.60), 11(1.0), 12(1.0), 14(0.89), 31(0.96),
2 68(0.52), 152(1.()}). (10D, 12(1.0), 14(0.89), 31(096) 6.98
3 10(0.60), 18(2.4), 19€0.98). 3.98
23(1.1), 25(0.94), 35(1.0), 66¢1.0), 70(1.0), 81(2.0), |
4 84%0.93), 1(()8(1.‘)%), 153(0).99)-.( ), 70010, B120) 10.42
29(1.0), 32(1.2), 33(0.99), 34(2.0), 38(L.0), 39(1.0),
5 67%0.93), 85(0.38), 501(0).93),(112)(2.2)(. » B0 12.29
A 13(0.96), 140.89, 15(0.96), 31(0.96), 43(0.94), 99(0.95), 6.59
101(0.93). -
B 1(1.0), 2(1.0), 6(0.99), 10(0.60), 91(1.0). 4.59
21€0.90), 22(0.85), 34(2.0), 49(L.0), 50(0.98), 52(0.96),
C 53%1.0),) 68((().60),) 69((().993. (19, 5008) ( ) 9.28
D | 9€0.85), 59(1.0), 76(0.99), 78(0.94), 100(0.98). 4.76
E | 19¢0.98), 45(0.89), 62(0.97), 79¢L.0). 3.88
F 9(0.85), 10(0.60), 44(0.69), 46(0.92).. 3.06
G | 3(1.0), 4CL0Y, 5(L.0), 54CLOD, 57(L.0).. 5.00

— 228 —




F b H — RALBE R RN M2 RIS

| B+~ B+ — R A BRI TA AT o
EESELHERER o LEFIUEMARZELER (block) 2XAR K » dLfHE
» WE SR SRR B A o |

i EHAT A HRARDER » EXALKXES FRNENE > BE2K
HERRBRADNER » TERSHBEHERY  (EEMENSE » BEUEEOM
SRR T E R SR ER KB TT o ,
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IO o ZFRMT ~ LFIME ~ BERRE - TREHE - AT EREFRERR
TOR - RELBRELERTOE  c SRIEFLREN DR (R E-LRENR)
AAEgEEs 10 = 20ppm ] » B FEERE SO R EEE » —R BN
REMT (REEAFERMBEE - EE DRBERERERENER)

L—/NEERERE N\ DR RS EFE 20ppm LI o

2. —/ N2 H FHEAE 10ppm LT o

L FEFEATRERD ~ B ) —/NKRpfEZE 40ppm LAF o
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HATAREAABRRKER T SAREEES A S oREEN - S=
0 MP L LREARN S CRBEEE LR CEE BB RERES 30% 60ppm
' FEIFSHMBEEBRBRERENERMEELE  MSEBARB Y E 2B ¥
BORRER o HEH A MBOR A IR » SEI T EWEE T R — SRS T
» REREH R DB RARE -

12~ & i

REHRAENEREG LR BERNBERNTEE GEH) 2% 7
fi ~ RIS » 55 EA SRR B EREE R E
RS F L AT » ABRTRIBHOARDATY » LEFETHE » KEAL
B T A B R T o |

BB R ER G BETAELESE  EREEER  HRRE
s A~ BRERARKESR - T RIPOT G HBR e el BR L » Bl
IR DB P TR B SN E TS EE o Heimbach 58 Sasabit® Iz LY
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THE OPTIMIZATION EVALUATION OF CO AIR
POLLUTION AND MONITOR NETWORK IN TAIPEI

WEN-JEY LIANG
Institute of Physics, Academia Sinica
and
Department of Mechanical Engineering

National Taiwan University
KEH-TARNG LEE

Institute of Environment Engineering,

National Taiwan Untversity

Abstract

The optimization theory of air pollution estimation is utilized to investigate
the CO pollution in Taipei. Accordingly, the computed concentration from
Gaussian dispersion model and the measured concentration data at monitor
stations are combined to fine the optimized pollutant source strength and the
optimized CO concentration distribution. In order to clarify the plausibilith of
optimized results, the statistical properties of concentration at stations computed
from optimized and non-optimized dispersion model are fully discussed. Employ-
ing the optimized results, the influence of pollution sources and the: efficiency
of the mornitoring stations of CO are carefully studied, and the optimal mornitor
network is also suggested. '
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THE OPTIMIZATION EVALUATION OF SO: AIR POLLUTION
AND MONITOR NETWORK IN KAO-HSUNG AREA

WEN-JEY LIANG
Institute of Physics, Academia Sinica
and
Department of Mechanical Engineering,

National Taiwan Untversity

CHUNG-TE LEE
Institute of Environment Engineering,

National Taiwan University

Abstract

The optimization theory of air pollution estimation is utilized to investigate
the SO, pollution in Kao-hsung area. Accordingly, the computed concentration
from Gaussian dispersion model and the measured concentration data are
combined to find the optimized pollutant source strength and the optimized SO,
concentration distribution. The field studies of the SO, pollution in Kao-hsung
area by National Health Administration during September, 1975 to June, 1977
are compared to clarify the plausibility of the optimized results, Employing
the optimized results, the influence of pollution sources and the validity of the
mornitoring stations of SO, are fully discussed, and the optimal mornitor
network is also suggested.
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TIME-DEPENDET SOLUTIONS OF THE VISCOUS
INCOMPRESSIBLE FLOW PAST A CIRCULAR
CYLINDER BY INVERSE TRANSFORMATION

L. C. CHIEN (# & A)

Institute of Physics, Academia Sinca, Taipei, Tarwan

Abstract

Inverse transformation is used to map the infinite domain exterior to the cylinder -
into an unit circle. The governing equations in terms of the vorticity and stream function
are transformed and are solved using a hopscotch finite difference scheme and over relaxa-
tion procedure. Viscous layer considered vorticity and stream function obtained by the
method of asymptotic expansion to the third order are employed as initial conditions for
numerical integration. The time developed of the flow properties are obtained and
plotted.

1. INTRODUCTION

The problem of viscous flow around a circular cylinder is a classical one
with an extensive literature. Although there has been a large number of
numerical computations on the flow over an impulsively started circular cylinder,
the existing solutions agree neither quantitively nor qualitatively with one
another.

Because the Navier-Stokes equations are non-linear, exact solutions are not’
available. The numerical method is one of the very few acceptable tools that
is capable of making any contribution to engineering designs. Recent develop-
ments in high-speed digital computers make this approach both effective and
popular. However, every numerical approach for a given physical problem
requires both physical assumptions and mathematical approximations. We need
to test a numerical method for its accuracy in the developing stage by applying
it to a given problem. The flow over an impulsively started circular cylinder
at relative low Reynolds numbers is one of the thoroughly investigated problem
that can provide the basis for such study to test the numerical accuracy.

Because no analytical solution was the available, Payne (1958), and later
others used potential flow as their initial conditions for numerical integration.
They computed the vorticity on the cylinder for t=0* by using the stream
function obtained from potential flow theooy. The finite difference formulation
assumes a uniform thickness of one grid of vortex sheet around the cylinder.
However, the vorticity already diffused 4 or 5 grids away from the cylinder.
surface for Re=50 at T=0.02 (Chien, 1977). Therefore, the potential flow
started solution is a poor one near the singularity. Physically, the potential
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flow started integration of the Navier-Stokes equations does not take into ac-
count the initial structure of the flow (Collins and Dennis, 1973). The solution
is inaccurate initially. The effect of the inaccuracy on the later time probably
leads to the lack of agreement among various investigations.

In this study, the viscus layer considered analytic solution obtained by inner-
outer expansion to the third order (Chien, 1977) is used as initial conditions
for numerical computation. The inverse transformation is used to map the
computational field exterior to the cylinder into a unit circle. The hopscotch
method solved the vorticity equation gave the accuracy and save the computer
time. And the Poisson equation is solved by successive over relaxation method.

The problem of flow over an impulsively stated cirular cylinder has been
investigated both experimentally and theoretically. In the present study, the
case of Reynolds number 50 will be used for investigating the accuracy of the
numerical method used.

2. MATHEMATICAL FORMULATION

The motion is referred to axes fixed in the cylinder. Consider the unsteady
laminar flow of a viscous incompressible fluid with constant properties and
subject to negligible body forces, past a circular cylinder of radius @ when the
flow starts at time t=0 with a constant velocity U in the direction of §=0 as
shown in ¥Fgure 1.

The equations of motion and equation of continuity in non-dimensional
form in polar coordinates (Schlichting, 1979, p. 67) are

du du v du vi dp 1 fdu 1 du
at'+“ ar + r a6 r or +Re ort + r ar
L1 u w2 é‘y_]
rt g4 r? rr ad (1)
v v, v ov w1 ap , 1 [_@?x
at + F; T % T T r a4 Re L 3
1 av 1 3w 2 gu \Y
T T e T e T rz] (2)
1 3 1 ov _
T e W5 =0 (3)

where (r, §) are polar coordinates, (u, v) the velocity componens in radial and
tangential directions, P the pressure and Re is the Reynolds number, based on
radius.

The components (u, v} may be expressed in terms of dimensionless stream
function (r, ¢, t) by the equations
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_ 1 oy __ oY
Y VT T e (4

where the equation of continuity (1) is satisfied identically.

By differentiating the equation (1) with respect to 4, the equation (2)
with respect to r and then elimirating between them the common term 8°P/érad,
we obtain the vorticity transport equation
du 178 do Bw‘\_ 17dw 1 do 1 Fo
at * [66 ar or a9 - Re[ar‘ r or +r'“' agr s (3D

1 7a(rw) _a.v]

Wlth ‘ ) = r ar - 56 ( 6 )
Using equation (4) and (6), one obtains

A R T R i

0= 52 T Ty TR e (73

The boundary conditions imposed upon the cylinder surface are the usual

impermeability and no slip condition for all time,
3 |
¢-=3Lf=0, when r = L. (8)

On the surface of the cylinder, the stream function is zero, +»;=0, where i and
j denote the locations in the 6 and r directions, respectively. The stream
function inside the cylinder surface, «f; ,_;, is assumed to be the mirror of the
stream function around the cylinder, +; .., because of the zero gradient (Lin,
Pepper and Lee, 1976; Roach, 1976). Consequently, the values of the vorticity
on the surface of the cylinder can be written as

2 i, wil .i,w
oo = 20 " >. (9)

As the distance from the cylinder becomes very large, it is assumed that
the flow will approach more and more that of a uniform stream (Son and
Hanratty, 1969; Deffenbaugh and Marshall, 1976). Meta and Lavan (1975) con-
sidered the flow at the far boundary is constrained with the first-order differen-
tial equation obtained from the Navier-Stokes equations by dropping the tan-
gential derivative of the pressure and viscous terms, i.e. at the outer boundary,
the inertial terms are dominant

1 (2pde 2y o)

o =t Legar " ar a0 (10)
And the stream function at the outer boundary is obtained by

0 v

= an
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where p=17!, and the velocity v is obtained by

AGRN E S s OB

o0 =" or a0 (12)

Since it is desirable to have a finer mech near the cylinder surface, Collins
and Dennis (1973) took modified polar coordinates (£, ) where ¢ = In(r). In this
study, the inverse transformation has been made, Z=1/w, where Z=x+iy=rei®
and w=pei, i.e.

-1

r=p"", f=—a . (13)

Meta and Levan (1975) used the transformation mapped the exterior of the
airfoil into a unit circle. We took the same transformation mapped the exterior
of the cylinder into a unit circle. The computation domain is confined into
po < p <L 1. The domain bounded by 0 < 6 < 2r and p, << p < 1 is transformed
into a rectandular (Figure 2). If p,=Ap=0.02, one took 50 points in radial
direction and got the domain of 1 < r < 50, with finer grids near the cylinder
surface. The defining equations (4), (5) and (7) then become

or S
U==0:;" V= Pzaio_, (14)
o p (Bl i) [P0 e oy
3t+38aap_ap6a=Repap2+pap+‘03a2 (15)
0%r 1 a1 3% o
b0 T ode TP e T, (16

The flow will be assumed to remain symmetrical about the front direction of
the motion of the cylinder. Hence both the stream function + and vorticity
o are antisymmetrical about =0, i.e.

Yr=w=0 at =0 . an

The boundary conditions on the surface of the cylinder, equations (8) and
(9), are

a
¥ =g =0, (18)
2( iawel = Wi w
and Wiy = i A‘pz"” ), at p=1 . (19)
The far field boundary conditions are
du (04 0w Oy B
at ~ 3L3a 3o ~ o Ba] ? (20
@ v
- @21
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7 1 a(ur+vt
and Vo [ Q_ ) + qu

ad =" L2 e (22)
The quantities C; and C, are the friction and pressure drag coefficients.
These coefficients together is the drag coefficient Cp, defined by Cp=D/pUa,
where D is the total drag. It is shown that
el Lo+ 32)
Cp = ReJ , \¢ +3 sing dé (23)

p=1
where the first term in the integral corresponds to the friction drag coefficient
and the second to the pressure drag coefficient.

3. NUMERICAL FORMULATION

The finite difference scheme is used to solve the vorticity equation (15)
and stream function equation (16). Central differencei for space derivatives
are used in the domain of calculation and at the outer boundary wherever
possible. The domain bounded by 0 <6 <2z and p, < p<{ 1 is divided into
a rectangular network (Figure 2). The increments in 6, g and t are specified
by A4, Ap and At with i, j and n as the correcponding indices. The scheme
advances the solution from time nAt to time (n+1)At consisting of calculating
new values of the vorticity, of}** at all points via the vorticity equation (15)
by finite difference approximation of the boundary conditions, the values of
the vorticivy o} and the stream function +f; from the previous time step.

Hopscotch method, developed by Gourley (1970), is used to compute the
vorticity at the new step. The method divides each time step calculation into
two sweeps of the mesh. In the first and the subsequent oddnumber time
steps, the points with i+j equal to odd are calculated based on the current
values of neighboring points. For vorticity equation (15), the vorticity at
the (n+1) time step i} is give by

nel__ on +At[— 3(?P‘?+1.1 —Yri-1 ‘”?,;rn—wlild—l_f‘l’iﬂl-'\ﬁ‘ﬁj-l W1, —m?_“)
W) =L Pi pLV 2Ap 248p 20
1 ( ‘w?.3+1+0111.1-1—20)1n.5 swli:.l.j+1—'wlil.j-1 ,ﬂ)?+1,j+wlf—1,j—2wf.j)]
T Re\0 Ap? + 8 200 + 2] A

for i+j=odd (24)a
The Second sweep at the same time level, the points of i+j equal to even
is computed using the new values of the neighboring points obtained in the
first sweep,

1 1 1 1
n+1 n +At[ 3 ("'I/‘f+1.1-"1["?-1.1 w?.‘;+1_w]11!}-‘1 "!ﬁ?‘j*‘l_—“'p‘:j'l wilfl'-i—mfjl“l)
@ = () - -
WL, £J i 2Ae 2Mp 2Ap 2Aa
1 1 1 1 1 1 1
4 _L( Llinteli— 20l + (WLin— Whi + ity eih = 201 )]
Re\# Ap? o5 2Ap e Aa?

for i+j=even (24)b
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The first sweep consists of forward-time-contral-space differencing for the points
of i+j odd, whilst the second sweep is fully implicit in the sense that the new
values are required at (i, j), (i+1, j) and (i, Jx1) but this implicitness in-
volving no simultaneous algebraic solutions.

The stream function for the new time step Y} is computed by the use
of finite-diffence approximation of the stream function equation (16), the
boundary conditions, the new values of vorticity oPi! and the old values of
the stream function 7, The most popular numerical method solving this
elliptic equation is the successive over-relaxation method. The values of ¥
at the (n+1) th time step and the (k+1) th iteration were calculated by
using the following relation

a B
WA = 9+t 5 (e )
2(1+5) o;
&3
B 2 Ao’
+ E‘(%ﬂz.i —'\!"}:-1.1) - 2(1 + ‘70?) iy — _.",_}_ wi,j] (25)

where 8=Ap/Aa, a is the over-relaxation factor. The successive over relaxation
method consists of applying (25) at every internal mesh point in regular suc-
cession. The points are scanned row from left to right starting from the row
next to the cylinder surface p=1 going up to the far field. This completes one
iteration. The procedure is repeated until values of the stream function in two
successive iterations satisfies the equation

Datadt+l ok

RSN < oo | (26)
at all interior grid points. The trancation error for the stream function equa-
tion (16) is O[(Ap)%+ (Aa)?].

In the far field boundary conditions, (20), (21) and (22), the tangential
derivative is replaced by a difference and normal derivative is appoximated by
a three-point backward difference. The finite difference form for the vorticity
residue at the outer boundary, equation (20), is chosen

+ n ps t n n n
apF = Wi “&fﬁp[(‘hnﬂ"“h-h:\l)' (wﬁn=a—3w1,n=z+ 3w1,u=1—w:,n)
- (ff-'fn.N - w?—l.N)('l!"i,N-S - 3'\P‘i.N-2 + 3"!";.1 -1 “Ifi,N)] (27)

where N is the outer boundary grid number in the radial direction.

The outer boundary stream function is obtained from the finite difference
of (21),

Ap
Yron = Yri o + E_ Vi N—1 28
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where v; y_, is obtained by (22)
N1 AU N (VN Tt N— F— I e
V“§11_V1N - (P.\ 1( 1N 1)__ ( 1L,N )Aﬁ(u , 1) 7(V ,N_l) P wi’N_liI
(29)
4, COMPUTATIONAL PROCEDURE

The initial values of the stream function and vorticity are obtained at the
every grid point by the method of asymptotion expansion to the third order,

(T, 8, t)‘—‘{r—%_zﬁ/—"&t{g( 11_ 4/ 7y erfc n—exp(—7?)

Rt-e-[—l—-(éy; +1) erfe 7)+;?‘-exp (— 7;)]
2 () [(Brt b erfe p= o (7P
exp (—vz)__};]} sind
+8t/R ” f©de- (1+ 4/2)(_--+2r 3)
+2/ j ga(C)dij sind cos’d
+16t2} 1 J " Fy (D¢ sing cosaé‘—J‘ofg(C)dC sin*&] (30)

where (), g:(0), Fs(p) and (o) are polynomials of error function.

Time is stepped by At, the new values of the vorticities are computed from
(24) with stream function obtained by (30) and vorticity computed from (7).
The new values of the stream function are computed by applying over relax-
ation methond (25) repeatedly until (26) is satisfied. The new values of vor-
ticity at the boundary condition at the boundary condition at the cylinder sur-
face are computed using (19). The new far field boundary values of vorticity
and stream function are obtained by (27) and (28). The above precedure is
repeated for successive At.

5. RESULTS

Calculations were carried out for the grids shown in Fig. 2. The computa-
tion domain was chosen with 4=0°(3°)360°, and p=0.02(0.02)1.00. The grids
represented an attempted to achieve the best compromise between the desired
flow detail near the surface of the cylinder.

In this study, the case for Re=50, ie. Rd=100 is surveyed to check
the accuracy compared with the existing numerical solutions by Kawaguti and
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Jain (1966), Collins and Dennis (1973) and experimental measurement by
Honji and Taneda (1972).

The initial conditions for the numerical integration are the stream function
and vorticity at T=0.02. The negative vorticity, corresponding to the negative
of the stream function, was observed at T=0.54 located on the cylinder surface
from §=171° to 180° at the upper surface and 180° to 189° at the lower,
where the angle is measured from the front stagnation point. We can infer
that the initial separation time is about t=0.52. Comparing the results of the
existins, solutions we see that present numerical solution agree excellently with
these of Collins and Dennis (1973) with t=0.513.

The stream function and tangential velocity profile at early time, t=0.2,
coincide with those obtained from the analytic solution and numerical solution
with symmetric boundary conditions (Chien, 1977, 1978).

The development of the flow pattern at various time is shown in Figure 3.
Figure 3(a) to 1(1) show that as time increases, the recirculation region is
enlarged and the stream lines are displaced outward. The larger the time, the
more negative becomes the stream function in the recirculation region. Con-
sequently, the reverse tangential velocity becomes larger, Figure 4. As time
goes on further, the stacam function and velocity profiles settle down to the
steady-state solution. The vorticity diffused far away from the cylinder surface
for larger timer, especially in the neighborhood of the rear stagnation point.
The growth of the wake length with time is shown in Figure 6, where it is
compared with the computation results of Kawaguti and Jain (1966), Collins
and with the experiment of Honji and Taneda (1972). The greement is seen
to be excellent between this study and the numerical solution of Collins and
Dennis as well as the experiment measurement by Honji and Taneda. The
results of the investigation of Kawaguti and Jain (1966) departs from the ex-
perimental measurement and the numerical computation of this study and of
Collins and Dennis is due to inaccurate calculation for their coarse grid size.

The development of the vorticity distribution around the surface of the
cylinder is shown in Figure 5. It is seen that the vorticity over the surface
remains smooth up to t=2.0. A little bit time later, the curves show a kink
in the separation region. The kink continues to be present as time increases.
Although it never becomes sufficiently pronounced as it does for higher Reynolds
number, (Son and Hanratty, 1969; Collins and Dennis, 1973; Chien, 1978).
The vorticity within the separation region grows less negative and never
increases to positive. This implies the second vortex does not exist in the flow
field. As time increases further, the agrees with kink eventually becomes less
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promounced until for t=20, and is more or less completely vanished. The
vorticity distribution of the present solution at t=20.3 that of Collins and
Dennis at t=25 and of Patel (1976) at t=24.08 is shown in Figure 6. The
agreement is satisfactory.

6. CONCLUSION AND DECOMMFNDATION

It is necessary to examine the accuracy for the newly developed numerical
scheme and inverse transforation solving the problem of viscous flow over an
impulsively started cylinder. The analytic solution obtained by the method of
matched asymptotic expansion to the third order is used as initial conditions
fcr the numerical integration. In this study, we chose the case of Re=50 and
compared our results with the experimental measurement of Honji and Taneda
(1972), and the exiting solutions of Collins and Dennis (1973) and Patel
(1976). The agreement of initial separation time, vorticity distribution on the
cylindea surface and wake length are satisfactory.

We have solved the problem with satisfactory results for the case of
Re=>50 in this investigation® The numerical scheme can be applied to solve
the problem -of higher Reynolds number. '
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FIG. 2. Domain of calculation and grid notation.
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FIG. 3(a) Flow pattern at Re=50 for t=0.6.
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FIG. 3(b) Flow pattern at Re=50 for t=1.0.

FIG. 3(c) Flow pattern at Re=50 for t=2.0.
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FIG. 3(d) Flow pattarn at Re=50 for t=3.0.

— 1292 —



Time-dependent Solutions of the Viscous Incompressible Flow Past a Circular Cylinder by Inverse
Transformation

=1.0
0.7
0.3
005 0.1
FIG. 3(e) Flow pattern at Re=30 for t=4.0.
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FIG. 3(f) Flow pattern at Re=50 for t=>5.0.

FIG. 3(g) Flow pattern at Re=50 for t=6.0.

FIG. 3(h) Flow pattern at Re=50 for t=8.0.
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FIG. 3(i) Flow pattern at Re=3) for t=10.0.
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FIG. 3(k) Flow pattern at Re=50 for t=14.0.
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FIG. 3(1) Flow pattern at Re=50 for t=18.0

294 —



Time-dependent Solutions of the Viscous Incompressible Flow Past a Circular Cylinder by Inverse
Transformation

FIG. 4(a) Tangential velocity ug at Re=50 for t= 0.6.

28¢

FIG. 4(b) Tangential velacity us at Re=50 for t=1.0.
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28

1.5

FIG. 4(c) Tangential velocity us at Re=350 for t=2.0.

28

15

FIG. 4(d) Tangential velocity up at Re=50 for t=3.0.
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29

¥

FIG. 4(e) Tangential velocity ug at Re=350 for t=4.0.

20

A5\

FIG. 4(f) Tangential velocity ug at Re=50 for t=35.0.
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70
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FIG. 4(g) Tangential velocity ug at Re=530 for t=6.0.
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AD

TFIG. 4(h) Tangential velocty ug at Re=350 for t=8.0.
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20

1.9

FIG. 4(i) Tangential velocity ug at Re=50 for t=10.0.

29

15

FIG. 4(j) Tangntiol velocity ug at Re=50 for t=12.0.
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28

15

FIG. 4(k) Tangential velocity ug at Re=50 for t=14.0.

.20

FIG. 41) Tangential velocity up at Re=50 for t=18.0.
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FIG. 5(a) Vorticity distribution on the cylinder at Re=50 for small time.
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FIG. 5(b) Vorticity distribution on the cylinder at Re=50 for moderate time.
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FIG. 5(c) Vorticity distribution on the cylinder at Re=50 for large time.

1 L 1 1

0 5 10 15 20 2
T

FIG. 6. Calculate and cxperimental values for the wake length at Re=50. Numerical solutions:
A Kawaguti and Jain (1966); x Collins and Dennis (1973); —, thisstudy, Experimental
measurement; [ 1, Honji and Taneda (2972). . ‘ Lo :
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Temperature-Dependent Resistivity in Ni-Rich Alloys*

Y. D. YAO (% 4 #)

Institute of Physics, Academia Sinica
Nankang, Taipei, Taiwan, R.QO.C.

Abstract

An Analysis of experimental results obtained on nickel-titanium and nickel-copper
alloys is used to show that the temperature-dependent part of the electrical resistivity
of Ni-rich alloys follows a T1.M%2.95 yariation in the ferromagnetic region above 300
K and increases more slowly than T in the paramagnetic region.

* Published in Physica Status Solidi (Aug. 1, 1979).

Overlapping between Magnetic and 2—y Transitions
in the FePd System*

Y. D. YAO (& &« &)
Institute of Physics, Academia Sinica
Nankang, Taipei, 115 Taiwan, R.O.C.
and
S. ARAJS o
Department of Physics, Clarkson College of Technology
Potsdam, New York 13676 US.A.

Abstract

-Electrical resistivity measurements of FePd alloys with 3.0 and 7.9 at.% Pd in the
temperature range of 800-1200 °K are reported. Special atiention is given to the
hysteresis anomaly in the neighborhood of the ferromagnetic-paramagnetic-transition
temperature. This anomaly is explained by the overlapping effect between magnetic
and «—1 transitions.

* Published in Physics Status Solidi (Oct. 16, 1979).
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The Electrical Resistivity of Polycrystalline Samarium
and of Sm-3 At.% Dy Between 15 and 300 K*

Y. D. YAO, (# s #%) L. T. HO and C. Y. YOUNG

Institute of Physics, Academia Sinica
Nankang, Taipei, 115 Taiwan, R.O.C.

Abstract

The electrical resistivity p of polycrystalline samarium and of Sm-Dy containing
3 at.% Dy was measured as a function of the absolute temperature T between 15 and
300 K. On the basis of the criterion that dp/dT is at a minimum at the Néel
temperature Ty it was determined that the values of Ty are 105.8+0.5 K and
102.8+0.5 K for the hexagonal sites of samarium and Sm-3 at.% Dy respectively.

* Accepted for publishing in Journal of the Less-Common Metals,

A Theory of Threshold Switching in
Amorphous Thin Films*

CHUN CHIANG (# # #)
Institute of Physics, Academia Sinica, Nankang, Taipei.

Abstract

Using the concept that two reversible forms exist in amorphous thin film and
that the transition between them may be activated by the current, and these two
forms have different conductivities, the threshold switching phonomenon may be
explained. The threshold switching equation and time delay equation are also derived.

Mit der Annahme, daB zwei reversible Formen in diinnen amorphen Schichten
existieren, der ﬂbergang zwischen ihnen durch den Strom aktiviert werden kann, und
diese Formen unterschiedliche Leitfahigkeiten besitzen, 1aBt sich das Phinomen des
Schwellenschaltens erklaren. Die Gleichung fur das Schwellenschalten und die
Zeitverzogerungsgleichung werden ebenfalls abgeleitet.

* This paper has been published in phys. stat. sol. (a) 54, 735 (1979).
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A Model of a Human Recognition
System with ‘Thinking’*
CHUN CHIANG (# % &)
Institute of Physics, Academia Sinica, Nankang, Taipei, Tatwan, The Republic of China

Abstract

The human system of pattern recognition is explored. This system utilizes the
method of syntactic feature comparison, activation of the patterns containing the
feature, and sorting among the activated patterns. Both the pattern recognition
process without thinking and with thinking are discussed, and examples are given.
Contrary to the usual concept, the more complicated pattern has a better chance. to
be recognized correctly.

* Published in Biological Cybernetics 1980.

Laboratory Modeling of the Effects on Typhoon*
When Encountering the Mountains of Taiwan

ROBERT R. HWANG (% # #) and YANG-KANG CHENG

Abstract

The effects of mountainous island on a typhoon vortex during their encounter
are of fundamental and practical importance for a better typhoon forcasting on its
traveling track and its wind field. In this study laboratory experiments were per-
formed by introducing an essentially two-dimensional concentrated vortex for studying
the interaction between the typhoon vortex and Taiwan island. In pursuit of a more
realistic modeling, the topography of the coastal area of the Chinese mainland and
Philppine island was also included. Comparisons are made between the experimental
results and field data during 1949-1976. It is found that the general behavior and the
accompanying surface flow patterns of a typhoon vortex, when encountering with
mountain area of Taiwan, can be reasonably simulated in the laboratory. It is also
noted that the movement of the vortex as well as the typhoon is strongly affected by
the approaching pathway of the vortex relative to the mountainous island. It is then
- suggested that laboratory modeling may provide a reliable and affective way for
predicting the movement of a typhoon vortex when it is in the vicinity of the island.

* Journal of Civil and Hydraulic Engineering Vol. 6, No. 3, Paper No. 6-09 (P. 1~P. 12) (1979)
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The Buoyant Rise of Plumes in a Linearly

Stratified Environment*

ROBERT R. HWANG (% # &)
Institute of Physics, Academia Sinica Taipei, Taiwan, R.O.C.

Abstract

The rise of a buoyant chimney plume in a possibly stratified atmosphere is a
particularly complex phenomenon. Buoyancy and initial momentum of the plume
will cause the rise of the buoyant plume vertically and the density gradient of the
stratified environment will influence the establishment of the flow field. In a stably
stratified environment, the jet first behaves like a buoyant jet and mixes with heavy
bottom ambient producing a neutrally buoyant cloud. The density deficit of the jet
will reduce continuously and becomes zero at a certain height (point of neutral
buoyancy). The buoyancy force, from here-on, will be negative and the flow will be
decelerated, turned down and spreaded sideway after reaching a maximum height,

This study is to obtain such a jet-rise formula from correlating a substantial
series of experimental data of laboratory study according to simple theoretical con-
siderations such as dimensional analysis. The height of rise was obtained in terms
of the initial momentum and buoyancy of jet and the stratification of the surrounding
environment. In the laboratory experiments, a filling salt solution process is designed
to produce a linearly stratified environment and a photographic technique is used to
trace the development of the flow. It is found that the maximum rise of a plane
buoyant jet is proportional to Fi'* and S"% in which F, is the initial Froudes number
and S, the stratification parameter.

* This paper has been published in Proc. 3rd Engineering Mechanics, ASCE, p. 830 (1979).
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Hopscotch Integration Scheme for Numerical

Weather Prediction in Mei-Yu Season*

LAI-CHEN CHIEN (# 2 A) and CHUN-TSUNG WANG (£ 82}

Institute of Physics Academia Sinica
Taipei, Taiwan Republic of China

Abstract

An efficient computational process, hopscotch method, has been applied to four-
level baroclinic quasi-geostrophic diabatic model for 24-hour forecasting in Mei-Yu
season over the East Asia. Numerical integrations of vorticity equation and energy
equation are carried out by making use of this scheme. The method uses explicit
and implicit finite difference schemes at alternate mesh points to solve the partial
differential equations. Each time step is calculated in two sweeps of the mesh. In
the first and subsequent odd-numbered time steps, the grid points with /47 odd (7 is
the row number, j the column number) are calculated based on current values of the
neighboring points. For the second sweep at the same time level, the computation
is excuted at points with 7+j even, using the known advanced values of neighboring
points calculated in the first sweep. The first sweep is explicit, the second is fully
implicit with no simultaneous algebraic solution. The method, equivalent to Peacemen-
Rachford procedure with coefficient matrix split in a novel way, is unconditionally
stable and allowing arbitrarily large time step and is 3 to 4 time faster. This
algorithm is very efficient with regard to storage requirement and ease of programm-
ing. For comparison, computations were made for the same initial and boundary
conditions by applying both explicit method and the present method with triple and
quadruple time increment. The results show that 24-hour predicted Z-field ageres
excellently to 3 significant figures in both methods.

* This paper has been published in Proc, Natl, Sci, Counc. ROC, Vol. 3, No, 4, 1979, pp 356-363.
t Presented at American Meteorogical Society Twelfth Technical Conference on Hurricanes and
Tropical Meterogy, at New Orleans, Louisiana, April 24-27, 1979.
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