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Preface

Professor Zhao Zhongyao (C.Y. Chao), a famous Chinese physicist, is one of the pio-
neers and founders of China’s nuclear physics, neutron physics, accelerators, and cosmic
ray researches.

Professor Zhao was born in 1902, After graduating from the Southeastern University
in 1925, he joined Qinghua University as an assistant. He became later a student of Profes-
sor R.A. Millikan, Nobel prize winner, in California Institute of Technology (C.I.T.),
U.S.A.in 1927 and received his Ph.D. in 1930. In 1929, he and several English and German
physicists independently found that when hard ¥ —rays pass by the heavy element, there ex-
ists an abnormal absorption in addition to the Compton scattering and the gbsorption
caused by the photoelectric effect. In order to further study the abnormal absorption, he
studied the hard y—rays scattering and first observed the special radiation induced by the
hard p—rays in lead. These results, which pioneered the discovery of positrons, were pub-
lished in his articles “Absorption Coefficient of Hard y— Rays” and “Hard y — Rays Scat-
tering”. Two vears later, C.D. Anderson, his schoolmate, discovered the positron, and peo-
ple realized that Zhao’s “abnormal absorption” is just the electron—positron pair produc-
tion induced by the ¥ rays in matter and that his “special radiation” is, then, the first ob-
served annihilation radiation of the electron—positron pair. For Professor Zhao’s impor-
tant contributions to both pair production and annihilation, Professor C.N. Yang has a de-
tailed exposition in his recent article “C.Y. Chao, Pair Production and Pair Annihilation”
(see Appendix).

In 1931, Professor Zhao returned to China and joined the Department of
Physics,Qinghua University as a professor. He first offered lectures on nuclear physics, di-
rected and established the first nuclear physics laboratory, and developed researches on the
«Hard ¥ ray nucleus interaction} and ¢ Neutron resonance absorption) in China.In
1937, when the War of Resistance Against Japan brokc out, Professor Zhao left Peiping
and taught in Yunnan University, and afterwards, in the Southwest Associated University
and the Central University. During his teaching period, he fostered a large number of scien-
tists and engineers who were to make important contributions to China’s atomic energy
cause later.

Professor Zhao has not only been assiduously engaged in research work and teaching
job,but also has considered how to quickly develop Chinese industries by virtue of science
and technology. After the Sept. 18 Incident, which set off the Japanese militarist invasion of
China, Professor Zhao thought that the only way our country can avert the bullying was to
develop the national industry. Thus, he founded a pencil factory with his own money and
funds collected from his friends. He put all his energies into overcoming many difficulties



encountered in technology, management and administration, and finally, succeeded in
bringing out the famous “Great Wall” pencils.

After we won the War of Resistance Against Japan, Professor Zhao thought that it
was the time to establish a well—equipped nuclear physics laboratory in China.In 1946, the
Chinese government at that time appointed him to watch the U.S. atomic bomb experiment
at Bikini Island. Then, he went to MIT, CIT, and some other places to carry out researches
in nuclear physics and cosmic rays. During this period, he spent extraordinary energy in
USA, designing and ordering various parts for electrostatic accelerators, purchased some
detectors and electronic equipment, and had a multilayer cloud chamber custom—made.

After the founding of the People’s Republic of China Professor Zhao surmounted nu-
merous difficulties and resolutely returned to China. When he passed by Japan, he was
unjustifiably detained by MacArthur, the Chief Commander of U.8. Occupation Forces in
Japan. Meanwhile, he was lured to go to Taiwan by the special agent of Kuomintang from
Taiwan. However, in virtue of his firm decision to return to new China and due to the res-
cue measures vigorously organized by the Chinese government and the pressure of the pub-
lic opinion from the various circles in China, the U.S. government had to release him.
When he arrived at China, he was warmly welcomed by the broad masses of the Chinese
people and the Chinese scientists and technologists.

He brought back the above—mentioned accelerator parts and experimental equipment
which could not be made in China at that time. After his return, he participated in the
founding of the Institute of Modern Physics, Academia Sinica and took charge of setting
up the Division of Nuclear Physics. By using the accelerator parts brought back by him,
China built the eartiest 700 kV and 2 MV high pressure type proton electrostatic accelera-
tors in 1955 and 1958, respectively. These laid the foundation for the nuclear physics, accel-
erator, and vacuum technique researches in China.

Professor Zhao was the Deputy Director of the Institute of Physics, Academia Sinica
in 1956 and the Deputy Director of Institute of Atomic Energy in 1958, where he led and
joined the research on the nuclear reaction and made important contributions to initiating
the nuclear science in China. He took part in 1972 in the preparation for the setting up of
the Institute of High Energy Physics and was Deputy Director of this Institute from 1973 to
1984. For many years Professor Zhao worked conscientiously and had made great contri-
butions to the developments of researches in nuclear and high energy physics and to the
training of competent research investigators in these two fields in our countrry. In this peri-
od he also submitted many concrete proposals to various government departments on the
development of scientific enterprises in our countries.

Professor Zhao also dedicated himself to education. In the thirties and forties of the
20th century, he was professor in various famous universities in China. In the late fifties, he
set up the Department of Modern Physics in University of Science and Technology of
China and devoted great effort to the training of the teaching staff, and the improvement of
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the laboratory facilities and teaching quality, He even taught the ¢ nuclear reaction)
course himself. Therefore, the students who graduated from this department not only have
solid background knowledge, but also love doing experiments, with undaunted spirits. In
the past sixty years, many students trained by him have become famous physicists and the
backbone of the Four M odernization constructions.

Professor Zhao was engaged as a Member of the Mathematics, Physics and Chemistry
Division, Academia Sinica in 1955, He was a Vice President of Chinese Physics Society, and
now is an honorary member of the board. He is also an honorary President of the Chinese
Nuclear Socicty. Since the First National People’s Congress in 1955, he has always been a
deputy to the National People’s Congress. He was a Standing Committee member of the
Third, the Fourth, the Fifth, and the Sixth National People’s Congress from 1964,

Professor Zhao and I were born in the same year, 1902. We were schoolmates when we
were studying in the graduate school of CIT in the twenties, After return, we were
colleaques in Qinghua University and the Southwest Associated University, Kunming. We
have established profound friendship. His decision of returning to China immediately after
the foundation of new China has shown that he has a deep love for our motherland. Profes-
sor Zhao not only has extensive knowledge and profound scholarship, but also has an am-
iable character and is easy of approach. All his coileaques and students love and esteem him
very much. The publication of “Selected Works of Zhao Zhongyao {C.Y. Chao)” just re-
flects the people’s expectations. From this book, readers can feel his strict scholarship and
conscientious and meticulous style of doing scientific research. He is a good model for our
scientists and technologists.

Zhou Peiyuan
Oct. 2, 1989



= xR
Contents

ﬁ = ddtbbrEmany debkdbdnnnsbridsdiionannases (LIS R RIS ISR IR RSN Y X} LA R AT E RTINS YY) ( i )
Preface LR RTRELERTZNL R LR R AN N R LIRS LR R RN RNl AR AL LT RE LI LI IR RYY) e (l]l)
The absorption coemcient Qf hard TTTAYS *rssessnvennnsacn tusasssne devstpaanenn LTET T P T T TP T T T ( i )

The probiem of the ionized hydrogen molfecule, Proc. Nat. Acad. Sc. Amer.

15(1929)558 ArEBANAvstAtR AR ld bR s s RRE e iR aRAREREE sessnassenn L T R I L T T T P T T T T (16)
The absorption coefficient of hard y—rays, Proc. Nat. Acad. Sc. Amer.

16(1930)431 .................................... sessssasnEna PP T Y T T TP T T T sesmssamansan ' (24)
Scattering of hard p—rays, The Physical Review 36(1930)1519 sersnnnsaen srrsrsrssassererses (27)
Kurze originalmitteilungen, Die Naturwissenschaften 19{1931)752 «erossssosnnncasnnnans  {31)
The absorption and scattering of hard y—rays, Sc. Report Tsing Hua Univ,

1(1932) 159 sonseonsrrnsescssrarorcassocssssansssnastsresssosnranssasssossersassnnssransassisesanse (33)
The abnormal absorption of heavy elements for hard y—rays, Proc. Roy. Soc.

A135(1932)206 ===+ Cesasrrassrsisasreateees e sttt ses st nar st ke s e s s e eatanearasesssnesans (46)
Interaction of hard y—rays with atomic nuclei, by C.Y. Chao and T.T. Kung,

Nature [32(1933)709 esssesssesrsintiarossessnnccnnncnsnn serssessrsarirasasissntnssnssnessesans (54}
Interaction of hard y-Tays with atomic nuclei, by C.Y. Chao and T.T. Kung,

Acta Physica Sinica 1{1934)56s=sssrensssrssvrssrssessssssncrcccnsrars sassssesssttnmnansaenann » (56)
The resonance absc;rption of neutrons, by C.Y. Chao and C.Y. Fu, Sc. Report

Tsing Hua Univ. 3(1936)451 sssecesstrerersrssnsornrinesicrssssssvossoones T (X))
The resonance levels of neutrons in silver nuclei, by C.Y. Chac and C.Y, Fu,

Acta Physica Sinica 2(1936)135 tstsesesststeccrnnrscssorstescsssssssssssnsenessressessssansess (67)
Resonance levels of neutrons in silver nuclei, by C.Y., Chao and C.Y. Fu,

Nature 139(1937)325 esvsersrcrercnsucuresess e RINIt SR rrRss e rEEE LI bt sssnansas « (75)
Spacing of the resonance neutron levels of silver, rhodium and bromine nuclei,

by C.Y.Chao and T.H. Wang, Nature 140{1937)768 sesresesssrnnrercosontecansisrence e (77)
Nuclear level spacing deduced from the resonance absorption of neutrons,

Sc. Report Tsing Hua Univ. 4(1941)257  ststesercicsicaansecrsesronseranens sseresseensaes (7G)
Mixed cosmic—ray showers at sea level, Phys. Rev. 75(1949)58] =sesesscssssscseranas seeens (RO

High energy gamma—radiation from Be’+D?2, by C.Y. Chao, T. Lauritsen,

V.K. Rasmussen, Phys, Rev. 76(1949)582 sssserrersrrrorerasssssnnnsnassanas srssensanene » (99)
Low energy alpha—particles from fluorine bombarded by protons, by C.Y. Chao,

A.V_ Tollestrup, W.A. Fowler, C.C. Lauritsen, Phys. Rev. 79(1950)108 ssssevsseces {101)
The angular distributions of the alpha—particles and of the gamma—rays from the

Vi



disintegration of flucrine by protons, Phys. Rev. 80{1950) 1035 cssentrecsrsnancrases (110)
6.8 MeV JiF 3T Cr, Co, Ni, Cu, Zn B)RPERUN, FI4E. ERE. BEH.

Bxrs HER (SR 16{1960)413 sesernssressennrssrcsrnssasronsnstnans (118)
BFHamEa, g, R, REE. SEP. K. FRER. BRER,

HrB., Rk, FRR, BER (WEZEHD 19(1963)60 serevresrsccrtirern. (128)
Na™(p,) RRIMBFZE, WG, B8, #EF. KET. Rk TEyH

41963 FEIRIIHE, 1963 4 8 F, LI, 0,157 coreerrrrconrsccsniitiencnsisnnns (138)

C'd,p), Ca¥(d,p) REBF A, ERB. RX¥E, BEM MK,
Bk, fTEMR, FBE, BER TEHYEYS 1963 FELSRT

mg' 1963-"?8)3, 3"35‘3':, p.159 ............... B PP, {139)
Na®(p,0) R WA MEREMWIRER HER,. BB, HIE. RET
BLRSE (PR 2001964)T28  <rosercorrsrcssnrarosntenrtscsnnrssennninsansssssisess {140)

BEFEFRYHEZ2N AR BE5E BRE, R BFEEEY (1965659 «« (143)
C'Hd,p)C” M Ca¥(d,p)Ca" BER BB TWAME, TR, B, RN

AWK, B, FIER. ARG BAR CWHEHERD  22(1966)440 crees (148}
Cd.p)C" M Ca*(dp)Ca* AR R FRALMBIZE, BEF. KK, #HE.

ERBE Bl B IRE, B8 BER WE¥RY

22(1966)554  ernsevensssnsrorimottennisaentnetsnnionnsioeesnessstntnesnnnesnrstosesssesstssnress (157)
CETHRHEBMGRAY DD, B BAEDD cecesoesrstoscrisomcrmmssesorssase (172)
EUREYRTELN AR T — 19734 3 AEREYEAN

B HEDNE B B TS TAE S LAY HELG conreerrmecornmsctcrmscotimniorarassesssssssosneens (182)
HTFEFEF R T AR TR E, MEREMRERGYE

HETF PGB I sonnertmcnciicncmmcecmnsrctissrnsstsistssinsisnssnntcsssnissrsnicvernnsecrnnen (184)

IR

C.Y. Chao, Pair creation and pair annihilation by B.A. Li and C.N. Yang,

International Journal of M odern Physics A, vol.4, No 17 (1989) 43254335 sessss (187
FEBIEIFZ, BT 2H crnerenonarrsnmnttstitiiettiorimineetnniccassnsinssreststtannrtnasanessesnsessnnsnns (198)

Vil



THE ABSORPTION COEFFICIENT OF HARD
GAMMA-RAYS

Thesis by
Chung—Yao Chao
In Partial Fulfillment of the Requirements for
the Doctor Degree of Philosophy

California Institute of Technology

Pasdena, California

1930

SUMMARY

The relation between the frequency of hard radiations and the absorption coefficient is
not experimentally well established at the present time. In the following work, the
absorption coefficient of y—rays of ThC” is carefully investigated owing to their
homogeneity,

As a result, the observed absorption coefficient of light elements is found to agree fair-
ly well with the theoretical formula of Klein and Nishina. Running from low to high atomic
numbers, the absorption per electron is, however, found to increase continuously. This was
not noticed before because it was usually covered by the photo—electric absorption of the
soft components in a non—homogeneous beam. Futhermore, in some cases emphasis was
given to the mass absorption coefficient which is exceptionally high for the hydrogen com-
pounds, consequently the characteristic of the continuous increase of the absorption
cocfficient per electron was neglected.

In order to interpret this anomalous absorption, several scattering experiments are car-
ried out. The forward scattering can be accounted for by the assumption that all the exter-
nal electrons behave as if they are free in high frequency radiations around a few x—units,
Theoretically the part of the anomalous absorption of heavy elements might be due to the
scattering of electrons inside the nucleus or that of tightly bound electrons. The fact that,
although such a process does not contribute much scattering in the forward direction its

contribution in large scattering angles may become important is also indicated in the exper-
iment,

THE ABSORPTION COEFFICIENT OF HARD GAMMA-RAYS
L. Introduction: The classical theory of the scattering of radiations can only roughly ac-

count for the experimental results in the region of relatively long wave—length, like that of



soft X-rtays. For hard radiations, it departs widely from the observations. A.H.
Compton” and P. Debye”, independently, applied the quantum consideration to the
problem of scattering. The main conclusions reached then, are the following:

1. The wave—length of the scattered rays should be increased by an amount A which
is given by

11

&;‘z;f}-(l— cos) =24.24(1— cosf) x 10 cm (D

2. The intensity of the scattered rays decreases rapidly as the angle of scattering in-
creases. The following formula was proposed by Compton®

B 11+ cos 8+ 2a(1 + }{1— cos®)’
a I 0 3 5
{1 + (1— cosB)}

(2)

where 1, is the scattering intensity at 6=0 and a=hv/ mc? .The change of
wave—length was confirmed very satisfactorily by experiments in the X — ray region. De-
termination of the intensity distribution of the scattering with X — rays are very difficult to
make, CGn the other hand, observations of the scattered y —rays have been made and agree
approximately with the theory as shown by the experiments of Compton”, Kohlrausch®,
and Hoffmann®, but the quantitative agreement is not conclusive, owing to the lack of a
homogeneous beam and the low intensity.

In 1925, Dirac” worked out a formula for the scattering intensity by the new
quantum theory, which is fairly close to that of Compton. After the development of
Dirac’s theory of spinning electrons, Klein and Nishina® worked out a new scattering
formula, which is very much different from those of Compton and Dirac for high frequency
radiations, but approaches them for moderate frequency. The scattering intensity due to
one electron, according to Klein and Nishina, is given by '

4

4 ! 2z — ?
1,-1, 2’42 1+ cos 0 3{1+a (21 cos) } (3)
2Zmic r [1+ a(l1— cosf)] (1+ cos" A1 + a(i— cosd)]

The difference between this formula and that of Dirac is due to the second term in the
last factor, which is missing in Dirac’s formula. Now, by integrating over all directions and

multiplying by the number of free electrons per cc, we get the scattering coefficient

24 ) 2 T1t2a

go2mme’ (It 21+ 1
m ¢

1 1+
log(l + 2a)] + —log(1 + 2a)— —30::,_ (4
2o (1+ 20)
The testing of these formulae can be approached either by the measurement of scat-
tering intensity or by the determination of the absorption coefficient. In each method there
arc special advantages and disadvantages, For example’ since the scattered radiations are of

different hardness, their effect on the ionization chamber or electroscope are different from



that of the primary radiation, or that of radiations scattered at another angle; on the other
hand, the measurement of scattered radiations gives the intensity distribution directly. The
absorption measurement has the advantage of dealing with greater intensity, but it only
tells the net loss, which might include different causes than true scattering. Better informa-
tion can only be obtained by the carrying out of both methods. The present work deals
mainly with the measurement of the absorption coefficient of hard ¥ — rays, although sever-
al scattering measurements have also been made to supplement it. ThC” is used as the
source of ¥ —rays.

II. Previous worki A large number of contributions on the determination of the
absorption coefficient of ¥ — rays can be found in the literature. But different authors usual-
ly obtained different résults. A good summary was given in Kohlrausch’s Handbuch der
Experimentalphysik, Vol. 15, Radioaktivitit. The main causes of the previous discrepancies
are the following:

t. Most determiantions were made on the ¥ —rays of RaC. Unfortunately, the ¥ —rays
from RaC are very inhomogeneous, as shown in the secondary § —ray spectrum. So it is
very difficult to draw any definite conclusions as to the relation between the frequency and
the absorption coefficient measured.

2. Errors were often introduced due to the unsuitable experimental arrangement. In
most cases the source was not well screened, divergent beams were used, and the absorber
was put t0o close to the measuring apparatus (electroscope or ionization chamber). In con-
sequence an appreciable amount of scattered radiations was received, and this made the re-
sult unreliable. In several experiments like those of K ohlrausch the experimental conditions
were quite faverabie, but the inhomogeneity of the radiation still made it difficult to inter-
pret.

ThC” is found to give a narrow band of ¥ — rays of wave—length around 4,7 xu, which
is quite intense and far removed from the remaining ¥ ~ ray spectrum usually occuring to-
gether. Table I shows the composition of the y — rays of ThC” obtained by Black” and
re—computed by Bastingsm).

TABLE I

A(xu) K.v. K§) I(v)
45.1 277 39 2.3
22.5 515 25 9.3
4.7 2649 5.5 88.4

In the above table, K.V. represents the energy of each light quantum in kilovolts, I{#)
the intensity distribution on the £ —ray spectrum due to different ¥ —ray components, and
I{7 ) the intensity distribution of the ¥ — ray components themselves. The requirement of the



