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BETA-DECAY AND NUCLEAR STRUCTURE 

Rolf M. Steffen 
Tata Institute of Fundamental Research, Bombay-5 

During the past fifteen years, the development and refinement of -' 

nuclear models has been largely based on data involving electromagnetic intera-

ctions (e.g. gamma transition probabilities, static magnetic and electric 

moments, etc.). The clarification of the interaction laws in£ -decay and the 

rapid accumulation of precise^ -decay data for allowed and forbidden transitions 

makes the interpretation of these data'in terms of nuclear structure models 

possible and desirable, 

ALLOWED BETA DECAY 

Ft-values of medium heavy beta emitters have been explained as effects 

of the pairing correlation. Saki and Yoshida (l) used experimental ft-values of 

Gamow-Teller transition of the types p y ^ ». i n t h e G a~S x r eg i o n> 

gg/2 »-g7/2 i n t h e E h ~ I n region and d,-^ i n region to compu-

te the fractional occupation parameters U^ and V^. The values obtained with the 

bpta decay data were found to be consistent with the values obtained from(d,p) 

and (d,t)cross-section data. 

The discovery of parity violation in -decay made measurements 

of the fatio X = (I 'yj^t.y of the Fermi matrix element <1^ and the Gamow-

Teller matrix element ̂ ^ ^ by circular polarization correlation experi-

ments possible;, ^hese matrix elements obey the following isotopic spin 

selection rules: 

= 0 unless & T = 0 

= 0 unless A T = 1 • 

* Permanent address: Purdue University, Lafayette, Indiana, U.S.A. 
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Only in the neutron decay and in the beta decay of mirror nuclei is - 0. 

Hence in all other beta transitions the Fermi component should vanish if isotopic 

spin is a good quantum number of the nuclear states involved. The presence of 

large Fermi components in such transitions would imply that nuclear forces are 

not charge independent, regardless whether the CVC theory is valid or not. Small 

Fermi matrix elements may be present if the nuclear forces show a small charge 

dependence or, for charge independent nuclear forces, if the CVC theory does not 

hold. 

The experimental values of the Fermi matrix element ^ for several 

mixed beta-transitions are summarized in Table 1. In all cases the Fermi matrix 

elements are found to be very small indeed, even for beta transitions in nuclei 

of fairly large Z. In the latter cases one might expect the isotopic spin concept 

to be rather poor because of Coulomb effects. Nevertheless, the experiments 

indicate that the isotopic-spin impurities are surprisingly small even in medium 

heavy nuclei. S0me allowed beta transitions have unusually large ft-values (log 

ft > 7 ) indicating that the ordinary allowed matrix elements, especially^^are 

very small. In these cases one might expect that the contributions of second 

forbidden matrix elements are measurably large. In particular, directional 

-s» 

correlations should'display small anisotropics caused by the cross terns of the<<=»-/ 

matrix element and certain second forbidden matrix elements(specially terms 

c o n t a i n i n g Y ^ J Y " ^ and ^ C P / ^ t ^ Y * ^ • Asystematic search for 

such anisotropies in several hindered allowed beta-transitions revealed that the 

effects are too small for observation. 

The experimental results (2) are summarised in Table 2. The nuclear 

structure parameter^in the fifth column indicates by what factor the^o-^ matrix 

element is reduced from its "normal" value ("noiraal" value of log ft= 4.5) . 
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TABIE I 

Permi Matrix Elements in Mixed Allowed^) Transitions 

isotope spin 
parity 

log ft <l> 

/ o 3 -

F 2 0 2 + 
. 5.0 -0.031 + 0.072 -6.6 15.3 

Na24 
4+ 6.1 +Q.011 + 0.017 +0.7 + 1.0 

Al24 
4 + 6.1 -0.005 + 0.065 -0.3 3.8 

Ar41 7/2" 5.0 -0.019 + 0.055 -4.1 + 11.6 

So44 2+ 
5.3 +0.052 + 0.019 +7.7 2.9 

So46 
4+ 6.2 +0 .021+0 .006 +1.1 +_ 0.3 

SO48 6+ 
5-5 +0.007 + 0.067 +0.9 + 7.9 

v 4 8 
4+ 6.1 +0.073 ± 0.042 +4.3 2*5 

M 52 ian 
—+ 
6 5.5 +0.043 + 0.005 +5d + 0.6 

n 56 

Co 

Co 

4 + 

+ 

2 

8.7 

6.6 

+0.027 + 0.014 

+0.057 + 0.019 

+0.08 

+1.9 

+ 
+ 

0.04 

0.7 

Ag110m 6 + 

J 

8.2 +0.024 + 0.033 +0.13 0.18 

sb124 
3~ 7.7 +0.043 + 0.016 +0.41 + 0.15 

Cs134 
4+ 8.9 -0.312 + 0.028 -0.72 +_ 0.07 

™ 152 
Eu 3" 10.6 -0.048 + 0.026 -0.016+ 0.009 

™ 154 
Eu • 3" 9.9 0 

. 

0 
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TABLE II 

Higher-Order Effects in Allowed p -Transitions 

isotope Transition W 
0 

log ft 1 A22 

{$) H x p (36) 

F 2 0 

Na22 

2 ? 2 

3 -—^ 2 

11.6 

1.69 

5.0 

7.4 

2 

+28 

-0.5 
(CVC) 

+0.04 

-1.05 + 0.31 

-0.18 + 0.03 

Na24 
4+ — 4 + 3.15 6.1 +6 +0.04 +0,02 + 0.04 

Sc46 + + 4 * 4 1.4 6.2 +7 +0.01 +0.02 _+ 0.04 

Mn56 
3 — * 2 . . 6.6 7.2 +22 +0.5 0.0 +J),2 

Co56 

Co60 

sb 1 2 4 . 

4 — 4 

c+ v * + 
5 ^ 4 

3~—> 3" 

3.9 

1.4 

2.2 

8.7 

7.4 

7.7 

+126 

+28 

+40 

-3.6 

TO. 04 

r 0 , 4 

-0.1 + 0 . 3 

»0e02 + 0.03 

+0.2 + 0.3 

Cs 1 3 4 

Eu 1 5 2 
3 " — > 3~ 

2.3 

2.37 

8.9 

10.8 

+160 

1400 

tH 
large 

+0.1 + 0.3 

Eu 1 5 4 

154 
Eu 
^ 1 6 0 

3 " — > 3" 

3~—>2~ 

3 ~ — 3 " 

2.63 

2.1 

1.9 

10.9 

9.9 

8.1 

1600 

500 

+63 

large 

large 

-0.4 
1 

) under investi 
J gation 

=1.5 + 0 . 8 
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The sixth column gives the anisotropy factor A 2 ? of directional 

correlation function 

W (0 ) = 1 + A 2 2 P2 (cos 0 ) 

computed from . The experimental values of A ^ are listed in the seventh 

column. 

In all cases investigated, the anisotropics were found to be smaller 

than one percent. This experimental fact indicate, that the nuclear structure 

mechanism that reduces the allowed matrix elements is also responsible for an 

appreciable reduction of the second forbidden matrix elements. 

FIRST-FORBIDDEN BETA-TRANSITIONS 

Recently it has become possible in several cases to extract the indi-

vidual matrix elements, that contribute to first-forbidden beta transitions by 

combining shape measurement and angular correlation data. The interpretation 

of these data in terms of various nuclear models may contribute significantly to 

the understanding of the structure of the nuclear levels involved in beta tran-

sitions. 

Some typical results for first-forbidden matrix elements are summarized 

in Table 3. In the beta transitions of Sb12^, E u ^ 2 and Eu1"^ the tensor type 

matrix element ^ B ^ ^ plays a dominant role. The possible reasons for the redu-

ction of the vector type matrix elements causing the relative dominance of^B^ ^ 

are indicated in the last column of Table. 3. In the case of La 1 4 0 the trans-

forming nucleon crosses into a different major shell and therefore the Vector 

type matrix elements are not reduced by j-selection rule effects. In accordance 

with this picture, the vector type matrix elements are found to be large,as 

compared t o ^ B ^ ^ . In this case the large ft-value and the forbidden shape 

of the spectrum is caused by cancellations of the vector type matrix elements. 

5 



TABLE III 

Matrix Elements in First-Forbidden Beta Transitions 

-Decay- Log ft 
< \ i > 

( 10' 5) 

Super 5.5 1000 

Normal 7.5 200 

sb 1 2 4 
10.5 1 4 + 2 

Eu 1 5 2 
12.0 2.9+0.4 

Eu1 5 4 
12.7 1.2+0.2 

La 1 4 0 
9.1 
• 

9+2 

Ga72 
8.9 90 + 30 

Tm170 
9.3 13 + 3 

T> 1Q6 
Re 8.0 -8+1' 

b 188 Re 8.6 -5 + 3 

( 10"3) 

> 
R 

( 10-^) C10"4) 

exp CVC 
Remarks 

1000 

100 

- 1 2 

0.4 + 0.2 

-0.05+0.15 

32 + 16 

70 + 50 

-2.7 + 0.3 

3 + 13 

2 + 6 

1000 

100 

-1 + 1 

0.4 + 0.2 

2.3 + 1.4 

-43 + 26 

1 1 + 4 

0.5 + 3 

18 + 2 

10 + 2 

1000 

100 

1.6 + 0.8 

2.5 + 1.1 

0.7 + 0.5 

81 + 30 

170 +80 

- 1 7 + 1 7 

20 + 90 

20 + 44 

- 0 . 1 6 + 

0.6+0.5 

-1,4 + 
,0.46 

0.19+ 

0.50 

0.58 

0.60 
0.53 

0.12 

0.24+0 '9 0.37 
0.16 

-laximum over-
lap Configura 
tion mixing 

l1l/2"*g7/2' 

5/2' a 3/2 
deformed —^ 
spherical 

K =3 

crosses 
major shell 
cancellation 
effect 

S/2fl/2 

P 3 /2^ g 9 /2 

.®7/2 



The conserved-vector-current (CVC) theory predicts the ratio of the 

—s> . . 
/ £ o^Nand the<V~)matrix element (3)* _ 

A - = a ^ z - h C ^ ^ ^ ; ft • 

where R = nuclear radius (in natural units), 1/137» In those cases, where 

152 72 
the experimental data are good enough for computing A ^ (e.g. Eu , Ga ) the 

agreement between the experimental value of A and the theoretical predi -
0 vo 

ction.is very satisfactory, 

Kisslinger and Wu ( 4) have shown that the experimental results for the 

matrix elements in the Sb "^ -transition are well explained by considering 

the particle-hole correlations introduced by the collective motions. These 

correlations lead to cancellations which result in values of the matrix 

'elements in agreement with experiment. 

By combining[J-Ydirectional correlation data on first-forbidden 

(J -transitions and branching ratios the structure of the first excited 

76> 84 122 "124-
states of Se , Sr , Te and Xe was studied by Matumoto et al ( 5 ) . A 

170 136 
detailed analysis of the first-forbidden beta transitions of Tm , Re 

188 

and Re by Deutsch (6) led to a qualitative understanding of the structure 

of the nuclear levels involved in "these decays. 

Recently, ^-"/directional correlation measurements involving second 

excited states of even-even spherical nuclei have become available (7) . These 

data can be compared with those involving first excited states of the same 
-J22 "124- 76 126 

nuclei. The experimental data on Sb , Sb , As and I show that the 

matrix element combinations are quite different for the beta transitions 

to the second excited states as compared to those leading to the first excited 

states of even-even vibrational nuclei. This experimental fact shows that the 

coupling of the vibrational modes to the intrinsic modes is considerably 

7 



different in the first and second excited states of even-even nuclei. 
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K-SELECTION RULE IN THE -DECAY OP Tm172 

Y.K. Agarwal, C.V.K. Baba and S.K. Bhattacharjee 
Tata Institute of fundamental Research, Bombay 

Large retardations of the transition rates in |3 and ̂ transitions due 

to the K forbiddermess have been well known. The ĵ -decay Tm forms a 

172 — 

good example-of this selection rule in ^ -decay. Tm (K = 2, 2~) state 

decays to the 0+
f2+

 and 4 + members of the ground state rotational bands by 

-transitions (log ft 8 . 8 ) , ^ (log ft 8.7) and /^(log ft 10„0) 

respecitively in addition to transitions to higher excited states. The decay 

energy is 1870KSV.{J^and / i a r e unique first forbidden transitions. The 

^-transition to the 2 + state can in general have|3 -decay matrix 

elements of all ranks\ = 0, 1 and 2. However, rank 0 and 1 matrix elements 

are forbidden by the K-selection rule sinceA K = 2 in this case. Further-

more,the ratios of X = 2 matrix elements of ft &nd fb ^ are predicted 

by Alaga branching ratios (1) . 

In a case where such a selection rule operates, one can analyse the 

data on modified B ^ approximation. In this approximation, the B „ matrix 

element is important and the rank ^ = 0 and ^ = 1 type of matrix elements 

are approximated by their most important combinations X (X = 0) and Y 

( ^ = 1 ) . In this approximation, the shape correction factor is given by 

C(W) * c 2 l<i B^yj2 ( ^ p2 + q2) + a 

X2
 + Y2 

where a = 

k * B ^ I 

Similarly the ^ - Y directional correlation depends on the ratios X and Y„ 

If one measures the spectral shape and the ^ - i f directional correlation, 

one can obtain all the three values X, Y and B ^ ^ coupled with the 



knowledge of the ft-values. One can now test if X and Y are small as is 

required by the K-selection rule. Further, one can compare the experimented 

ratios of B matrix elements of fjĵ  and and with the ratios predicted 

by Alaga selection rules. 

The shape correction factors for all the three -branches fo 2 

and (?) ^ have been measured by Hansen et.al(2). From the shape of they 

obtain the limit a „ 

We have made|S2™ (79KeV) directional correlation measurements at 6 

^energies using the apparatus described elsewhere (3)0 The directional 

correlation coefficients were corrected for ihe fiffet third correlation , . 
4 ftrY 

(79 KeV) and due to the campton background of the — - t r a n s i t i o n of 

energy 181 KeV. A further correction due to attenuation of the directional 

correlation due to extranuelear fields was necessary. This correction factor 

172 

was obtained from measurements on -^cascades in Yb . The attenuation 

coefficient so obtained was 0*68 _+ 0,08. The corrected directional 

correlation coefficients are given in Table I . 

Analysis using both the shape correction factor and our I _ r 

directional correlation measurements gave 
X 

<<0.15 ; r x / p \ 0.25. 

° l < 1 B l i S r ' G A < i B i 3 > 

This means that more than 90$ of the jS~decay takes place by a 2 type 

of transition, verifying the K-selection rule. From these limits on.X and Y, 

and using the log ft values, we obtain 

• . • » ( 0 . 0 . 7 6 + 0 . 2 0 ) 5 1: ( 0 . 052+0 .007 ) 

These are in excellent agreement with the values 0.7 s I s 0,05 predicted 

by the Alaga branching ratios. 
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DISCUSSIONS 

R.M. Steffen : Was the Kotani formalism used in the evaluation of the data 

or were exact wave functions used? 

C.V.K. Baba: The Rose and Bhalla wave functions are used. Any way, it would 

make very little difference since only the B. . matrix element is important. 
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TABLE-1 

(^-^directional correlation coefficients in t h e - d e c a y 

of Tm172 1*1790 KeV [S - branch ( P ) and ^ -79 K e v ] 

E(KeV) .1010 1110 1210 1310 1420 1550 

A2 -0.04+0.016 -0.075+0.016 -0.110+0.019 -0.104 + 0.022 -0*094 +. 0.024 -0.122 + 0.030 



THE MAGNETIC MOMENTS OP THE FIRST EXCITED STATES 
OF I 1 2 7 , I1?1 and Pm149 

P.No Tandon and H. G. Devare 
Tata Institute of Fundamental Research, Bombay-5 

127 + 
The ground state of I is 5/2 corresponding to the d^yShell m°del 

orbital,end the first excited state at 59 KeV has the spin and parity assign-

+ 131 
ment 7/2 corresponding to gy/2 orbi^l° This order is reversed in I where 

the ground state has the spin assignment 7/2+ and the first excited state at 

, + 14-9 > + 
149 KeV, 5/2 „ In the case of Pm , the ground state is 7/2 and the first 

excited state at 114 KeV has the spin 5/2+ . The Iodine nuclei have only three 

protons outside the closed shell of 50 and can be expected to be spherical in 

149 

shape. The Pm nucleus, on the other hand, has 88 neutrons and can be con-

sidered to be on the verge of deformation,, It is therefore quite interesting 

to study the properties of the first excited state of this nucleus. The first 

excited state in all the three cases has a mean life suitable for the measure-

ment of the g factor by the integral method which we have used. Our apparatus 

and the method are exactly similar to that described by Manning and Rogers(l) 

and we use in the following the notation used by them. In this method we select 

a suitable gamma-ray cascade passing through the level of interest and record 

the coincidence counts at 135° the source being subjected to a magnetic field 

at right angles to the plane in which the gamma-rays are detected. If N+ 

and N~ a r e the coincidence counts for two directions of the magnetic field, 

the quantity R = N+ - N~ is a measure of the rotation of the angular 4 £N+ + IT ) 

correlation pattern or the gamma^ray cascade. In order to check whether 

any systematic errors are present, the value of R wais measured wiih the 

detectors interchanged, i . e . , the detector used earlier for the prompt 

13 



gamma-ray was used for ihe delayed one and vice-versa. It was verified that 

this reverses the sign of R without affecting its value. The results of the-

measurements are given in tabular form. 

Nucleus Cascade G0 T^ M R _ g 

n.s Kgauss 
Kev 2 

127 2 2 
I 355-59 0.206+0.009 1.2 12.8 0.068+0.0110.77+0.15 

I 1 5 1 452-149 0.043+ 0.0062 0.953 13.3 0.0155+0.0026 1.04+0.24 

149 4 5 
Pm 538-114 0.028+ 0.0P3 2„523 13.3 0.043+0.003 0.78+0.11 

127 
The value of Tx in the caS® of I is considerably smaller than the 

2 

value 1.8 ns reported by Geiger (6) and used by us in an earlier report (7) 

on this measurement. Our value is in agreement with the one reported by 

1 on 

Jha(8)0 Recent measurements (9, 10) on theTKossbauer effect in I show 

that the observed line is wider than expected on the basis of Geiger's value 

for the half-life. This width has been attributed to the absorber thickness 

(-10) or to imperfect crystallization in the absorber(9). We feel that the 

observed width is a genuifte effect corresponding to a smaller life time of the 
127 129 

state. The MBssbfiuer effect measurements in I ' and I give quite accurate 

values of the quadrupole moments of the first excited states and the magnetic 

12Q 

moment also in the case of I (11). It has been pointed out that the quadru-

pole moments show a linear variation with the addition of pairs of neutrons 

and it is speculated whether the magnetic moments also show a.sdmilar variation 

(11). The values obtained by us = 2.71 + 0.52 5m for I and 

A 131 

= 2.6 _+ 0.6 nm in the case of I do not have sufficient accuracy to 
verify this point. 

14 



The single particle estimates for the magnetic moments are 1*72 nm for 

gj/2 and- 4.79 nm for a d ^ s t a t e . The observed values ofJU, imply that th^j^ 

+• 131 . + 1?7 
0.25 for the 5/2 state in I and = 0.55 for "the 7/2 state of I " . 

Jl 
The calculated values taking into account the admixtures of higher seniority 

+ 127 
configurations(12) areJLL = 2.79 nm in the case of 7/2 state of I and 

"4* 13*1 

J L = 3.51 nm in the case of 5/2 state of K . The corresponding values 

taking into account the collective contributions to these states (12) are 

=2C75 nm and J0L= 2 .98 nm respectively. 
149 / + 

In the case of Pm , the spin of 1he first excited state is 5/2 and 

the magnetic moment/i = 1.94 h- 0.28 nm using the value of the paramagnetic 

correctiongiven by Gunther and Lindgren ( 13 ) . Any possible attenuation of 

the angular correlation due to internal fields has not been corrected for. 

The sources used were very dilute solution of M C I , in HC1 and this correction j 
is not expected to increase the value of by more than 10- 15$. Since the 

149 

Pm. nucleus is likely to have a deformed shape, we may identify the ground 

state (7/2+) and the first excited state (5/2+) with the 404^ and jjt02"] 

Nilsson orbitals-with a value of 0.05. This description of the 5/2+ state, 

however, will not give a value ofJLL. in agreement with the observed value. The 

calculated value for the {^402j state isjj^ = 4.7 nm and is not sensitive to 

deformation. The observed magnetic moment is more in agreement with the value 

for a ^ 4 1 N i l s s o n state as may be seen from the value ofjUt =108 nm (14) 
151 + 

for the ground state of Pm which has spin 5/2 and can be identified with 
the {^413] Nilsson state. Pm"*"̂  with 90 neutrons is quite deformed as is clear 

from the value of the quadrupole moment Q = 1.96. It thus seems that ihe 

149 

Pm nucleus is quite defoimed in its first excited state though in the ground 

state it may have a very small defoliation. 
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DISCUSSIONS 

127 

N K. Sahas Re. I excited state lifetime as determined by you and by Geiger 

what do you. think, the large difference is due to? 

H.G. Devare: The reason is not clear. Our value is supported also by Jha's 

measurement. 

V.V. Rama Murty: What is the method you have used in determining the lifetime 
127 

of the leveljl mean in I ? 

H.G. Devare: The method was the usual time to pulse hight conversion and display 

of the delayed curve on a multichannel analyzer, 
127 

I.M. Govil: What is the retardation factor is the case of I ? 

H.G. Devare: The retardation factors in the odd Iodine isotopes are in the region 

of 150 - 200. 
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FERMI GAMOW-TELLER MATRIX ELEMENT RATIOS IN ALLOWED 
BETA TRANSITION IN Eu152y sb1 AND Ga72 

S.K. Bhattacharjee,S«K. Mitra and H.C. Padhi 

Tata Institute of Fundamental Research Bombay 

The measurement of circular polarization of gamma radiation following 

beta decay has been of great interest because it directly gives the ratio 

X = CV Mp/C^ M ^ between Fermi and Gamow Teller contributions in allowed 

beta decays. "Combined with knowledge of ft values, one can determine the 

Fermi'and GT matrix elements individually. Except for superailowed transi-' " 

tions, allf^ decays generally violate T = 0 selection rule in complex 

nu&%ii and the Fermi matrix element should be zero, if the isotopic spin 

is a good quantxim number. Following the conserved vector current hypothesis, 

the only source of M^ is isospin impurity in nuclear wave functions. On 

this basis the isotopic spin impurity coefficient can be found. We express 

the isotopic spin impurity coefficient as 

where ft_, is the value for super allowed beta transitions. oA 

The most standard technique of forward compton scattering has been 

used for measuring circular polarization of .gamma rays in our experiments. 

The measured effect E = (N - ft ) / / (n + N )/2L is related to the degree ' * + J 
of circular polarization Pc as ^ 

E = x f J> < A e z / d . < s i > ( 2 ) 

where f is the fraction of polarized electrons in the scatterer and 

/d effioiency (ratio of polarization sensitive and < 
polarization insensitive cross sections). The circular polarization of 

gamma rays following decay is 

Pc = A fr/c) QiQ (3) 

17 



where v is the velocity of beta particles and Q is the angle between a 

JS particle and the accompanying gamma ray. A is the asymmetry parameter. In 

a 3~(f^) 3~ (T ) 2 + cascade which is the type we have investigated 

A - - F - ( 4 ) 

1 + T 

An experimental determination of A leads to the value of X. We have measured 

the beta-gamma circular polarization correlation in the following transitions. 
\ 152 

1) 700 keV beta group and the 780 keV cascade gamma ray in Eu 

2) 620 keV beta group a M the 1^90 keV cascade gamma ray in Sb12^ 

72 

3) 960 kaV beta group and the 2215 keV gamma ray in Ga' . 

All these decays are of the type 3~ ( p ) 3 {if )2+ , The measured 

effects (corrected for chances, "^background and transmission) and 

asymmetry coefficients are shown in Table!. ^he ratio X is determined 

graphically from the values of A using Eqn. ( 4 ) . In column 7 of Table 1, 

the isopin impurity coefficientO^, calculated using Eqn. (1) is shown. It 

can be seen that the impurity coefficients are quite small even in a 

nucleus in the region A = 152. 
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TABLE I 

Source Measured 
effect 

1o 

A 
X = 

CA \ T 

log ft V 105 
o(.105 

Eu 1 5 2 
0.65 + 0.08 0.15 _+ 0.02 0.02 + 0„02 10,9 (5.5 + 5.5)x 10~5 

2,2+2. 

Sb1 2 4 
1.53 + 0.15 0.30 + 0.03 -0.12 + 0.03 7.7 1.3 + 0.03 0.53+0 

Ga7* -0.78 + 0.25 -0.13 + 0.04 0.26 + 0.04 6.2 15.5 t • 2.2 6.3 +0 -0.13 
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KUCEEAR FISSION AS A MARKOV PROCESS 

R. Ramanna, R. Subramanian and Raju N. Aiyer 
Atomic Energy Establishment Trombay, Bombay. 

It has been shown in a previous publication (l) that the mass distri-

bution in fission can be obtained by assuming a random transfer of nucleons 

between the two sides of the fissioning nucleus and the asymmetry in thermal 

fission is due to the shell configuration formed during the process. 

This theory has now been extended by treating fission as a Markov 

process. The transition matrix is obtained from experimental data and from 

ground state properties of nuclei. By associating an energy transfer with 

each nucleon transfer, the deformation energy-mass curve has been obtained 

from "the transition matrix. The gap in this curve at the symmetry point 

is shown to be due to proton transfers. 

The number of steps required to achieve the experimental mass distri-

bution is shown to be of the order of 500 while the number of proton trans-

fers required to produce the observed energy gap is approximately 70. This 

implies that "the proton transfers Cease early in "the fissioning process which 

justifies the assumption of the polarisation of protons to the ends of the 

fissioning nucleus and henee the formation of a symmetr^ axis early in the 

fissioning process. 

Further, it is observed, that the threshold energies for all heavy 

nucleides lie between 5 to 7 MeV. If the threshold energies for fission 

is defined as the energy required to start the random motion this will 

be the same for all heavy nucleides and of the order of the binding 

energy of a nucleon. 

20 



Assuming that not more than one nucleon is transferred in any given 

step the transition matrix is given by 

id 

oo 

10 

"ol 

11 

"21 

12 0 

P P 22 23 

(1) 

where P , denotes the probability that the configuration on one side with 
m,m+l 

mass m will increase its mass by one nucleon in any given step. 

^m m 1 denotes the probability that the configuration on one side with 

mass m will decrease its mass by one nucleon in any given step. 

P denotes the probability that the configuration with mass ja will m,m 

remain unchanged in any given step (staying probability). 

If the ma§s distribution has reached equilibrium before scission then 

one 

xm i P™ i m
 + * Pm + X n p „ v nvl m-l,m m m,m m+l,ro m+lm 

(m = 0,1,2 . . .h) 

Also since 

one has 

m,m-l m.m m,m+l 
= 1 

m 

m+1 

m + l̂ m 

(2) 

( 3 ) 

( 4 ) 

m,m +1 

The diagonal elements cannot be fixed from eq,(4) . Prom shell effects 

and ground state stability conditions it can be shown that the diagonal ele-

ments are very close to the actual mass distribution as shown in Fig.1. The 

transition matrix so obtained was raised to various powers and these are 

21 



Fig, 1. The continuous curve gives the actual mass distribution (2) 

FIG 1 
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T. 252 
shown in *ig. 2. for Cf . 

DEFORMATION ENERGY AND MASS 

It is assumed that with each nucleon transfer certain energy is also 

transferred and the whole of this energy goes to the deformation energy of 

the fragment. If the average deformation energy for each mass has reached 

equilibrium before scission then one has 

Pm,m+1 Xm ^Em + % ,m+l^ + Pm+l,m+l Xm+1 Em+1 + \ + 2 } m + 1
 x

m + 2 

(E ^ O . ) = X _ E . . . . ( 5 ) v m+2 Sn+2 ,m+l m+1 m+1 

where E is the average deformation energy of the fragment of mass m and 
ni 

€, is the change in the binding energy when a fragment goes from state 
m,m+l 

m to state m+1. 

From eq. (5 ) using eq.(4) one gets 

V / (6) 

which gives "the relation ' 

• (7) 

Knowing £ - and any two values of E the deformation energy 
m,m+l m 

236 

mass curve can be generated. The curve obtained f o r £ m -w 0 for U , 

240 252 Pu and Cf and/: ... = -1 MeV are shdttfn in Fig. 3» >— m?m+l 

The order of magnituiie of the energy gap produced by the proton 

transfers can be calculated in 1he following way. 

Let Eg denote the average energy transferred with a proton from 

a fragment with higher Z to a fragment with lower Z and E_ the average it 

energy for the inverse process. If N be "the total number of proton 
P 

transfers and 2Z the charge difference between the two fragments, the loss 
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for emitting and absorbing a neutron respectively for Pu as 

determined from mass data. (2) 
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ill "the energy of 1he fragment..with higher & is * 

Jr (rrp - z) eh - I (Hp + x ) \ 

The corresponding light fragment gains an equal amount of energy. At the 

symmetry point since Z = 0 the difference in energy between the two fragments 

is Fp (E h - E l ) 

ETT - E can be shown to be equal to 0.6 MeV which gives N as 70 to obtain 
H L p 

the observed energy gap of 40 MeV. 

Ev^n if the time between proton transfers is much larger than for 

neutrons, the small number of proton transfers cease early in the.process to 

account for charge polarisation. 
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DISCUSSIONS 

A.K. Ganguly? If the mass yield curves are prior to neutron evaporation or 

if neutron evaporation can disturb the curves? 

R.Ramannas The No. of neutron emitted prior to scission is about 10$ and 

t6 this extent it can change the masse distribution up to scission. But as 

these distributions are measured latter they will have to take into account 
. , . ' , j . L . . - s j .... • " 

thfe aeutren ( emission. 

A.Ko Ganguly; Does the theory take into account that the fission process does 

not give any positron emitters? 

R, Ramanna% Such emission is from the fragments and does not come into the 

fission process. 
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J. Premanand: What is the dimensionality of "the stochastic matrix? 

R. Ramanna: 35 rows and columns. 

J . Premanands Is the stochastic matrix time independent? 

R .Ramanna: It is the mean for the process from T = 0 to scission. 

J.Premanand: What is the reason for choosing the Pqq to be the probability for 

equal mass fission products? 

R. Ramannas Intution shows that when shell configurations are formed the 

tendency is for it to stick and not change and hence it seems resonable to 

assume that the staying probabilities depend on shell effects. 

P. Mukherjee: What is the effect of nucleon correlation on your , P g etc.? 

R. Ramanna: It will be to reduce time of fission as higher unit transfer will 

hasten the process. 
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LONG RANGE ALPHA PARTICLE EMISSION IN THE 

FISSION OF TJ255 BY 3 MeV NEUTRONS 

V.A. Hattangadi, T. Methasiri*, P.M. Nadkarni 

R. Ramanna and P. N. Rama Rao 

Atomic Energy Establishment Trombay 

To study the mechanism of emission of the long range alpha particles 

235 

in fission, investigations have been carried (1) out in the fission of U 

by 3 MeV neutrons to obtain the energy spectrum and the angular distribution 

of long range alpha particles with respect to the incident neutron direction. 

3 MeV neutrons were used because second chance fissions are energetically 

impossible and do not complicate the angular distribution. 

EXPERIMENTAL ARRANGEMENT AND METHOD 

The experimental arrangement i s shown in Pig.1. The three solid state 

detectors were used to detect the long range alpha particles emitted in 

coincidence with fission fragments. The fission fragments were detected by 

scintillations produced in Xe gas and were observed by a photomultiplier. 

tube. The detector D^ ?v?as placed close to the target so as to detect all 

the alpha particles emitted in the backward hemisphere. Two detectors D^ and 

D^ were used to detect the alpha particles emitted at 0° and 90° with respect 

to incident neutron beam. The alpha particles were detected with an angular 

resolution of +_ 18°. The Xe gas pressure was about 2/3 atm. which was 

sufficient to stop the fission fragments and natural alpha particles from 
235 

reaching and P^. The uranium target was made by electroplating U on 

2 
an A1 backing of thickness 10 mg/cm . The thickness of uranium coating 

2 2 
was about 1 rag/cm over an area of about 2 cm . The A1 backing 

* IAEA Fella?/ on leave of absence from the Office of the Atomic Energy 

for Peace, Bangkok, Thai land.c 



U^3STARGET ON 10 -mg/CmAAL BACKING 
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was of sufficient thickness to stop fission fragments and natural alpha 

particles from reaching D^. 3 MeV neutrons were produced by T(p,n) He 

reaction using a 5.5 MeV Van de Graaff generator. Three change sensitive 

preamplifier and amplifier systemswere used to amplify the pulses from the 
! 

detectors and were recorded by a 400 channel analyser. 

RESULT AND DISCUSSION 

The anisotropy ( N ^ O 0 ) /N (90°) ) was found to be 1.32 + 0.12 and is in 

agreement with that predicted by the statistical theory (2). According to 

this theory the angular distribution of_evaporated particles is given by 

11/19) - I + — — 0 
~2 

where I is the average angular momentum of the compound nucleus, 

f is the average angular momentum of evaporated particles, 

— -^v,2/2JT, where J and T are the moment of inertia and temperature of the ~~2 7 2 

compound nucleus respectively. I and L were calculated using "the sharp 

cut-off approximation ando(was calculated using the value of K^ obtained 

from an analysis of angular distribution of fission fragments (3) . The 

expected anisotropy is of the order of 10-25$ depending on the value of 

Y 0 t o which parameter this value is very sensitive. 

The energy spectrum of the alpha particles has been corrected for loss 

in A1 and is shown in Pig.2 together with that in the case of thermal neutron 
- > fission of u&j«The spectrum of particles evaporated from a nucleus is given by: 

N(E) d£ - Qmftt (E) LE*-£ ) <t E 

where (J""c(e) is 1he cross-section for the inverse reaction, E is the 

excitation energy of the compound nucleus, and O J (E - g) is the level 

density of residual nucleus. The nuclear temperature T is given by 

i __ cL 

T < U G ± £ > 

O U UJLE-£)J 
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and can be obtained by plotting 

using the numerical calculations of <5^(e) for a spherical nucleus, with 

"7Cq - 1.2 fermis, it was found that the high energy part of the alpha 

235 

spectra in 3 MeV and thermal neutron fission of U correspond to tempera-

tures of 0.76 + 0.04 and 0.66 ^ 0.03 MeV respectively.(Fig.3) The peak 235 

of the alpha particle spectrum in 3 MeV neutron fission of U was found 

be at a slightly higher energy compared to that in the thermal fission of A7C 

U (4),and also the width of the spectrum in the former case was found 

to be smaller. These differences are probably due to the relative higher 

temperature in the foimer case. The relative probability of binary to ternary 

fission is found to increase with excitation energy of the compound nucleus 

and is in agreement with the results of previous measurements.(5^ This 

increase may be due to a competion between the modes of evaporation of 

alpha particles and neutrons in the fission process. 

The results of the present investigation support the hypothesis that 

the long range alpha particles are evaporated from the compound nucleus prior 

to scission(6). 
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DISCUSSION'S 

Dr. Ramanna (Comment). 

2 
I would like to point out that the K^ used from angular distribution 

2 
data is a clever way of evaluating Q > but whether we can use this 

2 

Kq in ternary fission is doubtful as the angular distribution changes in 

ternary fission. 

Nadkarnij That is true and it is therefore of interest to measure more 

accurately the anisotropy of fragment angular distributions in ternary 

fissionc 
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VARIATION OP FISSION THRESHOLD AND THE FISSION 
FRAGMENT MASS DISTRIBUTION 

D. M. Nadkarni 

Atomic Energy Establishment, Trombay 

The measurements of kinetic energy distribution and the correlation 

of mass asymmetry and angular anisotropy of fission fragments in 4 MeV neutron 

fission of U2"^ (1) have been utilised here to understand the mechanism of1 

mass division in fission. 

The total kinetic energy distribution of fission': fragments in the 

mass .ratio region of 1,00 to 1.11 showed a second peak appearing at an energy 

of about 125 MeV together with the main peak at 163 MeV, This feature was 

fouiid to be more pronounced for fragments emitted in "the 0° direction with 

respect to the incident neutron direction compared to that in "the 90° 

direction. It was observed that "the symmetric fragments have lower average 

kinetic energies, emit more neutrons and have relatively higher anisotropy 

compared to the asymmetric fragments. These observations are in agreement 

with the hypothesis that the fission process is a two mode process one leading 

predominantly to symmetric fragments and the other to asymmetric fragments (2) , 

However, the observed correlation of angular anisotropy and mass 

asymmetry of "the fission fragments in the 4 MeV neutron fission of U-235 (l) 

shows that the fission is a many-smode process, division into each mass ratio 

being a mode in itself having a different set of kinetic energy, excitation 

energy and the fission threshold. Here an attempt has been made to under-

stand the mechanism of mass division in fission using the results of corre-

lation of mass asymmetry and angular anisotropy. 

It will be assumed here that the mass distribution depends on the 

saddle point state of the fissioning nucleus and does not change appreciably 
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during the descent from saddleto scission. The compund nucleus U-236 

* 

is excited to a level E = B^ + E^ where B .̂ and E^ are the binding energy 

of ihe neutron to the nucleus and kinetic energy of the neutron respectively. 

The compound nucleus then makes transitions to various saddle point states 

corresponding to division into various mass ratios. For division into two 

freshly formed fragments at the saddle point there will be a particular thre-

shold energy E ^ and, the excitation energy of the resulting system being 

he 

2. 
* A. 

E - fragment rftass yield is given by the transition rate 

W( f W V = donst- K j / o / c>|<o(E* -E th) 

where f o l i s "ttle. transition matrix element and (jJ(E* -E^) 

the density of states for mass division M^/ M^ . As the matrix element is 

not known, to obtain relative mass fragment yields it will be assumed to he 

same for all final states. The mass yield is thlerefore, proportional to 

the density of states. Considering the nucleus to be Fermi gas, the level 

density is - -

CO(E* - E t h ) ^ J Const, exp ~ E th ) J \\ ( 1 ) 

- r r f e In the case of 4 MeV neutron fission of U , (E - E , ) for various 
xh 

mass 

ratios can be obtained using the value of anisotropy / N ^ O 0 ) ^ 

for each mass ratio (M^/ M^) (l) . On 1he statistical theory of angular 

distribution of fission fragments (3), 

N(O°) /N(9O°) = 1 + 1 / 2 ( i y i z o ) 2 (2) 

where is the maximum total angular momentum of the fissioning nucleus 

and Kq2 is "the average of K2 . In the region of interest to us here 

the relation between KQ
2 and (E* - E ^ ) has been empirically determined (4) 

to be of the foxm 

K02 = B 1 + B2 (E* "Eth> ( 3 ) 
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where B1 = 6.1 + 1.9 and Bg = 4.7 + 0.39. Using Eqns. ( 2 , 3 ) KQ
2 , 

/ * \ 
(E - and E^, were calculated for each mass ratio. For each mass ratio N th th 

the average ygtlue of a was estimated using Lang's modification of Newton's 

formulation (5) —* 

a = O O l i 4 . % ( U < j ^ l ) A 2 / ' where ^ and J jo, are the effective 

values of "the angular momentum of neutrons a*td protons near the fermi level 

(6) . • This estimate of a is not strictly correct as the available excitation 

energy may not be equally distributed among the fragments in any mass ratio,. 

The fragment mass yield calculated"thus shows a peak in the mass ratio region 

1.2 - 1.25 and a peak to valley ratio of the order of 50 compared to the obser-

ved mass distribution with a peak around 1.4 - 1.5 and a peak to valley ratio 

of about 20. However, the statistical error in the measured anisotropy 

and the approximations made about the energy dependence of K^ and the level 

density parameter introduce considerable errors in the calculated yields. 

The agreement between the calculated and the measured mass distribution 

could be:'improved when more precise data on the correlation of anisotropy 

and asymmetry of fiesion fragments and nuclear level density parameter and 

other fission parameters become available. 

On the other hand the observed mass distribution can be used to 

( * 

compute (E J B ^ ^ E ^ ^ a n J a ni s ot r 0py using eqn (l) - (3)e It was 

found that the trend of variation of these parameters calculated using the 

mass distribution data and observed correlation of anisotropy and 

asymmetry are similar (Fig. (1) - (4).J 

In spontaneous and slow neutron fission the symmetric fission is 

sub-barrier and the yield of symmetric fragments calculated using the 

barrier penetration formula of spontaneous fission is too low compared to 
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the measured symmetric fragment yield. This probably indicates that the 

symmetric fragmentsare formed by a passage of the fissioning nucleus through 

an asymmetric saddle point with subsequent dynamic effects which give a 

tendency towards symmetric shape(7). Thus one cannot completely rule out 

some sort of dynamic effects which influence the mass distribution, at least 

in low energy fission. The present simplified calculations indicate a 

possible mechanism of mass division in fission. 
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A STUDY OP THE He (n, p) REACTION AT = 14.1 MeV 

E. Kondaiah and R.K. Patell 
Tata Institute of Fundamental Research, Bombay 5. 

A preliminary report is given here on a 'study of the Ne (n, p ) F rea-

ction induced by 14.1 MeV neutrons, for which no data are known to have 

been published. An Allan type eaaaera(l), lined with 2 mm thick graphite 

was filled with natural neon gas at a pressure of 1 atm* and exposed"to 

the neutron beam. The reaction products were recorded in an Ilford K2, 

400Jij nuclear emulsion, placed at the centre of the camera, and shielded 

from "the direct neutron beam by a 50 cm brass bar. An identical exposure 

with hydrogen served as a standard in "the cross-section determination, and 

another exposure, under Tacuum, served as the background. 

The plates were developed by the temperature development method, using 

Amidol developer, and treated for shrinkage inhibitions, An area of 5 mm x 

4 mm at the centre of the plate was scanned; only those tracks originating 

at the surface and having a dip angle between 2° and 10° were accepted. 

Due to the camera geometry, larger dip angless ( ^ 10°) tend to distort 

the angular distribution. The space angle and energy of each track was 

calculated and corrected for the divergence of the neutron beam, and for 

energy loss through the gas target. Due to the extended target geometry 

the energy resolution was poor; at a proton energy of 8 MeV, uncertainty 

in energy is _+ 0„5 JfeVj and at 2 MeV, it is + 1.5 MeV for neonf in the 

hydrogen exposures the uncertainty was * 0„15 MeV and _+ 0®3 ^eV respeetively0 

The CDC 3600 computer was used to analyse the data. 

ANGULAR DISTRIBUTION 

The chief character of the angular distribution for the energy region 

39 



18 -

_J 
)6 -< )6 -

> 
ac 
LU 14 -
! -
2 

12 -
o 
(D 

CC 
10 -

tn 
a . 8 -

<S) 
6 -

o < 
a: 4 -
t-

sNle ( n , p ) 

E p - 3-3 T O 7*9 mev 

r u 

E R 

-j 
f 

S 5 0 

h-

>4o 

<D 
£ 
CP 30 

o 

QC 
LU 20 Q_ 

0 20 40 60 80 100 120 140 

FIG. I © cm IN DEGREES 
R A N G E Cyu) 

50 100 200 300 400 5O0 
— » 1 —1 1 ' 

160 160 

CO 

o 
< 

a: 
h-

10 

700 
1 

900 
i 

y "O 
«> 

c 

Ol o w 

CM OJ 
<t> <D 
z z 

4 I 

o 

o" 
CM 
a) 

I 

He (n sp) 

« c 
v-/ 

O 
of 

a> 
2 

I 

X 
2-2 

FIG.Z 

4 6 7>0 

Ep mev 
9>4 11-8 /4->2 

40 



3o3"^E^y^ 7.9 MeV (T?ig.l) is symmetry around 90° centre of mass angle, 

with strong forward and backward peaking, indicating the prevalence of a 

compound process. The distribution of tracks corresponding to 2 . 2 . ^ 

302 MeV, which also includes contributions from the ^e ( n , ^ ) 0 and We (n, d ) 

F reactions, is isotropic in the centre of mass system. 

ENERGY DISTRIBUTION 

Pig. 2 shows the energy distribution in the laboratory system of all 

charged particles from the neon exposure. The cut-off at E^ = 2.2 M47 is due 

to absorption in the gas target. The tracks beyond 7o9 MeV, which a.re less 

than 10% of th£ total number of tracks, are presumably from the water vapour 

impurity. The krrows indicate the positions of the ground states of the- corres-

ponding residual nuclei. In the region E « 3»3-MeV to 7e9 Mev only Ne (n ; p) 
P 

P protons are present. 

CROSS-SECTIONS 

The cross-section, for E ^ 3 0 3 MeV, was estimated to be £$100 mb assuming 

a total cross-section of 660 mb (2) and a differential cross-section of 52 mb/st 

for the H(n,p) standard. 
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DISCUSSIONS 

V.K. Deshpande: Could you comment further on how you conclude that the 

reaction proceeds via compound nucleus formation? 

R.K. Patellj We have not made any theoretical fits yet; however, we can assume 

it is a Compound nuclear process because the angular distribution is symmetric 

around 90° and an analysis of the energy spectrum assuming statistical 

theory to hold gave the nuclear temperature as 1,8 MeV, which is quite reasonable, 

VoK. Deshpande: What is the energy of excitation in the compound nucleus? 

RCK. Patells About 21 MeV„ 
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Ca4° ( n ,dO A r 3 7 ANGULAR DISTRIBUTION AT En =4.7 MeV 

S.M.Bharathi, U.T. Raheja, B. Lai, P.N. Tiwari and E. Kondaiah" 

Tata Institute of Fundamental Research, Bombay 

A gas proportional counter telescope, which has been described earlier 

( l ) , with slight modifications was used to study the energy and angular distri-

40 . 37 

bution of alpha particles arising from Ca (n,*3^) Ar reaction at En = 4.7 

MeV. A Ti -Tr target bombarded with 5.5 MeV protons in the Van de Graff accela-

rator at Trombay was used as the s ource of neutrons. 

The dE spectrum of alphas from the counter nearer the source, gated by 

dX 

the coincidence pulse derived from both; the counters was observed on a TMC 400 

channel analyser. The energies of alpha particles giving rise to the observed 

pulse heights, could be assessed by means of standard range-energy curves (2)., 

dE pulse height spectra were obtained at angles 0°, 30°, 60°, 120° 

dX . -

180°. Fig.1. shows a typical dE spectrum, taken at 30° to the neutron beam. 

dX 

this shows three groups which are seen at other angles also. The intensity at 

back angles is not sufficient to identify the groups. Hence theS'e intensities 

were estimated by adding up the counts from appropriate channels. Table I 

37 

helps to identify the groups of levels in Ar corresponding to the three 

groups A. B and C. Prom the table it is seen that group A comprises of ground 

state alphas, group B consists of alphas leading to first and second excited 

levels, while group C includes alphas leading to their, fourth and fifth levels 

37 

of Ar . Individual levels could not be resolved due to the limited resolution 

due to the target thickness and the counter. 

Figure 2,3 and 4 give the angular distribution of A, B and C respectively,, 

From "these figures, it can be seen that O 0° C^-3,1 and 0.2 for groups <r 180° 

A,B and C respectively. This means, the forward to backward intensity 

falls of as the energy of the outgoing alphas decreases. Further 
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work is in progress to improve the statistics. 
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TABLE I 

Angle 

0° 

301 

600 

Levels of 

Ar?? 

0 

1 
2 

3 

4 

5 

0 

1 

2 

3 

4 

5 

1 

2 
3 

4 

5 

Calculated E* (froffl 
Q value) leading to 
level in cSlumn II 
after connecting for 
the target thickness 

: (2C2 cm2 )*'• 

5.6 + 0 . 6 ̂  

4 . 3 2 + 4 8 ] 
4.16 + 0.46 J 

3.58 + 0.40 

3.43 + 0.38 

3,32 + 0.36 

5.53 + 0.64^ 

4.25 + 0.47 1 

4 . 0 8 + 0 . 4 5 J 

3. 5 + 0.39 

3«37 + 0 .37 / 

3.25 + 0.36 

5.36 + 0 . 6 | 

4.09 + 0.45 1 

3.91 + 0.44 J 
3.39 + 0.37 

3.20 + 0.37 

3.08 + 0.34 

observed 

(peak _ 

position) 

6.25+1.0 

4.95+0.79 

3.5+0.53 

6.25+1.25 

4.5+0*45 

3.0+0.4 

5.5+0.4 

4.14+0.45 

3.4+0.37 

Group 

A 

B 

B 

B 

* The errors mentioned here are ihe estimated errors due to the effective 

target thickness. 

45 



DISCUSSIONS 

P. Mukherjee: Is it possible to use a solid state detector to better 

Advantage? 

C. Badrinathan : There are certain disadvantages with solid state detectors 

(l) the back-ground is usually much larger. (2) The thickness of the dE/dX 

detector needed for these energies is only about 10-20 microns, and so is 

quite difficult to achieve with silicon. ( 3 ) Finally the life of these dete-

ctors is limited by radiation damage. 

A.K. Ganguly: What was the actual counts to background counts ratio of the 

spectrometer used? 

S.M. Bharathi: The actual counts to background ratio depends on the target 

and the angle. To give you a rough idea, for the case discussed here this is 

25$. 

H. Bakhru: What was the target thickness, area, angular spread in the measure-

ment and the recording time at each angle in the experiment? 

S.M. Bharathi : Target thickness was 2.2mg/cm and of diameter -g". The 

maximum scattering angle between the direction of the neutron striking the 

target at a point and the the direction of alpha particle emitted from that 

point was as much as 23°. Recording time was about 180>JjL amp hrs.of the 

proton beam of the "Van de Graff. 

46 



ANALYSIS OP THE ANGULAR DISTRIBUTION FOR 016(n,c<) C 1 5 

REACTION AT 14 MeV 

M.L. Chatterjee, 
Saha Institute of Nuclear Physics, Calcutta 

EXPERIMENTAL STUDIES AND RESULTS 

16 
To study the angular distribution of ( n , c O reaction on 0 , a thin 

Hylar (C..0.Ho) film was positioned between two Ilford K2 plates with their 
10 4 8 

emulsion surfaces in contact with the film* The experimental arrangement 

resembled that of I . Kumabae et al (8)„ The whole plate assembly was bom-

barded with 14 MeV neutrons. 

Pig. 1 shows the distribution of alpha particles against the excitation 

13 
energies of the residual nucleus C as well as the Q-values. In a proper 

9 
scale the states of Be are also shown. Since Mylar contains both carbon and 

oxygen in appreciable quantities, the coming out of bombardment of the 

16 13 12 9 
Mylar film arise from 0 (n,oC) C as well as C (n,o() Be reactions. 

The distribution shows two peaks - one in the neighbourhood of Q -value -

6.,0 MeV and the other in the region of - 8.0 MeV. 

In the region of Q value about - 6.0 MeV, which correspond to about 

13 t \ 
4 MeV excitation of the residual nucleus C , there is overlap (9) between 

13 9 
the states 3.68 MeV and 3.85 MeV of C and the ground state of Be , since 

12 / t̂ \ 9 9 
Q value for the C ( n , 1 ^ Be reaction leading to the ground state Be is 

16 
-5.7 MeV. Hence for the analysis of the angular distribution for the 0 

•J7 <7 
C reaction in the region of 4 MeV excitation of C , a broad range 

of Q values namely between - 5.0 MeV to -7<>0 MeV has been chosen. The entire 

12 9 

contribution from 1he C ( n , c O Be reaction leading to the ground state 

falls in this region. The angular distribution for "the ground state group 
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of alphas from C 1 2 (n ,oO Be9 reaction is known (4,5.) and the contributions 

are subtracted out to obtain the angular distribution in the region of 4 MeV 

13 excitation oi C (Fig. 2 . ) . 

In the range of Q values between -7.0 and - 9.0 MeV there can be appreci-

13 
able overlap (9) between the states at 5.51 and 6.10 MeV of 0 and 1.75, 

q q 

2o40 and 3.0 MeV cf Be . Of these states of Be , the contribution from the 

2,4 MeV state is the most prominent ( 5 ) . Fig. 3 shows the angular distribut-i 2 

ion in this region after proper subtraction of the contribution from C ( n , ^ ) 

Be9 (2.4 MeV) reaction. 

THEORETICAL FITS FOR THE ANGULAR DISTRIBUTION AND DISCUSSIONS 13 

The angular distribution in the region of 4 MeV excitation of C (Fig.2) 

shows that the distribution is peaked in the backward direction in the neigh-

bourhood of 160° c.m. The backward peaking indicates that the reaction is 

chiefly governed by the heavy-particle stripping mechanism. The angle 

dependent part in the differential cross-section is taken into account 

according to the following formula (7,10) assuming the heavy-particle stripping 

to be the mechanism operatives 0 ,2. o ~ ( 8 ) c a j / ^ l , • 

where RE , - . J t -. ( * , * , ) f
 C , U ( M J J 

where ^ ^ and are the momentum transfers of the neutron and the o^ -

particle, respectively »1 

^ = 2 N . A C , Ik = 

w h e r e a n d c a r e "fche binding energies of the neutron and alpha particle 

in the residual nucleus and the target respectively; ^ntand are the 

reduced mass of the systems, consisting of core plus neutron and core plus alpha, 
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respectively; JC^ is the orbital angular momentum of the captured 

neutron in 1he residual nucleus and is the orbital angular momentum 

at which the alpha-particle leaves the target; E1 and R^ are the cut-off 

radii at which the capture of the neutron and the emission of the alpha-

particle has taken place; . j . \ 

where denotes Hankel function of order t . 

In Pig. 2 the solid curve shows the fit with 1 aid ^ = 0 

and the dotted curve with (, ̂  = 2 and JLJ - o. Prom the two fits it 

13 

seems that the distribution in the region of 4 MeV excitation of C 

might be due to the combined contributions from two levels of opposite 

parities. There is actual experimental evidence ( 9 ) for the existence 

of two close levels at 3.68 MeV (3/2~) and 3,85 MeV (5/2+) in the C 1 5 

nucleus. 
16 13 

Cindro et al also observed backward peaking in the 0 ( n , ) C 

reeation ( 2 ) . Por "the 3.7 MeV excitation of C 1 5 , Lillie ( 3 ) observed 

peaks both in forward and backward hemispheres. The forward peaking 

has not been observed in the present work. The backward peaking observed 

both in -^igs. 2 and 3 indicates that heavy-particle stripping probably 16 13 

is the chief mechanism that governs 0 (n ,©^) C reaction. In the 

calculation of. -theoretical fits PWBA has been used. Por better 

fits DWBA calculations should be pursuedr 
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DISCUSSIONS 

V»K. Deshpande 

13 9 
Comment: The inverse reactions C (o(,n) and Be (o^, n) have been 

studied at Rochester. Many sharp peaks are observed in the yield curve 

13 

in the case of C spin and parities assume for these levels have 

been checked by studying? 
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1 -z 

angular distributions. The C reaction therefore seems to proceed 

vi©, compound nuclear mechanism. 
13 

M.L. Chatterjee: Yes, the studies of reverse reactions like C (oC» n) 

and Be^ (oC, n ) are very important so far as the reciprocity is concerned. 

In this connection I would like to refer to the work of Kjell and Nilsson 

(Arkiv for Physiks Vols 21,22,23) where they have also studied n) react-

7 9 13 

ions on li , Be C , at several alpha energies ranging between 9.8 to 13.5 

MeV. In their results they also find different types of angular distribution 

for the different groups of neutrons. But in some cases strong asymmetry 13 

about 90° c„m is observed. In the C (c^., n) reaction, at least for certain 

16 states of 0 they have attempted to fit the distribution in terms of knock-13 

on and h.p. stripping . Your results indicate that C (al^, n) reaction 

seems to proceed via Pompound nucleus. But the ( n , ^ ) studies in recent 

years at 14 MeV in the light nuclei region indicate the presence of direct 

and exchange effects. Of course to reconcile with the reciprocity relation, 

the studies need be persued at different neutron: energies. 

V.K. Deshpande 

Comment: An estimate of the absolute cross-section on the basis of Heavy 

Particle stripping would probably show a discripancy of an order of 

magnitude or more with this experimental data. 

M.L.Chatterjee: It is difficult to evaluate absolute cross-sections from 

direct and exchange reaction theories. The only basis of the attempt to 

interpret the present results in terms of h.p.stripping is that in the light 12 1 & nuclei (especially in C and 0 ) there are enough evidence for the 

4 4 
existence of He Clusters. On this ground on can expect high c.f.p, for He 
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B.K. Jain 

Question: Why do you anticipate H.P. Stripping contribution predominent in 

1 f< 

0 (n ,cO? It may be just possible that ordinary stripping with DWBA analysis 

may give the fit. 

M.L.Chatterjee: Yes, that may be possible. Our analysis here is restri6ted 

by the V!fBA and hence the conclusion also. But unless one makes thorough DWBA 

calculations for both pick-up and heavy particle stripping including absolute 

evaluations, one cannot in any way rule out the importance of h.p. stripping. 
4 ' 

In the light nuclei region the presence of He Clusters seeA more favourable than 
i 

3 He . On this basis one can expect the exchange process like h.p. stripping 

3 

will be more probable than direct pick-up as an He . However one cannot be very 

> sure of it unless the complete matrix is evaluated. 

Regarding DWBA calculations in the light nuclei region there is one basic 

difficulty. As Hodgson points out (Proc. of Conf. on Dir Int. and Nuclear 

Reaction Mechanism"held at Padua)'that the conditions'for the validity of the 

optical model are frequently not satisfied for light nuclei. So if the elastic 

scattering data be analysed with this model, the optical parametres show marked 

fluctuations with energy and from nucleus to nucleus. So .the choice of the 

proper optical parametres becomes very crucial. 
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FINE STRUCTURE IN THE MASS DISTRIBUTION OF THE 
FISSION PRODUCTS FROM THE FAST NEUTRON FISSION OF U 5 

C.K. Mathews 
Radiochemistry and Isotope Division 
Atomic Energy Establishment Trombay 

Bombay 

Isotopic abundances of the elements xenon, cesium, barium, cerium, 

neodynium and samarium formed in the fast (fission spectrum) neutron fission 

p7Q 

of U have been measured using the mass spectrometeric method. These ratios 

were normalised with respect to each other through isobaric nuclides and 

isotope dilution to obtain the relative yields of isobaric chains in the 

heavy mass region. By normasizing the heavy mass yields to 100$t, the 

absolute fission yields of twenty isobaric chains in the 130-154 mass range 

were determined. 

Fine structure in the cumulative yields vs.mass curve for the fast p7D 

neutron fission U is discussed along with those for the slow neutron 

233 235 

•fission U and U . It is concluded that while most of the fine structure 

arises from the variation in the neutron emission probabilities as a function 

of the mass of the fragment, some of it could be the result of shell effects 

in the fission act itself. The origin of this latter effect is discussed 

in terms of a modified Whetstone model. 

DISCUSSIONS 

D.M. Nadkarni: The excitation energy of the nucleus involved here eeems 

to be high enough where ons, cannot use the Universal curve of Terrel for 

correcting the observed mass distribution. However, in the 4 MeV fission 

235 of U we found that the fine structure still persists even if we use the 
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relation }JL — — T f , I n t h e present case 

however it is not clear if one could used a definite JJ (Al) distribution. 

O.K. Mathews: The only point I have made is that sharp variation in the 

neutron yield curve could give rise to appreciable fine structure in the 

cumulative mass distribution. Terrel's curve was not used for any 

quantitative deductions. 

R. Ramanna: It seems that the Terrell's Universal Curves have not been 

established (Ref. recent USSR work by Apati et al) , the curves corrected for 

prompt emission therefore is not reliable. Besides the time of flight 

work does not show any peaks. I therefore feel any theoretical interpretat-

ion of the fine structure at this stage is not justified. However it is 

possible to include the finestru;. effect and the statistical theory I 

discussed this morning. 

C.K. Mathews: I have mentioned in my paper that Terrel's curve is not 

accurate and amy deductions based on it are not to be taken seriously. 

Time-of-flight measurements do show fine structure, however small. 

N.N. Ajitanand: Were there any corrections applied due to experimental 

dispersion, inherent in the Mass spectrometer method? 

C.K. Mathews: There was no need to do this. The only background 

contributions at a particular mass number defined by an e/m arise from 

extremely small because of the very low probability of second ionization 

as well as association and the latter can be made negligible, by 

eliminating all hydrocarbon sources. 

"etc and hydrocarbon background, The former is 
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SELF-CONSISTENT CALCULATIONS OF NUCLEAR STRUCTURE 

M.K. Pal 
Saha Institute of Nuclear Physics, Calcutta. 

It is a rather enigmatic fact that self-consistent calculations of 

nuclear structure are of very recent origin, while the nuclear shell model 

has by now become an old subjecte However, after, the initial reluctance to 

undertake such calculations was over-come, progress has been achieved in 

strides. In the hands of structure physicists the self-consistent method has 

already taken a highly sophisticated shape; the pairing effects have-been 

incorporated in the conventional Hartree-Fock (HF) type theory and the result 

is the so-called Hartree-Fock-Bogoliubov (HFB) theory. It is true that there 

are yet a few unsolved problems, namely the inclusion of the full neutron-

proton correlation effects, or the modification of the formation to include 

polarisation on effects in odd nuclei. But one would like .to'assess the 

present growth in the subject as highly satisfactory in terms of our basic 

tinderstanding of the elementary modes of excitation of the nucleus; and hope 

that a satisfactory solution of the unsolved problems within the frame-work 

of the self-consistent theory would evently emerge with time. 

Although the main emphasis in this talk will be on the self-consistent 

calculations of nuclear structure, I would neverthless like to include 

in the review a few other non-self-consistent work in this fielcbwhich 

are of sufficient importance to deserve mention. Since I found it difficult 

to fit these "self-consistently" into the self- consistent theme of this 

talk, I thought I would first deal with them as a few isolated topics on 

nuclear structure and then pass on to the description of the self -

consistent calculations. 
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The first work I would like to talk about, is by A.B. Volkov ( 0 

from Copenhagen. This is a variational calculation for the shape of lp-shell 

nuclei. The isotropic harmonic oscillator wavefunctions for the Is- and 

lp-shells are deformed, to start with through the prescription x — p ax, 

y — » ay, and z — ^ bz. The parameters a and b can obviously be related 

to the nuclear radius, and the deformation parameter G • Since x and y 

co-ordinates are scaled equally, and z differently, the deformation that has 

been put into the wavefunctions has a spheroidal symmetry. The two-body 

potential, used in the calculation of the energy, is of Gaussian shape, and 

has a "soft core" repulsive part having Wigner plus Majorana exchange dependence. 

Since the nuclear radius itself is a variational parameter in these calculations, 

to the use of realistic two-nucleon interaction becomes very essential'. The 

parameters of the two-body potential described above were, therefore, deter-

4 16 

mined carefully by reproducing the size and binding energies of He and 0 , 

and the average (singlet and triplet) values of the effective range and 

scattering length. The calculated ground-state energies fcfr several nuclei 

are shown in Pig. 1 as a function of the deformation £ e It is seen that the 

minimum of the energy in each case occurs at a significantly large nonzero 

value of the deformation. It is rather disturbing that, contrary to our naive 

belief, even such light nuclei should show marked deformations in the ground 

state. However, the following findings leave scope for a revision of these 

results: it is found that the equilibrium deformation gets reduced, firstly 

with a decrease in the amount of Majoraa exchange intraction, and secondly 

by taking the lp orbitals to have a larger spatial extent than the Is-orbital. 

In view of the fact that the two-nucleon potential used in this work has not 

been tested by fitting a wide range of two-body data, and the fact that 

57 



/ 

lp-orbitals are certainly less bound than the Xs-orbital, the equilibrium 

deformations calculated by Volkov may not be quantitatively very reliable. 

The second work, I want to mention, is on the excited levels of 

16 

0 . Although the ground state of this nucleus correspondsto the closed 

lp-shell and hence has a spherical shape, there is an extensive-experimental 

evidence that the excited states of this nucleus form several well-marked 

rotational bands (Pig.2). This means that the closed-shell spherical shape is 

not a very stable one; nucleus has a rather soft structure, which gets 

deformed with a little bit of excitation energy. There have been some theore-
16 

tical attempts to interpret the rotational spectra of 0 with the Ijelp of 

shell-model wavefunctions classified by the SU^ group. The original idea 

• 16 
behind*suchwork is that of Elliot (2), and has been applied to the 0 states 

by Brink and Nash ( 3 ) and by Borysowicz and Sheline (4)» The spectra obtained 

by the latter workers are also shown in ^ig. 2. We will have occasion, 

later on in this lecture, to comment on the use of wavefunctions belonging to 

pure SU, symmetry for the explanation of collective rotational states. 
j 

The third work, I have inmind, has to do with the magnetic moments 

of odd nuclei. After the old work a Arima and Horie ( 5 ) and of Blinstoyle ( 5 ) 

nothing much was done in this field for a long time. Recently there has 

been a revival of interest with the availability of experimental data on the 

magnetic moment of excited states of nuclei. With this new breakthrough 

in the experimental techniques, it has been fashionable to try to reproduce 

the magnetic moments in terms of two parameters, which follow, from a rather 

crude core-polarisation model. One writes the magnetic moment as 

> - ( f ^ ^ + f i L 

where g^ is the gyromagnetic ratio due to orbital angular momentum J ^ and 

(gs) eff is that the due to spin£J^ . A fit to the experimental data give^ a 
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symmetries (42), (04) and (31.) • 
59. • 



16 

14 

|2 

10 

> 
& 

K =5/2. 

K--./2."-

K=vz 
!' K=5/2. 

K-f/ft-

5/ 2. H 2 * 

I K-S/Z" 

Nilsson 

I ' 1 

Hilsson 
>1=4 

K 

K - 1/21 

K =5/2 • 
K-

KS3/2-

k=5/2 

K='/2. 

' K-5/2 

K^I/2 

H f » 

k=3/2-

ZERO 
ORDER 

ZERO 
ORDER 

Mev 

F ig . 4 , 

K a , / 2 — K=l/J> 

H'F H. F 

Yo-50MfiV Vba50MftV 

0 Z 4 6 8 » '2 14 I< l« 20 2244 16 20 

F i j , 5 . 

F ig . 3 



(gs) which is, in most cases, quite different from the intrinsic nuclexjn 
6 I X 

gyromagnetic ratio, (Ss^intr * ^his is expected because the use of 

^ s ^intr i n (gs)eff means driving at the schmidt values of the magne-

tic moments, which are well-known to be very much off from "the experimental 

values. The departure of (g s ) e f f from (gs\n-tr
 i s a"t'fcemP'te(i to b e understood 

in terms of the polarization of the core through spin-dependent two-nucleon 

interactions. The use of a rather crude picture of the core-polarization ^see, 

for example, Bodenstedt and Rogers (6^[leads to additional contributions to 

the magnetic moment, over and above the intrinsic moment and the moment due 

to orbital angular momentum. Thus (§s^eff the resultant of these extra 

moments due to core polarization and the intrinsic moment; j 

^ = ( b u z : + * ( y N r ) i " 

Here an<* Sp a r e the two parameters (dependent on core-polarization), 

mentioned earlier, and 
( i 2 . 

O " ) is a tensor of rank unity obtained by 

compounding the spherical harmonic Y2 with O „ Apart from some calculation 

done by Migdal (7), which is not very transparent to the present reviewer, 

there have been no other detailed calculations, based on structural models, of the parameters Q and g ; so far only the experimentalists have been 
gs P 

trying to check the feasibility of interpreting the data in terms of the 

above two parameters. The possibility of including core-polarization 

effects in the self-consistent theories will be discussed later later on. 

The last isolated topic I would like to touch upon, concerns a 

volume of work of the Talmi-type in the Zr-regi:a». In this type of work 

one determines the matrix elements of two-nucleon interactions from observed 

spectra, and then uses these to calculate more complicated cases. The 
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calculations are feasible in regions of nuclei where pure j j-coupling 

90 

configurations could be attributed to the observe^ states. /ffi^Q is taken 

to have a closed shell structure. The next proton and neutron added to 

this nucleus go respectively to the l g ^ ^ a n d 2 d ^ 2 : orbitals. The low-lying 
92 

levels of the corresponding nucleus^Jjfb^ . thus arise from the angular momen-

tum coupling in the configuration (lgg/2 ^^5 /2 ^n *' s a m e 

93 \ 
low-lying levels o f ^ b ^ will correspond to the configuration^lgg^Jp 

Q1*? 
( 2 d ^ 2 ) n . In particular the ground state of Nb , with angular momentum 

J = 9/2, will arise from states like j O g g ^ p ' 2<*5/2^n
 J ! J = 9/2 ^ s 

where the two neutrons have coupled to an angular momentum J ' , which has 

then coupled with the O g g / ^ p "to 6 i v e rise to the resultant J = 9/2. 

According to 1he simple seriori^y idea the lowest state is expected to have 

J' = 0, i.e.the seniority zero state for the neutron pair. However^ one 

can do a better job than this. Making use oT the n-n interaction matrix 

elements and n-p interaction matrix elettents from the observed spectra in 

92 92 
Zr and Nb respectively, one can set up the interaction matrix with the 

basic states given above and then diagonalise the matrix,""and thus find the 

I 2 
_ (iggyg)p , 

J® : J = 9/2 ^ . This calculated wa^-functic>n car! be tested with the 

help of the experimental spectroscopic factotfa for the transitions to the 

q o 

different levels of Nb reached in the pick-up reactions (p5d) or (d,t) on 

93 Nb . In fact the observed ratios of the spectroscopic factors are very t 
much in disagreement with the assumption of a pure lowest-seniority 

t \ 93 

(J1 = 0) state for Nb ; on the other hand the detailed wavefunetion with 

nonvanishing Cj, for all the possible J1 , calculated as explained above, 

gives a surprisingly good agreementwith the pick-up data. The experiment was 
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done at Oak Ridge and the interpretation is due to Street,IBhatt and Ball (8) . 

In the same region of nuclei Pandya (9) lias done a very clever 

92 

analysis of the experimental spectra of Nb in terms of Slater integrals 

F ^ c The calculated values of F ^ are then compared with those expected 

from potentials of "the form: (l) 'V + V. <37- and (2) V ( l+^^T^St) ' 
0 1 *«*»• <w»» c ^ 

The first form goes over to the second when the radial shapes of V and V. 
0 1 

(k) 

are taken to be the same. From Pandya'e analysis in terms of F it is 

concluded that Vq and V have very closely the same radial shape,i.e. form 

(2) of the potential is quite justifiable, and the galue of the parameter 

is found to be about 0.155 in close agreement with what people generally 

use. It is also found that 1fae ratios of the later integrals are very 

different from what one would expect from a zero-range potentialj that is to 

say, one must use a finite range potential in "the calculations. Although the 90 

work done in the Zr region is quite voluminous, only the above two pieces 

of work have been selected for the purpose of this review to give a represen-

tative idea as to the power of the Talmi-type approach when applied to the 

suitable regions of nuclei with suitable minor modifications, if necessary 

of the lowest seniority wave-functions. 

I shall now give an account of the self-consistent calculations. 

The basic concepts in the HF theory will be sketched first with a view to 

introducing the terminologies that are used in this field. In this short 

review it is hardly possible to go into the details of the method which are 

available these days in several treatise (10) on the subject. We start 

with the Hamiltonian in its second-quantised form in terms of the creation 

and destruction operators etc. for the single-particle states 
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where T is "the single-particle kinetic energy, and "\y the two-nucleon 

interaction potential. The Hartree-Fock calculation is'based on the assump-

tion of a ground s t a t e , taken in the form of a determinant, in which the 

N-nucleons under consideration are ascribed F single-particle states. The 

calculation then strives to determine a single-particle Hamiltonian self-

consistently for which the N occupied states a r e the lowest N states 

(satisfying Pauli exclusion principle). The expectation value of H with 

respect , to be denoted by ^ H ^ , contains an<i 

^C^ (Lji C-ffCy^' T h e f i r s t o n e i s the matrix element fj^ of the single-

particle density operator f : 

The HF-method, being based on a single-particle picture, attempts to approxi-

mate the more complicated expression C j ^ 6*° Q t f ^ 

in terms of the matrix elements of P , the single-particle density, as 

follows: . ^ 

C s C r > c „ > 
- L f /V*. - fsjL. fTfi 

This approximation is known as the HF factorization. She single-particle 

wave-functions and energies are then determined by requiring that ^ H ^ 

be a minimum with respect to variations in the single-particle wave-functions 

in - This minimisation programme is found to be equivalent to diagona-

lising the single-particle HF Hamiltonian 

T + \/ where \/ is 

defined in terms of the matrix elements of TJ~as follows: 
fiS Ejcck.. 

Since the single-particle HF potential \/ depends on F , ie. the choice o f i fc 
j 

it is clear that the diagonalisation of I has to be carried out self-

consistently, 
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Since the Hamiltonian that is being diagonalised in the HP programme 

is a functional of ijjT , one cannot expect Tjf to contain the symmetry of 

the starting Hamiltonian H. In fact the Hartree Pock potential's/ may quite 

often be deformed in .order that the absolute minimum of ( K j is secured 

through the HP self-consistent programme. In nuclear calculations it is 

customary not to try forms of \/ which have the most general kind of deforma-

tion; one very often restricts oneself to spheroidal symmetry. ThelfT that 

results from such calculations has a good projection quantum number, called 

the band quantum number K, and is generally a mixture of states of various 

total angular momentum J consistent with the given K. States of good J 

can be projected out of Tjf by suitable angular momentum techniques and 

then the expectation values of H for such states can be calculated in a 

straightforward manner. Thus one obtains the energies of the different 

angular momentum levels corresponding to a given intrinsic function -Xjf c 

In the language of the crude collective model what one is doing is the calcu-

lation of the energies of the different rotational states belonging to a 

rotational band. 

The same programme is sometime achieved by calculating the rotational 

moment of inertia I and then using the formula ( ^ . ^ ^ J J (J+l) to calcu-

late the rotational energies. It does not necessarily follow that the two 

ways of computing the rotational energies would lead to identical results. 

The moment of inertia again is calculated by several different methods not 

necessarily yielding equal values. The first method due to Skyrme, 

called the variational method, has recently been revived by Levenson (ll) . 

The method which is most popular in this field is based on the concept 

of a cranking of the nucleus with angular velocity about an axis (say X) 
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perpendicular to the symmetry axis Za The cranke© Hann.lt crii an is given by 

B» ^OJ^ In the adiateatic a pgroiimat ions iofi, small frj r the UJ ^ part 

of the cranked Hamtltonian can be fc&eated as a perturbation, and thus the 
i 

perturbed w&m turiotianlfF corresponding to th£ cranked Hamiltonian can 

be very easily written down, and then the identity? j / ^ / ^ H Z ^ J , 

determines the moment of inertia X ® The resultant formula for J^ was first 

derived by Inglis and is popularly known as the cranking model formula „ 

Even within the cranking model it is possible to do a beter job in deterai- • 

ning, by using the time-dependent equation for the cranked density 

function P (t)s this has been done by Thoulese and Valatin (12) whose 

equations lead to the cranking model formula for I if certain terms 

c o n t a i n i n g a r e neglected 0-

If C&J. were not treated as a perturbation and one did a Hg @aleu~ 

latioo with the ssmeked HaMJ.tenia®, case would obtain a HP function^ 

rchrich is dependant on CO « Sick a ^ (tfJ } will obviously have mixed 

bands through the CD term in the HanrLltoniano It is pertinent to ask 

the following questions can the HP solutions of the cranked Hamiltonian be 

better variational fiinotions that the HF solution of the uncranked case? 

The variational problem, In this generality, has teen investigated by 

fhcajtless and Peierls {13)„ 

After the initial HP calculation has been done for the lowest 

intrinsic function, it is possible to carry out calculations for the excited 

intrinsic functions by promoting particles from the occupied states to 

unoccupied states above Fermi-seiao The residual interaction has to be 

diagonalised in such a calculation among the various possible hole-

particle statea0 This is sometimes referred to as the Tamm-Dancoff (TD)type 
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calculation. It is possible to incorporate the effects of correlations being 

present in the ground state in such calculations for the excited intrinsic 

states bysi»e'1hod, well-known in the theory of plasma oscillations of an 

electron-gas by the name random-phase approximation or simply RPA.-. 

Before sketching the modifications leading from the HP to the HFB 

theoiy, I would like to describe the results of sbnie HP type calculations 

by Levinson and collaborators (14-) in the 2s-ld shell. Spheroidal symmetry 

was imposed in these.'calculations, and the resultant single-particle levels 

for several nuclei are shown in Pig. 3. What is noticeable in these results 

is the large gap between occupied and the unoccupied levels. This is a very 

happy feature and lends confidence in one's mind in the success of "the HP -

method and the subsequent RPA calculation for the excited intrinsic states., . 

This gap, which is a result of the self-consistent programme, is markedly 

gbsent from the spectra obtained non-self-consistently in the Nilsson model 

with a spheroidal deformed potential„ The calculation of moments of inertia 

by the variational formula of Skyrme gives rise to the following difficulties; 

20 
although in the case of ITe one obtains a fairly well-defined minimum in 

the calculated curve from which one can read off the moment of inertia, the 

24 

minimum in Mg is rather flat and thus does not admit of a precise theore-

tical prediction. The rotational levels-Calculated from the projected 

wave functions and from the cranking model formula agree fairly well. The 

results of the RPA calculations for the excited intrinsic states are shown 

in Pig. 4 together with the zero-order positions of the holeparticle states. 

As is expected RPA gives rise to significant changes from the zero - order 

situation. The changes are very well-marked with respect to transition 
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probabilities also. 

It would be pertinent here to stress the basic points made in a 

work by Banerjee and Tewari, which is going to be reported in this symposium. 

1 choese to do so, at the risk of repition, because the results of this direct 

diagonalisation calculation give adequate support to the applicability of 

HP method in the 2s, Id shell,. This work starts by diagonalising the energy 

matrices with "the STJ, wave functions as basis. It is found that the resultant 

wave functions for "the various angular momenta are very closely the results 

of projection out of the same intrinsic wave-function. The latter, however, 

is a very much mixed state}, containing mixture of various bands and SU^ 

symmetries. But despite this complicated structure, it satisfies the test of 

a determinantal wave function: f = f 2 , P being the single-particle den-

sity matrix calculated with this intrinsic wave function, to an accuracy 

of one percent. The mixture of bands in this wave function suggests that it 

is the HP solution of a cranked Hamiltonian. The mixture of various SU_ 

symmetries tells us that the goodness of collective wave functions in the 

2s, Id shell does not have much to do with the goodness of wave functions 

classified by the SU^ group. Because of the preliminary version of "the SU^ 

work by Elliott in the 2s, Id shell, people were prone to believing the latter 

16 

fact; this belief is reflected in the attempts on the excited states of 0 

mentioned earlier. 

I shall now describe the HFB self-consistent theory, where the effects 

of nucleon -nucleon pairing are incorporated. As is well-known, in the theory 

of pairing one works in terms of a variational wave-function that does 

not conserve the number of particles, In the expression 
ones therefore, has to consider now the new possibility 
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over and above the particle-conserving terms c ^ ^ / c ^ c^ ^ 

arrt - ̂ ^ c ^ ^ e , ^ used earlier in the HP theory. The quantities 

c ^ ~ K f i f define the elements of the pairing matrix K . As a 

result of this new term the expectation value ^ H ^ now contains the matrix 

elements of pairing potential, defined by: 

The minimisation of ^ H ^ can now be achieved by diagonalising self-consi-

stently a supermatrix W given by 

where~P — I - X t , T being the HP Hamiltonian, and ^ the chemical potential, 

which has to be determined by requiring the particle number to be produced 

on the average. Denoting an eigen vector of this matrix by (^jr)t o n e i s 

led to the quasi-particle operators a£ defined as follows: 

at - £ 
on. 

The quasi-particles correspond to elementary-excitations of the single-

particle type in odd nuclei. In even-even nuclei the elementary excitations 

correspond to two-quasiparticle excited states; in particular the residual • 

long-range quasi-particleinteractions (usually assumed to be a quadrupole-

quadrupole interaction) may produce a coherent mixture of the two quasi-par-

ticlestates showing collective characteristics. This coherent state 

corresponds to the phonon-mode of excitation in the language of the crude 

vibrational model. 

The general equations for the self-consistent calculation become 

much simplified if one assumes that the pairing potential ^ is given rise 

to by an idealised two-body pairing interaction , which has constant 
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matrix elements G connecting paired states of the type jjmT j m 

jj'm' j j ' i 1 ^ 0 The bar on the top of the projection quantum number specifies 

the time-reversed of the corresponding state. The self-consistent programme 

then splits up into two parts: in the first part one calculates the self-con-

sistent wave-function and energies o f T , and then in the second part one 

does the BCS simple pairing theory with these self-consistent states0 The 

quasi-particle operators, in this simple theory,are given by 
+ + 

a i = ui ci ci 

where i is the time-reversed of the state i , which is a self-consistent state 

0fV "Ji? 

has the simple interpretation as the probability of the state 

i being occupied. 

The ground state of the system is represented as i j r ^ y c T d J / o > 

where | is the closed-shell core state, and the state lable i runs over 

the self-consistent states calculated in a representation of the levels in 

the unfilled shell .^has "the property 

a ^ o = 0 

that is to say it is the vacuum of the quasi-particles<-, The result of creating 

a quasi-particle in the state fe is given by 

t ' - • £ « { <=!j | o> 

The prime on the top of the product sign means that the factor corresponding 

to the state ^ is now absent. Thus the one quasi-particle state is simply 

the corresponding particle state coupled with a core-state, which is "blocked" 

in the sense that the given particle-state is completely excluded from the 

core. This structure of the one-quasi-particle state implies that the magne-

tic moment of the quasi-particle is the same as that of the particle. Thus, 
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the quasi-particle theory, although it considers the intra-shell configuration 

mixing effects through the short-range pairing interaction, fails to cause 

any improvement to the Schmidt values of "the magnetic moments. Kisslinger 

and Sorensen (15) considered the mixing of the one-quasi-particle state with 

those obtained by coupling a quasi-particle to "the one-phonon state. The 

extra magnetic moment, thus obtained, is, however, $uite insignificant compa-

red to what is needed by the experimental data in most cases. They had, 

therefore, considered the mixing of other suitable configurations through an 

additional (^-function interaction. However, the quasi-particle formalism, 

as sketched so far, contains a severe limitation that forces it to miss the 

largest correction to the jtfchmidt values of "the magnetic moment. This is 

the core-polarization effect mentioned earlier, and the reason the quasi-

particle theory misses it is due to the naive use of time-reversal invariance„ 

One does not calculate in this theory the quasi-particle transformation for 

the time-reversed states separately. ^ime reversal invariance is tacitly 

assumed and then the time-reversed quasi-particle is obtained simply by 

changing the operators appropriately. The coefficients » are real 

and hence do not change. While this is a justified procedure for the even 

nuclei, for an odd nucleus it is not so. The extra core nucleon has a definite 

angular momentum projection quantum number, and "the core-nucleons having 

opposite projections will interact differently with it. This means that 1he 

quasi-particle transformation properties for equal and opposite projections 

should now be quite different? A suitable modification of the pairing 

theory for odd nuclei, taking into consideration this core-polarisation effect, 

is under consideration at the moment, and detailed results will be reported 
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elsewhere. 

Chan and Valatin (16) have recently published the results of their 

calculation on the variation of the nuclear energy gap with increase in the 

rotational energy. The original work was due to Mottelson and Valatin (17), 

where the authors pointed out the similarity between the effect of applied 

magnetic field on the energy gap in the metallic superconductors, known as 

Meissner effect, with that to be expected in the case of nuclear energy gap 

as a result of the rotation of the nucleus. The rotational motion sets up a 

Coriolis interaction , which opposes the pairing effect and thus effecti-

vely reduces the energy gap. In the recent paper by Chan and Valatin detailed 

second-order calculations have been made of this effectc As a result of the 

rotation, the pairing matrix K changes from its static value, and the second 

order change in K, indeed gives rise to a reduction in the value of A . the 

energy gap. Fig0 5 shows the results obtained by these authors. The value 

of angular momentum at which disappears, marks the reaching of a rotational 

energy value beyond which the intrinsic state has changed from a supercondu 

cting to a normal state ( A — O )• ^ i s value of angular momentum, 

therefore, gives a cut-off to the rotational band built on the superconducting 

ground-state configuration. With the availability of the data in the heavy-

ion experiments on rotational levels of large angular momenta these ideas 

will very soon be tested quantitatively in many nucleic 

Finally, a few words about the treatment of neutron-proton correlat-

ions in HFB theory. What is available at the present day is a set of pertur-

bation calculations (15) of the neutron-proton interaction with the neutron 

and proton quasi-particle states; no mixih^ of neutron proton states has been 

taken into account while setting up the quasi-particles in terms of particles, 
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Such procedures have been justified by the authors by limiting the applicabi-

lity to nuclei where neutrons and protons are filling up significantly diffe-

rent levels. The immediate extension of such calculations would be to mix 

the neutron proton states while setting up the HFB equations and then obtain 

the mixed quasi-particle states. If a residual interaction has to be diago-

nalised it can then be done with these mixed quasi-particles. Such an HFB 

theory will treat the n-n, p-p, and n-p pairing on the same footing. At the 

present moment computer programmes of this type are being set up by several 

groups, including the group at this institute and, I hear, by the people at 

the Tata Institute. These new programmes use finite-range central, tensor, 

spin-orbit interactions etc., and in this sense mark an improvement over the 

pioneering work by Baranger and Kumar (18) where the authors used the idea-

lised pairing plus quadrupole . interaction. The work in reference 18 has 

already given us a lot of understanding on the equilibrium shape of nuclei. 

One major problem, however, remains unsolved. Neutrons and protons, 

present simaltaneously in an unfilled shell, will give rise to a lot of 

correlation effects inO^-like groups. Such four-particle correlations are 

never taken care of by the HFB theory, which is essentially a linear theory 

connecting the single particle operators to quasi-particle operators. Bloch 

and Messiah ( 1 9 ) have shown, in general, that this kind of a linear theory 

always corresponds to pair-wise correlated states. Various people (20) have 

tried to treat the f our-particle correlations of neutrons and protons,"* but 

with no great success. There are two possibilities which immediately appeal 

to one's mind: the first is to develop a particle-conserving theory in 

terms of a variational function having the appropriate four-particle and pair 
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structure; the second is to use the commutator method of setting Up the HFB 

equation in the following extended sense. The commutators of H with the 

particle creation and destruction operators, when suitably linearised, give 

rise to the HFB linear equations., If the triple terms in the particle 

operators are retained at this st&te, then the set of equations has to be 

completed by again evaluating the commutator of H with the triple product 

of particle operators. This last expression will contain; higher order 

product of operators, and the chain of equations has to be terminated - at 

a suitably chosen step to obtain a closed set of equations to be solved-

Although the methods are easily understood, when described in this way, a 

practical execution of all the steps involved are extremely cumbersome. One 

has to wait and see how things develop in this field in the future. 
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DISCUSSIONS 

M.M. Bajaj : Can you explain the physical concept of the coupling between the 

particle and phonon excitations occuring in the theory of Kisslinger and 

Sorensen? Please clarify the idea of phonon excitation: How do they arise? 

M.K. Pal: The phonom excitation is a coherent superposition of two quasi-

particle excitations. It is called a phonon because such an excitation very 
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roughly looks like the addition of a Boson to the ground state. 

The origin of all couplings in structure theory is the basic two-

nucleon effective interaction one starts with. As one goes along in the stru-

cture theory and changes the language from particle to quasi-particle, and 

then from coherent superposition of two quasi-particle states to a phononj 

the effective two-body interaction one started with cqn also be side by side 

recast in the new language. ?he particle-phonon coupling arises as a conse-

quence of this. I am afraid it is difficult to be more physical than this. 

S. Das Gupta: If one tries to follow the iterative procedure in the Hartree-

Bogolinbov theory (as one usually does in the Hartree-^ock) a trouble arises 

because of the no. of particles changes at each iteration. Do you know of any 

easy way to get around this problem? 

M.K. Pal: I am afraid, such difficulties have to be faced squarely in "the 

numerical computations. There is no way to byepass the trouble, at least not 

that I know of, or could think of right now. The chemical potential has to 

be fixed at each stage of iteration to produce the right number of particles 

on the average. 

S.Das Gupta : feat is the definition of ^ in the slide you show from Volkov's 

work? 

M.K. Pal: Although Volkov does not define it in his paper, it is quite easy 

to guess what it would be. £ would correspond to writing a, b as a constant 

times the faction ( 1 + 1 / 3 & ) and ( 1 - 2/3 ), for example. In other-

words the difference of b and a, divided by either of them or some kind of t 

mean value is related to ^ „ 

S. Das Gupta: Is it possible that a Hartree-Fock calculation for the excited 

state could show deformation and would it be orthogonal to the ground state 

then(also obtained by HF)? 
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M. K. Pal s It is certain that HP calculations for ihe excited states would 

16 

show deformation in most cases. If you have the 0 case in mind, then I must 

say one should try it rather than doing single-minded SU^ that I showed on 

the slide. As to the second part of your question the state obtained by HP 

for the excited state will not automatically be orthogonal to that obtained 

for "the ground state. They Will basically correspond to different Hartree-

^ock Hamiltonian T + V ; through the different deformation of "the potential V* 

M. K. Banerjee: I wish to comment that even the Wigner force has a large 

contribution to the spin polarisation effect. It arises due to the dependence 

of "the two-particle, interaction matrix element on the two-particle J. In Tewari's 

calculation he finds noticeable spin polarisation effect. 

M.K. Pal t Yes, it is true. However, the contribution to the magnetic moment 

from core-polarisation will be larger from spin-dependent, rather than spin-

independent interactions, particularly interaction of the kind ^ T * f C 'Tji 

where O - and t are respectively the spin and isobaric spin operators. 
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GROUND-STATE CORRELATIONS AND THE THEORY 
OP ONE-AND TWO--PHONON STATES 

Ram Raj and Y.K. Gambhir 
Saha Institute of Nuclear Physics, Calcutta 

The description of one-phonon state based on microscopic theory in the 

first Random-Phase Approximation (R.P.A.) was very successfully given by 

Baranger (l) and others. In this method one introduces the pair creation 

(annihilation) operator (A^ (o.b) ) for quasi-particles in the angular 

momentum states 'a' and fb' coupled to a total angular momentum J with proje-

ction M defined by -<r- f a b J 1 rt"1 

The notation £ J denotes a Clebsch-^ordan coefficient. 

One then evaluates the comtn utators and ft, ft' 

whose structure after linearisation is of the form 

+ I I [CrLub^S) £ 

£ + ^ ^ b ^ j ^ i j -G-tc^hJoV 7) 

— cr-^ 

where E' s are unperturbed quasi-particle energy, and iA^represent the 

probability of occupancy and non-occupancy of the state ' a ' . G(#» bjIa. Vjf ) 

and p byUjlij) are the particle-particle and holeparticle matrix elements,. 

According to Baranger: 

1) Por Quadrupole. Quadrupole force, G(o- b C T ) is-smaller 

than .£/ul/J^and therefore it can be neglected. 

2) Por realistic force, one must include a,jU^i/jJ as well. 
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Numerical calculations have been done for Ni- isotopes using Quadru-

pole.Quadrupole and Gaussian forces for ihe residual interaction between 

quasi-particles. The effect of the inclusion o f < £ C a n d ground-

state correlations has also been investigated, The results are given below: 

Energy (MeV) of the first 2+ state in Ni- isotope: 

1) Potential -Quadrupole.Quadrupole 

Strength X = 1,9 (KeS. Value2) = 1 . 8 5 

Nucleus Without •With Experimental 
correlation correlation value 

F P+G P P+G 

Ni 5 8 

28 1,46 1.46 1.43 1.42 1.45 

Ni 1,69 1.55 1.59 1,47 1,33 

Ni62 
1.76 1.54 1.61 1 »46 1.17 

Ni64 
1.82 1,55 t e70 U50 1 °34 

„. 66 
Si 1.98 1.68 1,94 1,66 — 

2) Potential Gauss Range = = 1,75 j VO = 55 MeV 

2 8 - 5 8 
1.17 

• 

1.11 

Ni U33 1.31 

Ni62 
1.39 1.38 

Ni 6 4 ' 1.44 1.43 " 

Ni 1 <=53 1.53 

• • n a n s s i jmmmmmmmmmm ••aaaaaaaasaaas WaiBBHSSBmBMIKWiBMB^ samwMaeisKjsarssiaicMra 
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The above results with Quadrupole.Quadrupole show that the inclusion 

of ̂ (A.&jwi/^lplays the same role as ground state correlations as they push the 

states down and there is very little difference between 1he two results 

as for as energies are concerned. Also the results with Gaussian potential 

show that the groundstate correlations have practically no effect as for as 

energies are concerned. 

The extension of the above method for two-phonon states in the second 

random-phase approximation has been suggested by Pal and Mitra (3). 

Following Pal and Mitra, a closed set of equations has been derived in 

general by evaluating A * ^ ^ * ^ J a n d & , I hJ\«~!>)j&n<l retained only 

+ + + fv\ 

the terms of the type A , A A and AA. Detailed study of the above equations 

has been made and one encounters 1 J., the following difficulties. 

The basis in two-phonon space in general are redundant and not ortho-

noimal. This point has also been discussed in a recent paper, by Savoia (4) 

et.al. %ey have also given a prescription to remove these difficulties which 

in general is very difficult to apply and at -the same time they have not 

done any numerical calculation. A numerical calculation without removing 

these difficulties for Cd^ 4 has been done by Tamura and Udagawa (5). They 

have made some artificial modification in their calculation discussed in the 

paper and still their results do not agree well with the experiment. 

Although the R.P.A. is quite satisfactory for the description of 

one-phonon states but is opened to severe criticism for the two-phonon states. 

Therefore, one may legitimately doubt about the reliability of the results 

obtained for the two -phonon states and is not sure whether one is gaining 

anything by doin this or not. Hence it is worthwhile to carry out calcu-

lations with a method which is less accurate in principle but is not open 

to such criticism. 
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A new method which is being suggested here is the Tamm - Dancoff (T.D) 

approximation in which all the four quasi-particle states are treatedby simple 

shell model calculation which in turn, automatically insures the independent 

and orthogonal wave-functions with non-redundant basis * 

region in which we are interested contains three levels, therefore 

the following types of configuration will appear in general: 

1 ) . j ^ 

2) j ^ ' 

3) 

• 2 ; i i»» 
4) J J J 

Only the H^ part of the interaction Hamiltonian (i .e . the part which conser-

ves the number of particle) will contribute in this case and its matrix 

element in two particle states has in general the form 

+ f u , ^ 4 

^ J» JL.J* V J, Ji ils J l V 

The ab ove method does not take into account the ground-state corre-

lations but one can take this into account by considering the mixing of 

zero and two quasi-particles by picking up the appropriate part of the 

interaction Hamiltonian. There are same technical difficulties.in this part 

of "the calculation of matrix elements but we are trying to overcome them. 
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STRUCTURE OP Pr-ISOTOFES 

Y-K. Gambhir and Ram Raj 
Saha Institute of Nuclear Physics, Calcultta 

Well known Bardeen (l) -Bogoliubov (2)-Belyaev (3) treatment of the 

pairing correlations is applicable only for the pairing force i . e . the force 

in J = 0 state. In single closed shell nuclei having identical nucleons in 

the unfilled shell this method gives fairly good results (4) . But in the case 

where both neutrons and protons are present in the unfilled 3iell there is a. 

comparable force in J = 1 and T = 0 state in addition to the J = 0 state 

interaction. The method for this general case has been developed by Bremond 

and Valatin(5) and by Pal and ^oswami (6). In the latter method one ends 

up with four coupled Hartree-Bogoliubov equations in the neutrons and proton 

creation and annihilation operators. The diagonalisation of the coefficient 

matrix gives the energy and transformation of quasi par tides . 

In the nuclei where outermost neutrons and protons fill different major 

shells, the J =0, T = 1 force does not exist between neutrons and protons and 

it can be diown from the general formalism that the lowest order effect of 

this n-p interaction (j = 1, T = 0) is to keep the equations cf the pairing 

model for identical nucleons unaltered in form, only the single particle _ 

energies to be used in these equations are to be modified through the contri-

butions from n-p interaction which is practically the same as the perturbation 

treatment of n-p interaction. 

The perturbation treatment is described by Pal and Mitra (7)0 The 

Hamiltonian is written as 

H = H + H + H 
n p np 
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where Hn and H^ are the pairing model Hamiltonians for the neutrons and 

protons respectievely and H is the n-p interaction., 

After carrying out the Bogoliubov transformation and grouping the identi-

cal terms one gets the following familiar pairing model equations j 

1 = ! e X ' + A J 4
 ( D 

2 ap ^ 

- 1 
Z - ( 2 ) 

whert _ p , M bnjj VI n Vtw 
fc^p - W b n f L * ' ) ^ 

wi1h similar equations for neutrons„ 

The suffix p and n specify the protons and neutrons respectively other 

symbols have their usual meaning. 

For S - function potential ££ becomes 

= e ^ t f C Po (?) 

where , , X / n ; . 

F O C O L ^ J - IFCTI - I ^ 

It is evident from reference (7) that only the monopole term of the 

function will contribute to £.i .e . the part which can be considered along 

with the average spherical field in which neutrons and moving. 

Results for odd-Pr isotopes:-

The ground state of Pr^4^ is 5/£ measured from paramagnetic resonance (8) 

and from atomic beam magnetic resonance (9) and the first excited state is 

7/^2at 142 KeV. ^Thile in Pr14"5 the ground state is 

in accordance with 

the direct measurement |lo}and the. first excited state is 5/̂ 2 at 57 Kev. 

The ground state spin of Pr is and no data is available for its excited state„ 
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If one solves the pairing model equations with appropriate modification 

due to the odd no* of protons with the values of 6 . single particle energies 
HP 

from K. S and fixing G the pairing strength to reproduce the 142 KeV„ Sepa-

ration between 7/£ and 5/J using this value of G for Pr"*43,; _•< requires 

fantastically large X the strength of cF -function potential, to get the re-

versal i .e . 7/2 as the ground state, ofcourse the variation of G has little 

effect. Thus the right thing on our disposal is the single particle energy 

E of d5/2 state. If one treats this as a parameter one gets various sets of 

141 

E and G for the 146 kev separation in Pr , The reversal of ground-state in 

143 Pr with the reasonable values of X will narrow down the choices of these 
a- 145 

sets. This automatically gives 7/2 the ground-state of Pr . Due to lack 

of time we could not do these extensive calculations. In the pr'esent situa-

tion the following results are being reported for one particular set. 

K.S.Values Our Values > Ground First exci " Separation 
(MeV) 

(MeV) state ted state (meV) 

Nucleus G E G E X The or Expt 

Pr141 .17 1.0 .13 .65 - 5/2 7/2 .149 .142 

Pr 1 4 3 .17 1.0 .13 .65 10 7/2 5/2 *°4 9 ' ° 5 7 

/ 144 \ Results for odd-odd isotopes (Pr ) :-144 

For odd-odd isotopes like Pr one will be required in the next higher 

order of approximation, to diagonalize the residual part of tne n-p interact-

ion using near lying quasi-neutron, quasi-proton states as well., 144 

The present calculation for Pr„ involves the following approximations 

with 1he above values of the parameters:-

1) All the three outermost neutrons are in the 2 7/2 shell, this assumpti 

can be justified from the single particle level spectra beyond the shell 

on 
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closure at 82„ 

2) It is follows from the assumption (i) that the quasi-neutron and neutron 

states in this case are identical. 

3) Quadrupole-Quadrupole force has been used in calculating the residential 

part H 
np 

We have considered the following quasi-neutrons and quasi-proton confi-

gurations in the diagonalisation work 

f-
The results thus obtained one compared with that of experiment 

below: 

Expt. Theoretical 

Energy Spin Energy Spin 

(Me V) (MeV) 

1 ~ 

.202 3~ 

.138 

o079 • 

.133 -1 

.100 — 2" 

.080 1~ 

.053 3" 

0 0" 0 0" 

It is clear that 0 first 1 and the 2 states are approximately 

reproduced. As is expected from the experience of shell model that the 

3 state cannot be brought down with such a simple minded force. The second 

1 state has gone too high. One should not be disheartened to see "the above 

agreement because we have not exhausted all the possibilities of various 

sets for E, G and X. 
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THE NILS SON AND THE SELF-CONSISTENT MODELS FOR NUCLEAR DEFORMATIONS 

M. Ro Gunye and S. Das Gupta 
Tata Institute of Fundamental Research 

Bombay 

INTRODUCTION 

Till very recently, the Nilsson Model(l) has been almost always used 

to predict equilibrium deformations in nuclei (2 to 6)„ The starting point 

is the one-body Hamiltonian. 

+ 1 ^ H x V y j + - c i . l -

2."*, 1 

where 

ojjr ^ ^ ---u 3 

and is fixed by imposing the condition of volume conservation of the 

equipotential: GÔ C-Oy ̂ ^ L = ' • Here LkJq is the frequency at zero 

deformation. The quantities c and d are constants. To calculate the equi-

librium defoliation, one first solves eqn. (l) for many values of & , i . e . , 

obtain eigenvalues LS). 

At each deformation one fills up the lowest 

levels with the given number of nucleons in a nucleus, taking care to satisfy 

the Pauli principle. The value of () which minimizes S) gives occupied 

the equilibrium deformation. No distinction between closed shells <: 

and unfilled shells is made and the summation in 

runs over particles 

both within the closed shells and outsidee It has°£eefiiesuggested before(5) 

that the inclusion of particles within the closed shells plays an important 

role in determining the equilibrium deformation,, 

An alternative method was suggested by Belyaev (7)0 The Hamiltonian 

to solve is -2.TW 

88 



where the quadrupole moment Q must be determined self-consistently 

X O-*2— X*'V2> = Q. 
occ. 

The quantityTCis a measure of nuclear polarizability and is ultimately 

related to the two-body interactions The energy is given by 
E t a } = £ < t + c I . - J . ?c q1- M 

OcC- X"**" 

If there are several values of Q which satisfy eqn. (3), then Sfchat 

value of Q which gives the minimum energy E(Qdetermines the equilibrium 

deformation. 

FORMULATION OF THE PROBIEM 

Baranger and Kumar (8) (referred to hereafter as BK) have made extensive 

use of the self-consistent formalism to calculate equilibrium deformations 

and find that this method works equally well as the Nilsson modelc BK solve 

eqns.(2), (3) and (4) only for particles outside the closed shells0 The 

particles within the closed shells are also presumably deformed (9,10) but 

the effect of this, it is hoped, is taken care of by properly renormalizing the 

value of . No such renormalization is possible in the Nilsson model, and 

as we shall show, the-core must be "taken into account explicitly. Therefore 

there appears to be clear distinction between the two models. It is our 

purpose here to compare the predictions of the "two models and especially to 

find out if the results of the self-consistent model would change if the 

core were taken into account explicitly. 

COMPARISON OF THE TWO MODELS AND DISCUSSION 

The simplest case to compare is deformations in a single j-shell(l4). 

Here the results are similar; oblate ( S ^ Q , Q ^ O ) the beginning of 

a shell and prolate 0 ) at the end«, 
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The next thing to consider is an anisotropic harmonic oscillator, 

In the Nilsson Model - 1 * 1 1 

H = i l + ^ ^ L x ^ Y J 2 X 

We calculate equilibrium deformations in the N= 4 shell, first 

without taking into account the filled IT = 0 to 3 shells. For even systems, 

the result is that for particle numbers n = 2, 4, 6 prolate shapes are 

preferred.-, For n = 8 to 28, oblate shapes are preferred. We then include 

the core of N = 0 to 3 shells. Now n = 2 to 12 are prolate and n = 14 to 

28 are oblate. 

When doing the corresponding calculation in the self-consistent model, 

an interesting phenomenon appears. Eqns.(2),(3) and (4) may be regarded 

as arising from a Hartree-Fock calculation of a two-body force 

= -- 0 J ^ gxeha^g term is neglected. To obtain 

the self-consistent solutions, choose a parameter D, solve 

H - -f- _ L J) I i ^ ^ y - J 
2.-M. Z 

and use the solutions of this Hamiltonian to calculate the energy expecta-

tion value ^ ^ ^ - / ^ ^ < 2 . 
E C D > ) - V 2~/vv 2. 2. occ. 

Q - T . < 2 and the quadrupole moment ^C — ^ ^ \ 

A self-consistent solution is found whenever 

The allowed 

range of i s from -.5 to + »25. However so long as "V- ^ O , 

E(D) can be made as low as one wants it to be by taking ^/yr\ 

arbitrarily close to though less than <-.25 (or arbitrarily close to but 

greater than -.5). This is because <—, n - T & r JlUjIL , - 2±L±} . Q.- t t t a T VA ttttt/ o C C , » W o L LI —0iJ 
and this tends to O O as (-25 - D / m ) +~5>0 - The first tenm 

in eqns (5) tends to CO but the second term 
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2. 
to — CO . Therefore a lower value of the energy than that corresponding 

to the lowest self-consistent solution can always be found. This apparent 

paradox is arising from the unreasonable form of the force V(jij ) 

(, z ^ t " y^i- Yi ) ( L ^J ~ ^ " X i ) which can tend to 

— Oo" as Hj 1 " — > 0 O with finite „ 

However at Dj^jUj^" close to .25 or-.5 the self-consistency condition is 

not satisfied and for very large deformations the schematic force does not 

make much sense. 

If we start from a small value of % ? then the curve E(D) of eqn.(5) 

against P/t^i^eT looks as in fig. 1 a . We have chosen to illustrate a 

case where the prolate shape is favoured over the oblate; a^, a^, a^, a^ and 

ac are the five self-consistent solutions; a„, a„ and ac are maxima; a 0 
5 1 3 5 2 

and a^ are minima. At all of these points D = r~)L Q is satisfied* Increasing 

X gives rise to the situation in figs1b and further increase leads to 

fig. 1c, vhere no self-consistent solution can be found for D 0-

We now come back to the problem of finding out prolate and oblate 

deformations in the IT = 4 shell. An indeterminacy arises because the answer 

may depend on the value of * The value of "X c a n further be determined 

self-consistently,, (Por this, "see ref. 9 >10, 3). In calculations of BK 

and Kisslinger and Sorensen (11), not determined self-consistently. 

Hence we have varied the value of X from 0 to a maximum value when thself-

consistency^. condition cannot be satisfied for D ^ 0. We find that as the 

U as 4 shell fills up, n = 2 to 14 are always prolate; n = 16 to 28 are 

usually oblate although for large values of , n = 16, 18 and 20 can 

become prolate. The above results are true whether we consider just the 

N = 4 shell or the N = 0 to 4 shells together. 
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This suggests that the results of the self-consistent method and 

the Nilsson model will be similar but only if the core is included in the 

Nilsson model,, Further, the inclusion of the core is unimportant in the 

self-constent method* 

One would like "to know if these conclusions would go through in a 

realistic calculation and this is what we consider next. Following Nilsson(l) 

we put 0 = „ )£iOoand = » 0225 kvj.n eqn0(l) for the N = 4 shell,. We use the 

method of appendix A of Nilsson's paper (l) for both the Nilsson and self-

consistent models, taking care to solve the deformation dependent part exactly,. 

The method has always been used in calculating equilibrium deformations 

( 2 to 6)„ The other method suggested by Nilsson does not ascribe any quadru-

pole moment to the closed shells aid this appears to be inconsistent with 

experimental findings (9,10)o The Nilsson model results for the N = 4 shell 

are given by curves a and b of fig.2. WJlthout the core, only n = 2 to 6 

are prolate and n = 8 to 28 are oblate (curve a)c With the core,, there are 7 

prolates, 6 oblates and 1 spherical (curve b). Note also that the deformation 

changes drastically after the core is included„ Curve c in the same figure 

corresponds to a self-consistent calculation for the N = 4 shell without 

the core » :We have shown the result for j ^ r = <,0012 which 

is taken from BK (Note that our definition of = 5/16 i\ BK) r Curve d is 

obtained when N = 0 to 4 shells are considered together. We have chosen 

to show the results for ' X ^ ^ jy^bJo = ,00085<• We see that the pattern 

doesjiot change when the core is included in the self-consistent methodc We 

find that there does not exist one to one correspondence between the Nilsson 

model predictions and the self-consistent model predictions as the particles 

fill up the shell; but there is an overall agreement in the number of prolates 
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and oblates (8 prolates, 5 oblates and 1 spherical in the self-consistent 

model). We have checked that with reasonable variations in the value of 

this sort of rough agreement continues. Further the agreement is obtained 

only if the core is included in "the Nilsson model. 
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CALCULATION OF EXCHANGE STRIPPING AMPLITUDES 

Anand Kumar 
Saha Institute of Nuclear Physics, Calcutta. 

It is possible to estimate the probability of finding the last neutron 

and proton in a nucleus in a deuteron state from (d,n) or(n,d) reactions under 

favourable circumstances. In a (d,n) reaction the ratio of the exchange and the 

direct amplitutdes depends, among other factors, on the ratio 

Deuteron width in the final nucleus x Neutron width in the target nucleus. 

: : — (1) 

Proton width in the final nucleus 

An estimate of this ratio can be obtained if the exchange amplitude ie hot very 

small and if we employ a reliable theory for the analysis of the reacting angular 

distribution. We have used the Direct reaction theory using Born approximation 

and plane waves for the description of the initial and final states(l). Undoubt-

edly a more reliable estimate can be obtained by the use of 'Distorted Wave 

Born Approximation', in fact, that we shall discuss subsequently. For an 

investigation of the effect the following two experiments (2,3) (i)Be^(d,n) B ^ 

16 15 

(ii ) 0 (n,d) N were preferred in yiew of a prominent backward peaking. It 

seems that the fits are satisfactory and there is a large amount of h 3p.s. 

present, refer figure 1„ Let us give a name to the above ratio extracted in 

this manner as 'the experimental value' . The ratio of width obtained in this 

manner was compared with predictions based on the shell model of the nucleus. 

The single particle widths are given directly by the chosen single particle 

wave-functions and the fractional parantages. The deuteron width was obtained 

as follows: the product of the wave-functions of the last neuteron and the last 

proton may be rewritten in terms of the relative and centre of mass coordinates 

of these particles. Multiplying the product with a suitable deuteron wave-
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function, in our case it is of the hulthesn type, and integrating the overlap 

over the relative coordinate one obtains the wave-function of the deuteron 

moving about the rest of the nucleus. The width can be obtained once this 

wave-function is known. The overlap integral, of course, is a measure of the 

situtation that the last neuteron and proton look like a deuteron. This over-

lap is found to be very large, 94$ for n«=0, let us call it ' In ' . Finally the 

deuteron width can be written as: 

1 ) - R 3 / 2 /core , deuteron)} final\ 

whe 

re,1R1 is the cut—off radius, second term is a coefficient of fractional 

parantage, first term within the sum is the Talmi coefficient and stands 

for the oscillator wave-function. The use of oscillator w.fs. necessarily 

reduces the width. The reason is that the oscillator w.fs. are damped more 

strongly than Exp(-Beta x which is the true asymptotic tail. In view of 

this, phenomenon!ogically, we retain -fine coefficient of expansion in (2) but 

replace <f> (R) by the square-well w.fs. having the same'L' and number of 

nodes.. This improves the width by a factor nearly seven-halves. Also admix-2 2 

tures of other configuration e .g . , 1-p +o(,1- d , does not make significant 

contribution and also-the change in width is very slow with -variation. 

Shell-model prediction and the experimental value 

*S .M . - ° ' 2 4 1 i *Expt " ° ' 2 4 9 

for the first experiment are in fair agreement, which gives us an idea of the 

influence of tie correlations on the deuteron width. In view of large size 

of the deuteron this is most certainly a long range correlation in nature. 

For experiment, too, the two estimates differ by an order of magnitude and 

thus a reliable evidence on correlation can not be obtained. The answer 

lies in a D.W. B.A. calculation. 
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Stripping amplitude in a D.W.B.A. can be written as; 

In general, we have followed the notations of (6?7)e Antisymetrizer (term 

in the parenthesis) breaks 'Tdn' into a direct and a exchange-amplitude, in 

the later the role of the projectile and the target is reversed compared to 

the former. So far no realistic (ie, finite-range) calculations have been 

made. They have calculated 'Tdn' only with a zero-range - approximation,. 

This is a very poor approximation in treating the 1-p shell exchange term 

due to the fact that the bound-state with is not peaked near the origin. . 

All the recent attempts (4,5) to perform a realistic calculation suffer from . 

the asymptotic approximation on the bound-states. Apparently these attempts 

seem to be as refinements on the zero-range-force (z.R.F.) calculations but 

we have shown in the following that both the approximations are equivalent 

and give rise to same value of the amplitude * Therefore once again we 

cannot treat exchange in 1-p shell with only such refinements. T(z.R.F) 

follows if onê  substitutes the following expn.in (3) -=r -7 

<$ t^ftfij - ^ V o 6Z* = ^ C J l : 

T(Z.R.F.) = ( 4 ) 

We can write now T(F.R.F.) if we replace the scattering states by their 

inverse Fourier-transforms and suitably arrange the continuum states, as 

TC.R.P.) = J I ^ ^ V ^ J 

/ Xf. ( f , j Tti c y j Jj i t 8 c cL'n ^ )f 

.here, = f f - Y % , 

First integral in T(F.R.F) reduces to a constant if we factor out the poten-

tial in the manner done in (6) and make the asymptotic approximation for 

• While the second integral can be made to reduce to (4 ) if we 
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integrate and rearrange the various terms. Thus the equivalence 

is settled. The equivalence also follows for other choices of . (^Sft) should 

the first integral be a constant reducible. 

full realistic calculation. However, gk(ri,rf) defined in their paper as. 

are hard to evaluate unless some subtle assumptions are made on the potential 

and the bound-states. We find that the situation can be simplified and the domain 

of applicability can be extended if one can exploit the point of discontinuity of 

.the potential and locate out the contributing region in which all the net points 

give a finite value to the functional. For a square-well potential this was taken 

11 W -P AVI A +« + "t nl in . .—A V 

partial waves and distant net points. Although the fit is not so good,yet the 

agreement between width-ratios improves and also the h.p.s. is small. It seems 

that a calculation with more net points will give a clear evidence on this point. 

Results are in progress. 

Computation was taken up on C.D.C. 3600, T.I .F.R. , Bombay. 

REFERENCES 

1. M.A. Nagarajan and M.K. Banerjee, Nucl. Phys. 179 341 (1960). 

2. B. Richard and G.E. Owen, Phys. Rev. 120, 369 (1960). 

3c J . I . Weil and K. W. Jones, Phys. Rev. 112, 1975 (1953) • 

4. A.. Dar, et.al. , Phys. Rev. 131, 1732 (1963). 

5o Fernando B. Morinigo, Phys. Rev. 133, B65 (1964)o 

6, M.K. Banerjee, Nuclear Spectroscopy, Part B, Ed. F.A. Selove, A.P. 

7. N. Austern, et.al. Phys. Rev. 133, B3 (1964). 

N. Austern et.al. (7) treatment; they have given a suitable plan for a 

100 



A DISTORTED WAVE BORN APPROXIMATION CAICUIATION POR 

(He5 ,p) REACTIONS 

B. K. Jain and N. Sarma 
Nuclear Physics Division 

Atomic Energy Establishment Trombay 
Bombay 

INTRODUCTION 

The study of single nucleon stripping and pick up reactions involving 

deuterons has given extremely important information regarding the structure of 

nuclei. Many of the original limitations of the theory were removed by more 

realistic formulations such as the use of distorted wave Born approximation 

theory and the inclusion of finite range interactions and spin orbit effects-

Information regarding single particle configuration mixing and spectroscopic 

factors is now available for many nuclei. Much more valuable data regarding 

nuclear configurations can be obtained from the study of two-nucleon stripping 

reactions such as (He ,p) and(He ,n). Here two particles are captured into 

the target nucleus and the interaction between the two captured nucleons is 

important. Investigation of two nucleon interactions in a nucleus, as for 

•z 
example the proton-»proton correlation in (He ,n) reactions and the proton-

•z 

neutron correlation in (He ,p) reactions can be made by measurements on two-

nucleon stripping, Plane wave Born approximation theories have been moderately 

successful in determining level spins but spectroscopic factors cannot be 

obtained from such a naive theory . The DWBA theory developed for deuteron 3 
induced reactions has been used in some cases for the analysis of He stripp-

•z 

ing, but this is necessarily approximate. A theory for (He ,n) reactions has 

been given by Henley and Yu(l) and for (t,p) reactions by Rook et al. (2)., 

We now report on our work on a distorted wave Born approximation •z 
theory for (He ,p) reactions. 
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THEORY 

A. General considerations 

In distorted wave Born approximation theory the effeci of absorption 

and scattering (such as compound nucleus and elastic scattering processess) on 

the incident and emergent waves is taken into account by using optical 

potentials for the entrace and exist channels. In the calculation ofthe cross-

section there are two potentials, the optical potential and the potential 

responsible for the direct interaction. Using tiiese potiantials, the matrix 

element T is given by the Gell-mann and Goldberger relation(3)« 

U^ and V are the optical potential and the residual interactions respectively 

in the final state channel, ^ t ^ . " } and < Y j ^ j ) a r e 'tile internal wave-

functions of the outgoing and incoming channels;")^ and' /t^ are the elastic 

scattering wavefunctions for the entrance and exit channels using outgoing 

and incoming scattered waves as the boundary conditions. ^ is the wave-

function that has only direct interaction degrees of freedom. To use the 

Born approximation,rwe assume further that the initial and final state channels 

are determined primarily by the optical potentials. The direct interaction 

is treated as a perturbation and hence the approximation can be made; 

where are the collective internal coordinates. The transition matriXj 

T then becomes the amplitude for the direct interaction in di storted wave 

Born approximation theory. 

Ts I v is, )*jlt i* ) f3) 
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K.o K„ and r . , r„ are the initial and final channel wave and position vectors 
i ' f 1 ' f 

respectively,-. 

The differential cross-section can then be expressed in terms of the 

amplitude T, by calculating the incoming and outgoing currents. 

i s _ "{«! _! 1 . I T I 2 - M 

The summation is carried out over the projections of "the intrinsic spins of 

the outgoing and incoming particles. J is the spin of the projectile. • 
P 

•z 
B. Application to (He ,p) reactions; 

Por (He^p) type direct reactions, neglecting the excitation of the 

core, we can write the interaction Y in (3) as V ' + V 5 

' np pp 

Since nuclear core excitations 

are neglected, the final state wave-

function is just that of the captured neutron-proton pair bound to the target 

nucleus. It is, therefore, written; 

VmJL X ^ ) ^ 
j, Jx. 

( 5 ) 

where j^p Jg are single particle states of the shell model, t^ and 

t are the isopins of the initial and final nuclei and the transferred neutron 

proton pair respectively. th^iP ' ' ^ 

is the c-.f.p for a neutron-proton pair in the final nucleus state with the 

given quantum numbers. The wave -function (b • can be expanded Tzr ^ 

in terms of their centre of mass and relative motion wave function using 

Talmi coefficients^ )o 

Assuming the interaction V to be spin-isopin independent central 

potential of Gaussian form, and carrying out the trivial integrations, 

we get for the transition matrii 
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i-sj (,ittO ' 1 

( 7 ) 

iM ,0 

Q ) ( J ^ and © t ^ J are the oscillator potential wave functions 

fe) ^ e ^ (a) 
where Gnk is given by the expansion of Laguerre polynomials, and o^r 2 M W / ^ 

is the oscillator constant. 

Substituting (8) in (7) then integrating over Jl. 

where ^ z J - ( f a f = ^ ^ " ^ 

y and ft3 are the Gaussian widths for the He^ wavefunction and 

interaction V. 

On the assumption that and % ± are independent of ^ we obtain 

r , z, X ' ^ 7 V ~ 5 i L do 
The integral in this equation is evaluated numerically. 

Substituting eqn. (6) in (4) one obtains the expression 

selection rules are (*/i.)Jh~'/J °JJj 

J|: , ~i>L ~ 1-0 7| , S-O/t- I O/L S-l, t - 0 * « 
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The cross section shows that "the contributions of different L's are incoherent 

while those of different j's'are coherent«, Therefore "those I value 

contributions which are small may be neglected without any serious error. 

The j coherence shows that the cross section is very sensitive to correlations 

existing in the nucleus. This may produce states, (low lying in general) 

which will contain mixtures of different single particle levels. Two riucleon 

stripping can be used to investigate these states and the crosssection to 

these will be large if "the phases are additive. 

REFERENCES 

1 „ Ernest M. Henley and David TI.L. Yu Phys. Rev. 133> B 1445 (1964). 

2, J. E. Rook and D. Mitra Nuclear Phys. 51_, 96 (1964). 

3c Gell-Mann and Goldberger Phys. Rev. 91, 398 (1953). 

4 . T.A. Brody and M.Moshinsky Tables of Transformation Brackets 

(institute of Physics, University of Mexico t960),. 

5, M.E. Rose, Elementary Theory of Angular Momentum, Chapter XI0 

105 



MAGNETIC MOMENT OP THE 129 KEV STATE IN Tm171* 

Y.K. Agarwal, C.V.K. Baba and S.K. Bhattacharjee 

Tata Institute of Fundamental Research, Bombay 

171 

The magnetic moment of the 129 KeV (7/2 ) state in Tm which 

is a member of the rotational band built on (411) K = Nilsson state 

has been determined by an integral method to be 0.94 + 0.18 n.m. This 

has been measured by perturbing the 296-124 KeV if - "^directional correlation 

by an external magnetic field of 21.5 kg. The magnetic properties of the 

(411) K = i band have been analysed using the known data on "the rotational 169 

states in this band. The results are compared to those of Tm which 

has a similar K = i rotational band. 

* The details can be found in: 

Y.K. Agarw^l et al . , Physics letters 1£, 214 (1965) 
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CONFIGURATION MIXING AND INDEPENDENT PARTICLE MOTION 

S. N. Tewari 
Saha Institute of Nuclear Physics, Calcutta 

In the past the calculations! limitations of the shell model have 

confined its applications to "the special regions of the periodic table near 

closed shells. However, under stimulation of collective ideas, several impor-

tant advances have been made and to mention a very significant development 

among them, which is pertinent for our discussion, is Elliott's SU^ classi-

fication of many particle states. This scheme has certainly simplified the 

job as has been demonstrated by the calculations of Banerjee, LeVinson and 

Meshkov (2) and by Elliott and Harvey (3) in the s-d shell nuclei. However? 

their work at the same time showed that even though the STĴ  representation 

is extremely useful, it is not quite good enough for "the quantitative treat-

ment of nuclear spectra if one just takes the lowest SU_ state. A calcula-
5 

22 
tion on Na has been done by us where we have allowed for "the mixing of all 

possible KIT RvmmfitrifiE. The i nterantinn used is the -followine-: 

excited state with J =1 as obtained by us is 0 = 581 MeV while the experimental 

value fpr the same is 0*593 MeV. However our aim was not to produce the 

22 

exact energy spectra of Na , but to study the features of wave-functions 

obtained by using a reasonable interaction. The wave-functions are obtained 

by diagonalizing the energy matrices in "the representation 

- fj 
- —^S-Viev' OLZ: l'3/l lt> C*\ 

2. 2 ri&v 

The interaction has been made reasonable by producing the level 

22 
orderings of Na . It is interesting to note that the energy of the first 
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- f - ^ z Z ( c m M a o - ) 

Where foim the basis of SU^ representation. The quantum number 

C { ] describes the symmetry under space permutations. Associated with C^J are 

the isotopic spin T and spin S; The quantum numbers ( XM- ) distinguish; the 

diffirent SU^ representations withinC^J while within each ^/A . ) the states are 

further distinguished by quantum numbers 6. and A. (where refers "to ̂  max)„ C is 

the spin projection quantum number on the body fixed symmetry axis. The 

matrix elements were calculated by the method of Banerjee and levinson ( 4 ) . 

There are various selection rules which govern the admixture of the SU, states. 
3 

It is in fact because of these selection rules that one finds an intrinsic 

wave-function. The discussion of all such features have been given in our 

work reported elsewhere (5). 

The remarkable feature about the wave-function is that they are all, 

to an extremely good order, the results of projections, out of the same intrin-

sic waye-function i .e . we can now write 

This feature is demonstrated in the Pig. 1 where l̂i'-A are plotted against J 

for the different ^^occuring into the admixed wavefunction. The different 

have been labelled by K which in Pig. stands for K This is the 

so-called band quantum number. Por convenience the remaining quantum numbers 

excepting K have been chopped up. One observes "that the dependence of CU^'^ 

on J is extremely weak for the same band terms. Por the band mixing terms 

the dependence is still weak for the most important band mixing terms i .e . 

for "the terms with K = 2. Por K =0 and 1 the dependence is really large. But 

the amplitude of "these terms in the admixed wave-function is extremely small 

and hence our assertion as above about the existence of intrinsic wave-funct-

ion is fully justified for the low angular momentum state i.e at least upto 

J = 5* 
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Density matrices have been set up for J - 3 and J = 4. For J = 5 

it is under calculation. The results are tabulated as follows: 

Ik fij 

1 
1 

! 2.93842 
i 

1* 

i 2o93097 
i 

1 .11o 1.1JS 

i 
| calculated. 
i 
i 
! 

t e kl-f^v 

3 

4 

5 

3.00000 

3.00000 

Yet 

3.00000 

3.00000 

to 

2.93937 

2.93186 

be 

' £ is the density matrix calculated by neglecting the band mixing 

terms in the wavefunction. 

is the density matrix calculated with all the terms in the wave-

function. Looking down at the numbers in the last two columns which measure 

the deviation from the single determinantal character of the wave-function 

one concludes that the intrinsic wave-function is a single determinant to the 

order of 99$. Thus our calculation gives adequate support to the applicability 

of H.F. method in the 2s-1d shell. The comparison of the numbers in the last 

two columns brings forth two extremely significant conclusions which are stated 

as follows; 

1) The impurity in the single determinantal character measures the 

configuration mixing where by configuration we imply the following: 

$ ... . . . = a , i f a x X arbitrary ' — • 

where etc. are single determinants and they can be connected 

by scattering involving at least two particles. The configuration mixing thus 

implies that the intrinsic state is not just the independent particle motion 

but there is some residual correlation. Since the numbers in the last two 
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columns compare to an extremely good order the residual correlation is, therefore, 

presumably due to short angular range correlation. 

2) Since the band mixing is small, it suggests that the band admixed 

wave-function can be adequately described (to order of 99%) by taking the cranked 

wave-function as the Hartree-Fock solution. 

Following the above suggestions ie the pure wavefunction is a Hartree-

Fock soln. and the band admixed wavefunction is the cranked solution of Hartree-

Fock we would like to point out that the variational wave-function as suggested 

by Peierls and Thouless(6) under scome simplifying condition can be written-as 

projection out of an intrinsic wave-function which is aLmost a single determinant 

and preseuiaably a cranked wavefunction. In pointing out so our aim is to empha-

size that impurity in the single determinantal character of the wave-function as 

calculated above can not be taken care of by introducing some extra degrees 

of freedom of the type of Peierls and Thouless(6) in the wavefunction. Presumably., 

we would like to emphasize once more, it is due to short angular range 

correlation. 

.Peierls and Thouless write the wave-function in the form 

^ Jd^L j^urdLtA-Cr te.vX.'V) $ L6,<t 

f f \ V ® 
— J c(-r*-J'W-<i<A>* G-(0> {Sounder the condition of the small range of the 

o _ angular velocity where ^ is obtained by 

C h i l l i Z " ™ ' 

Where © a r e the Euler angles for a rigid body fixed to the 

symmetry axis and the direction of the angular velocityimparted"round an 

r 

axis 1 to the symmetry axis. Taking the above as the variational wave-function 

they derived, from the minimisation condition, a differential eqn.for the weight 

function G. Under "Ihe limit of small coupling between J and uythe soln. for G 
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can be written jJpj^ Q where^ is some parameter. Hence Peierls and 

Thouless wave-function becomes: Lju^ f̂-z r\ 

- Pi J V ^ e e 1 ^ ^ & tor ooj 

C " / f t 

where^p is a single particle hermitian operator oC^ , constants. 

Now let us agree to identify this intrinsic wavefunction i .e . the wave-function 

within curly bracket with out band admixed wave-function. Then it follows that 

the measure of the important term for the band mixing which is proportional 

s^-nce 1>erm most important for causing the impurity 

in the single determinantal character is proportional t o ^ J ^ ^ , the impurity 

is of the order of .04 percent. However, in doing so we must justify the 

identification which will be taken up sometimes in future. For the present the 

motivation was its attractive simplicity. 

We have tried to explain the first excited with J =1 by R.P.A. over 

the ground state. We write ^ 3"— 3 
= • I C L j a v v f 

H /-' \ <rkz.*ii fv 
= t* c 3/> 

The quantity "krj^'^rjp has been calculated and its value turns to 

be 0.88 instead of 1 implying there by that the R.P.A. is not a good approxi-

mation. However, we would refrain from making a firm statement at the present 

aid the question is still occupying our full attention. 
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SYSTEMATICS OP 1 -FORBIDDEN M^TRANSITION 

I.M. GOvil and C.S. Khurana 

Muslim University, Aligarh. 

INTRODUCTION 

In many of "tiie odd mass nuclei near filled shells, it has been found 

that there exists a state close to the ground state which differ in orbital 

angular momenta ( ) by two units e.g. fyj^-^S/i Sy^—l , ^ / l 

It is found that between these two states the "JT'-ray transition is mostly 

of M^ character. The shell model describes these states very accurately but 

it fails to explain the existance,of M^ transition. Since the magnetic 

dipole moment operator does not change the orbital angular moments of the 

two wave functions involved, the states assigned by the shell model should 

not differ in angular momenta in the £ase of M^ transition. Indeed it is 

found that these transitions are retarded by a large factor but still they 

are found to have a finite value. ». It is therefore, expected that these 

transitions are caused by the breakdown of the tyj -forbiddenness due to some 

other effects of nuclear dynamics. We have studied these transitions taking 

a large number of data to investigate the possibility of some systematic trend 

of these transitions. 

RESULTS AND DISCUSSIONS 

Pig. 1 shows the experimental values of the matrix elements plotted 

2 

on a logarthimic scale. The matrix elements (j^ ) were calculated from the 

experimental half-life ) using the following formulas 
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where E is the radiative transition energy and cL is the angular momentum 

of "the initial state. The points with the same neutron number are joined 

by a straight line. The solid line through 1he points is an arbitrary line. 

It is drawn to see if there is any special trend. Though it is not very 

conclusive, the plot shows some shell effect corresponding to the magic 

numbers at 28, 50, 82 and 126. At these magic numbers the observed value 

of the matrix element drops by a large factor. In the region W ^ ^ Q 

the b -forbidden M^ transition takes place between ^ an<* 

the matrix element increases as we' go away from the magic number 28 of 

7Q 

neutrons till it attains a maximum value around N-44 ( /2&1 ) after which 

the value starts falling down. A similar trend is reproduced more clearly 

in the region 5 0 ^ N ^ 126, where the transition takes place between 

^ y ^ neutron nuclei) a«A ®7/2 Pro"fcon proton 
121 

nuclei). The value of matrix element at N = 69 corresponding to T<? 

is 1 while it drops by a factor of ten at the magic number N=82 correspond 

130 

ding to La . The same situation arises again at N=126 in the case of 

Thallium isotopes. The trend is also supported if we observe the change 

in matrix element for a given Z and increase the neutron number. If with 

the addition of a pair of neutrons the nucleus approaches towards magic num-

ber (w=82) the valuet of the matrix element shows a downward trend. Examples 129 ' 131 

of this effect are Te 121-Te 123- Te 125, Xe 129-Xe 131, I - I wheareas 

if Hie addition of a par of neutrons takes the nucleus away from the magic 

number the behaviour is reversed i .e . the increase in neutron number 
141 143 

increase the matrix element which is evident from the pairs Pr - Pr , 

E u U 7 - E u 1 4 7 - E u U 9 - E u 1 5 1 . The pairs Cs131 - Cs135 and Pm145- Pm147 

are exceptions to this general trend. 
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Similarly if we look for "the variation ofJJi, with proton number 

number for a fixed value of IT, the same regularity as mentioned above is 

observed e.g. the pairs 53 I - 55 , 53 I - 55 and 

Cs 135 — 571a 137 
55 show a general downward trend of matrix element with the 

• -7 v i coPr 141 coPr 143 ^Ba 145 
increase xn Z, whxle the pairs 57 -59 , 5 9 - 61 - ^„ 

Eu 147 
63 show a rise in the value of the matrix element. The exception is 

119 121 
met with the pair 50Sn - 52Te which is probably due to the reason that 

closed shell of Z =50 plays some role in reducing "the matrix element. The 

117 

low value of matrix element in the case of Sn may also be explained on 

the same basis. 

To see if this effect is really the shell effect we have plotted 

2 2 

in fig.2(a) the ^atio of m s.p/m exp. (or retardation factor) for these 

-forbidden Ml-transitions in the region 50^ 126. It is evident that 

the retardation is much above unity and lies between the values of 40 and 

800. ^he minimum value of 40 is for nuclei away from the magic number and 

maximum value is for nuclei at the magic number IT = 82» This discrepancy 

is explained on the basis that, since at magic number the state are trueiy 

represented by the shell model wave functions, the magnetic dipole tran-

sition between two such states which differ in orbital angular momenta is 

strictly forbidden and hence a larger deviation of the matrix element is 

expected. 
2 2 2 

Pig. 2 (b) shows the plot of m cal/m exp. where the m cal. 
are the calculated values from the Arima's theory based on configurational 

mixing. It is striking to note that Hie ratio has been brought down to a 
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value around unity for a large number of nuclei. Por nuclei with 

magic number of neutrons or near to them there always exists a configura-

tion which yields a value very near to the experimental value. This indi-

cates that the picture of congigurational mixing is very satisfactory 

at magic numbers, which further supports the shell model, since the zeroth 

order wave functions assumed in the so called Arima's theory are "the shell 

model wave functions which are less perturbed by the other effects of 

nuclear dynamics only at "the magic numbers. The smooth decrease of "the 

2 i 2 

ratioyU^. cal •/Jj^ exp. for N ^ 8 2 clearly indicate that the effect 

of collective motion of "the nucleons starts .playing part in perturbing 

the seroth order wave funtions and thus the observed matrix element can no 

longer be explained by the; configurational mixing. 
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IMAGINARY PART OW SHE NUCLEAR OPTICAL POTENTIAL 
AT LOW ENERGIES 

M.Z. Rahman Khan and Israr Ahmed 
Department of Physics, A, M.U.. Aligharh (U.P) 

During the last few yearsc considerable effort has been made to obtain infor-

mation about the radial distribution of the imaginary part of the nuclear optical 

potential from phenomenological analysis of low energy data (e.g. 1-4), However, 

the conolusions reached are not completely reliable. Although surface-peaked 

imaginary distributions give a slightly better over all fit to "the low energy 

data, yet most of these potentials fail to account for the generally low values 

of the S-wave strength functions in the valley between 3S and 4S size resonances. 

This is specially disconcerting since strength functions are Jsnown to be one of 

the best means for the study of the radial distribution of the imaginary part of 

the optical potential at low energies. The situation is actually worse for it 

has been strongly indicated by Z.R. Khan that the experimental values are probably 

much higher than the actual values (3). 

Recently, however, Z.R. Khan ( 5 ) has Shewn that it is possible to" secure 

any desired low values for the calculated strength functions in the region 

A ££ 95 by properly choosing the width and location of a surface-peaked imaginary 

1 

distribution of appropriate strength. Unfortunately, the presently available S-

wave strength function data have so much scatter that fits can be obtained for a 

variety of surface-.paaked imaginary distributions. A fairly detailed considera-

tion of iiiis situation is presented here. 

All phenomenological analyses, which have attempted to obtain the imaginary 

distribution, have assumed the constancy of all optical parameters except the 

radius. The validity of this assumption is clearly questionablee A possible 

dependence of optical parameters on shell closures was suggested as early as 
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1959 by Lane et.al„(6). 

Recently Lane and stamp (7) have expressed the view that reliable infor-

mation about the imaginary distribution can be obtained by analysing the data 

for individual nuclei over a small energy range. We have briefly discussed the 

information about the radial distribution of the imaginary part of the optical 

potential that would be obtained from such an analysis, 

^e use a distorted wave approximation employing square well wave functions 

as the zero order solution. The departure of the imaginary part from a uniform 

distribution is treated as a perturbation. This approximation is satisfactory 

at low energies "where the imaginary part is small.- The use of square well wave 

functions in the distorted wave treatment seems a fair approximation for; diffused 

real part provided the imaginary distribution does not lie too far out in the 

surface region. In any case only qualitative remarks have been made and it seems 

plausible that these would remain largely unaltered for a realistic situation,, 

THEORETICAL CONSIDERATIONS 

Consider a complex potential which has as its real part a fixed square well 

of radius R and depth V0 . Let the imaginary part have an arbitrary distri-

bution w(r) confined within the real part. Corresponding to any given partial 

wave, an equivalent uniform depth is obtainable, which, for that partial wave, 

is completely equivalent to the actual imaginary distribution. The S_Wave 

equivalent depth (R) is given by (3). -

I ' K (1) 

Where K is the wave number inside the real part of the potential„ 

Let w(r) be of constant strength Wg in a region of width 6" so situated 

that the outer side of "the imaginary distribution is at a distance Tfj from the 

outer boundary of the square well. Eq. (l)then gives 
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The P-wave equivalent depth for the same w(r) is given by (3) 

If R̂  and R^ are the radii of two nuclei, one exhibiting a S-waves 

resonance and the other a P-wave resonance at low energies then eq. ( 2 ) gives 

(4) 

(5) 

If ( W 2 K t Ri-7) (iZ-,y) _ /xk ?T 
which after rearrangement gives ^ 

~k d ~ — tr)\ 
where _ — n / , s^/ l/VO t'ciJ 

Clearly when w differs significantly from unity, (experimental data indi-

cate that w is between(5 and 10) the maximum value of corresponds 

to sec 

-^according as w ^ l or ^ 1 . The C ^ ^ can 

then be obtained from a plot of - against k C 

Taking w = 10 we have calculated W0(R) for the nuclei lying between A =55 

and 95 for three values of (5J ^YWW*, J ^ ^**<and zero ( ̂ -function). Values 

of the parameters are given in the fig. captions. 

It may be pointed out that for a given w ( w ^ l ) the curve corresponding 

to a given £ can also be obtained by taking as !the imaginary part a certain 

uniform plus a suitably located surface- peaked distribution of width smaller 

than € . The uniform part is maximum when the surface-peaked distribution 

is a ^-function. 

From the curves it may be seen that the S- wave data for the nuclei in 

the immediate neighbourhood of A^55 and 95 can be fitted by a variety of sur-

face-peaked distributions. #hen appropriately located the widths of the sur-

face-peaked distribution may be taken anywhere between zero(<T-function) and 

Smjxjt 0 ® i e s e distributions, however, differ in their predictions of the S-

wave properties of nuclei lying between the two extremes A ^ 5 and 95, Unfortu-
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W0(R) for ihe nuclei lying between A = 55 and 95 V0 = 42,6 Mev. 

R = 1.45A1//5fm. curve 1 : 1s.8*l<OL = 1.07, k1| = 2.61, Ws = 10.10 MeV 

curves 2:and 3: z( k ) = 2 = 61 and 3d4 

respectively, W = 20-, 2 MeV. 
s 

curves 4 and 5 -function, kT̂  = 2.83 and 3-44 , 

W = 10. 81 and 10. 8 MeV.respectively, 
s 
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nately the accuracy of the presently available data is such that it can hardly be 

of significant help in distinguishing between most of these distributions. 

However, we like to point out the interesting fact that the values of the 

location parameter differ only a little for the different distributions con-

sidered here. The difference, even in "the extreme situation, is only about 30$ 

of the periodicity of the period being . The situation for w =5 is not 

very different. It is however, clear that if w is close to unity the uncertain-

ty in location would become complete. Thus no matter what the actual distribution 

fits in the neighbourhood of 55 and 95 would give a fairly good idea of the 

location parameter. 

For a reliable determination of the width it is clearly necessary to have 

very accurate data, for a large number of the intermediate nuclei? It may be 

pointed out that even if the S-wave strength function dataware measured with 

nearly such accuracy as to determine an almost unique St i"t-is clear, from what 

has already been said, that equivalent fits would be obtained by taking as the 

imaginary part a suitably located surface peak of any width smaller than & plus 

a certain uniform distribution. 

Now we shall briefly discuss the inforaaUon about the radial distribution 

of the imaginary part of the optical potential that can be obtained by analysing 

the low energy data for individual nuclei. 

The ratio of S- to P-wave equivalent depths for a nucleus of radius R, 

having a surface-peaked imaginary distribution of' the type considered earlier is 

given by — ^ ? I - fcU 1 * ) - S ^ XK ( R->)_ cS)} / 2 k (T 

w , cr) / + { t ^ j /1K<f w 

It then follows that the data for an individual nucleus can always be 

fitted by a suitably located surface-peaked imaginary distribution whose width may 

be chosen any where between zero ( S- function) and * 
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It is clear that the data can also be fitted by an imaginary part consist-

ing of a uniform distribution plus a suitably located surface peak,. 

Useful information from such a study would be obtained only if the ratio 

of Ihe equivalent depths turns out to be significantly different from unity, for 

otherwise the data would be equally fitted by a uniform distribution and a variety 

of surface-peaked distributions. It is, therefore, crucial to examine the depen-

dence of the ratio of the equivalent depths on small changes in the radius. Un-

fortunately, at present we do not have the result of this investigation, 

CONCLUSIONS 

Obtaining fits to S-wave strength function data for spherical nuclei is no 

problem provided we agree to treat the location of the imaginary distribution 

as a variable parameter. The problem rather, is that, at present due to large 

uncertainties in the data, fits can be obtained fey a vast variety of imaginary 

distributions. 
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B.K. Jain: Can you pleafce make it a bit more explicit what is form of W you have 

assumed? 

Israr Ahmed : Our .imaginary distribution W(r) is of constant strength W in a 

s 

region of width so situated that the outer side of the imaginary distribution 

is at a distance ^from the outer boundary of the square well, 
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TRITON PARAMETERS WITH REALISTIC POTENTIALS 

B.S. Bhakar and A.N. Mitra 
University of Delhi 

Delhi 

We present here the results of exact evaluation of certain triton 

parameters of experimental interest, by regarding triton as a 3-body problem. 

The potential model chosen for the purpose is the so-called separable potential, 

in terms of which the threebody problem can be exactly formulated (l)c The 

results for the binding energy with central forces have been known for some 

time. The present calculations include the non—trivial effect of.tensor 

forces on the binding energy and the probabilities of various angular momentum 

states. 

The complete formulation of "the problem was given some time ago by one 

of us recently (2) . The potentials considered for the numerical evaluation 

are those given by Yamaguchi (3) and Naqvi (4), denoted in the following table 

by suffixes and N respectively; C and T denote the (triplet) central and tensor 

eff 

forces respectively; S stands for the singlet N-N force and C is the 

effective s-wave force in the S q state given by Yamaguchi (3). 

The figures show that while an effective central force leads to over-

binding, the mere C-part of the total C +T potential gives insufficient 

binding. Inclusion of tensor forces improves the results considerably. In 

this respect, the Naqvi force (C + T) seems to give a value nearer to 

experiment than Yamaguchi's (C + T)^. This is particularly interesting if the 

hard core effects in this formalism are indeed small, as Tabakin (5) has 

recently found. 

The percentage probabilities P_ of various states given in the table also 

show the expected trend, via., an overwhelmingly £3 S-state, with small 

125-



EABLE I 

Potential B.E. (MeV) 
H * , 

V V 
' 0 1 P 2 

12.189 99.19 0.81 0 0 

c e f f
 + SN 1 1 . 8 1 9 99.04 0.96 0 0 

V SN 
7.036 

(C+T)y + s y 10.40 93.412 1.285 0.023 5.280 

(C +T ) y + s N 9.951 94.055 0.850 0.021 5.073 

( C + T >N + SN 8.850 
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DISCUSSIONS 

M.K. Pal: I just want to ask a question for 1he sake of my own enlightenment. 

Well,, how refined are the present day non local potential, for example Naqvi®s 

one, with respect to fitting the two-body data including polarisation? 

AJtf. Mitra: Well, to the best of my knowledge, the parameters given by Naqvi 

(Nucl. Phys. 36, (1962) plus Tabakin's hard core potential, give a rather 

realistic representative of the 2-body data (scattering and bound states), 

including finer effects like magnetic and quadrupole moments. 

S.P. Pandjras -Perhaps the charge and magnetic moment form factors may be a test 

for your wavefunctions. 

A.N. Mitra: Yes. The difference between the magnetic form factors of H^ arid He3 

depends on (2,l)PQ . Schiff's original estimate was 4$, but most other analyses 

have yielded 0.8 - 1.2$. 
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NUCLEON-MJCLOEN CORRELATION IN L = 0 STATE 

S.B. Khadkikar 
Tata Institute of Fundamental ResearchBbmbay-5 

The "pairing" Hamiltonian with pairing interactions Ĝ  in L = 0t S = 0, 

T = 1 and G„ in 1 = 0,S = 1, T = 0 state has the following form 
I I ^ 

t X * (1) 

where \ is "the spin-isopin index = (S^*^)* G ( ^ ^ i n ^ i S 

given in terms of Ĝ  and G^ by (2) ~ 

( j tlT,22) = C - U ^ ' D =._!. CG-. - c ^ J 
"2. 

(2) 

where the values of \ — h i ) ^ < are 

Ehe phase (-)m has been absorbed in redefinition of and Gv̂  0 

The Hamiltonian (1) we want to treat in the Bogoliubov variation methods 

OUTLINE OP ®HE METHOD 

Using Wick's theorem we can write H in terms of the contractions and 

+ 

normal products of operations a , a in the yariational state. We define 

density matrix P and the pairing tensor t in terms of the contractions, r ? 1 r+ • + 
ZL QOy <SL ^ and t y U 1 __ Q ^ ^ 

+ 

and 
14 - Ho + + 

where Hq is the fully contracted term and H^ contains only the normal product 

of the interaction which we would not consider. „ •f 

Hi 
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where ~ C * £ & A . V . ^ - A^ 

The chemical potentials g are introduced to take into account the non-
\ > 

conservation of number of either kind of nucleons. 

We now introduce, following C. Bloch(l) the matrices R- and K 

The invariance of commutation relations gives the condition 
(4) 

(5) 

(6) 

and the variational principle is expressed 

Eigenvectors of R with the eigenvalue 0 (l) should also be eigenvectors of K 

with the eigenvalue IT (-E)0 

SOLUTION OP EQUATIONS ( 5 ) , (6) for ( 3 ) . 

We make a choice of pahses such that P is real symmetric and t is 

imaginary antisymmetric. 

f = P ^ P * • t = - - t - € t ( 7 ) 

t has six parameters and f has 10. These parameters can be chosen as 

multiplying constants to the complete set of 16 Hermi.tian matrices 1, 

j where IT T c anticommute. The condition ( 5 ) led ) j** * j 

to a solution of the form ^ ^ ~ — — ^ \ 

i ^ r T f - fi- 7? 
(8) 

where A ^ B^ are the six parameters in t ; /"j is ( . if̂  ) 

and T\, is £ YV > ) ^ ^ with the standard representations for 

"Y^i and — 0 T , Tg Ttj. - aid are determined by and 

21 ^through the condition 

L 
Expressions for £ and l̂A *̂ are obtained using ( 8 ) , ( 2 ) and ( 3 ) . 
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We drop superscript ĵ , for and fc for convenience. ~—5> \ 

• G ^ A ^ S ^ O + U c ^ , <I~J 

, -9 ^ ) . / I (9) 

and 

t I \ ' V j -+ L o i r J 

A6, , U ^ s . f}\ 

DISCUSSION OP THE VARIATIONAL CONDITION (6)AND DIAGONALISATION OF K 

The variational conditions are given by (10), (11) 

= H & . -G^- J ^ J " I 4 C 6 , o f i j J +tr1>/xCA,oo))& d o ) 
whidi have solutions 

n ? * t ' o o j ) - ^ t , B ° > r O t o o - . f ; ( f t 0 0 

and Y which can be found by diagonalisation of K must satisfy the 

following conditions. J r T U ^ J i l ^ ~ I 

It is seen clearly that 
and Z3 are coupled through the remaining 

conditions in ^10); and (11) are the additional, constraints on the choice of 

-5> ' —^ 

j 0) . We shall consider the various solutions later. 

We now make a remark about the diagonalisation of K • JZS ^ 

in general, and the diagonalisation of the (8x8) K matrix cannot be reduced 

to that of 4 x 4 matrices and one has to use wider group of unitary matrices 
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than that of 17 which is f? ̂  ( 

We shall now consider two cases in which ,0JJ — oand are easily solved 

as ^ (S1 = G^) terms in £ are automatically annulled. 

i)-Y}-<7 which implies I = 0r lT= 0 and = * Condition (10) 

then gives for Pj — ° is following. 

A , 

X 

where one of "the correlations should break down. Or, if G. = = G 

(L _ y '•lii ^ i 1 2 

^ - XL ( 1 2 ) 

where ^ p 1 _ _ 2 J f. g1)2--f T±< 
t 

E~ is the quasi-particle energy. 

The number of particles (n) is given by 

% ^ 2 1 U U i ) C £ l - ( 1 3 ) 

This is the case considered by ^lowers and Yujcic (2). 

\ J ^ ^ (FJ ^ ̂  
ii ) g. = g_ which implies / — 4 where E is the ground state energy 

and neutrons and protons are occupying sa.ms levels (low mass nuclei). The choice 

A(-.o, B i = 0 satisfies all the equations (10), (11) in this^case. We get 

r li n r (^tij __ IA, J — |Ail 

L 1 t 2fc> G- ( 

These are the two gap equations where E + is-given by 

't ~ \Jll£f' + l^]*- - i l "K^O? iY^GzJ/AIIBO^li^l + f ^ ) 2 

(15) 

where | -
+ 2 pt 

| /A, ifl^a.1 lA.I-l^l 

and 2/* ~ £2.- /T^UI-HGO- - •/ i-Utir-.i-Iili)1 J / 4 
/ 

f l A ! I&l - f - J >-4 t J j I'j. 

130-



The number of nucle ons ( N/ j- ) given by , 

Our results (14) through (17) are more general than those obtained by P.Vogel 

(1 

(3) in that we have found out the exact contribution to the single particle 

energies. 

i i i ) case g^ g 2 would require dropping of ( (-jj—G-x) proportional terms in 

r~^ I 

£ as equations (10), (11) become incompatible. This case is being further 

investigated. 
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RECENT RESULTS IN PAST NEUTRON REACTIONS 

Aparesh Chatterjee 
Calcutta University and Saha Institute of Nuclear Physics 

Calcutta 

INTRODUCTION 

Ever since Bernard Cohen (l) did his 2h.D. dissertation on fast 

neutron induced reactions, a vast amount of experimental data has accumulated 

during the last 15 years. The activation technique in Cohen's experiments 

has been followed in the later extensive studies ( 2 ) in Chalk River, Arkansas 

and Aldermaston. Lillie (3) used a cloirnd chamber to study the 14 MeV neutron 

reactions in light nucl£i, but this method has practically been, superceded 

by nuclear emulsion work ( 4 ) at Harwell, Rhode Island, and other placesc 

Measurements with GM Counter-telescope systems were initiated by Ribe ( 5 ) 

and has often been used in angular distribution measurements parallelly with 

emulsions. This technique has lately been promoted into a very powerful 

tool with the happy development of scintillation counters and solid state 

detectors. Ingeneous combinations of phosphors, silicon detectors and gas 

proportional counters are now being used to do very elegant and beautiful ex-

periments. 

We shall mainly consider reactions induced by neutrons of energy 

E^ above 10 Me? upto about 20 MeV.. In the lower energy region (1 to 10 MeV) 

we only mention two experiments; (i) the (n,n') reactions at Los Alamos and 

( i i ) the systematic work at 3-8 MeV initiated by Late T.M. Bonner at Rice 

University. Most of these data remain to be assimilated, understood, and 

systematized. 
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Instead of thorough survey, we shall discuss a few selected topics 

covered by recent experiments. 

REACTIONS IN VERY LIGHT NUCLEI 

The p-H and n-H scattering experiments furnish a vast amount of data 

on nuclear forces. Very light nuclfei containing only a few nucleons are 

therefore hoped to suppliment our knowledge on nucleon-nucleon interactions 

in presence of other nucleons, on charge dependence (if aa y) and on the nature 

of 3-body and many body forces. The scattering length, for instance, is 

highly sensitive to the charge dependence hypothesis, ^he photo- and inverse-

disintegration processess, similarly, tell us something about electromagnetic 

nuclear field interactions and about the d-and t- widths. 

Recent experiments in Zagreb(6) using counter telescope systems at E 
n 

= 14.4 MeV with 2-dimensional analyzers have given the p (n,d)y and d (n , t )y 

cross-sections to be*^30JJU b. Assuming the validity of the Siegart theorem, ; 

and that the initial state is described by adequate phase parameters' for n-H 

and n-L interactions, one can have an estimate for the d-and t- widths. 

A similar experiment(6) with the D(n,p)2n reaction (the break-up 

reaction into 3 bare nucleons) has recently been done by measuring the desired 

proton spectrum at 4°. The theoretical analysis is a difficult 3-body 

problem in its full complexity. Without invoking any detailed model, it can be 

shown that 

where a is the $ nucleon-nucleon scattering length, is the relative 

wave number of two strongly interacting nucleons in the final state, and K 

is the relative & of the third particle with respect to the centre' of mass 

of the two strongly interacting particles. At the high-energy peak shown 
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in Fig. 1, the two strongly interacting neutrons are recoiling backward in 

the CM system with low relative momentum (the proton goes forward).- Since 

the (virtual) binding energy of the di- neutrons E ^ and the n-n scattering 

length a ^ are related, one gets a measure of a . The experimental result is 

a = 21 „7 +. 2.0 fm; the theoretical estimate, assuming charge symmetry, is. 

-27 + 1.4 fm. 

3 3 

Sayres et al ( 7 ) have studied the He (n,n) He elastic scattering, the 

3 3 He (n,p)T and He (n,d)D reactions with monokinetic neutrons at 5 energies bet-
3 

ween E = 1 -to 17.5 MeV by using a He -filled proportional counter. The 

elastic scattering experiment was designed to discriminate between to forms 

of potential interaction, viz. , Serber exchange and symmetrical exchange-. The 

total (^^L+^jt ) reaction cross-section was found to be ̂ 2 0 0 mb and it was 

concluded that the influence of the charge exchange reaction was important,, 

REACTIONS IN LIGHT,MEDIUM WEIGHT, AND HEAVY NUCLEI 

A logical next step is to treat the light nuclei (8), but there are 

difficulties associated with generalizations in selected mass regions„ We 

therefore make a few observations on all nuclei. The available information 

is mostly on total cross-sections in different reaction channels; isomeric 

and isotopic cross-section data exist in many cases, and occasional additional 

information on the energy spectra and angular distribution of the emitted 

particles is available. The data are mostly of the poor energy resolution 

type. Recent experiments with improved techniques, however, are more 

ambitious, and have given more detailed results on the excitation functions, 

energy spectra and angular spectra. 

DIRECT INTERACTIONS AND COMPOUND NUCLEAR DECAYS 

We conveniently divide fast neutron reactions into the above two 
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categories as the two limiting cases. The distinction comes from the intera>-

23 5 

ction times scales involved (10~ £ and 10 £ in the two extremes) and 

from the number of nucleons taking part in the neutron-nucleus interactions. 

In general, both types of interactions are simultaneously present in a chosen 

target nucleus. Following Feshbach, one can also think .of interactions 

resulting from the intermediate structures (gateway states). 

Estimates of the compound nuclear magnitudes of cross-sections are in 

principle straightforward. The form of the level density of the two-fermion 

nuclear system is well known ( 9 ) . In practice, however, one make drastic 

simplifying assumptions. For example, the inverse cross-»section at a given 

excitation is usually taken to be the same as that of the ground state' with 

little theoretical justification; another difficulty arises from our lack o f 

detailed knowledge of the structural effects expected from compound nuclear 

reactions at high excitation energies. Thus the usual experimental estimates 

of the (i) compound nuclear cross-sections and (ii) relative magnitudes of 

compound nuclear and direct effects are often doubtful. It is hoped that the 

situation will improve with the recent attempts to include the nuclear 

structure effects properly-. 

14 MeV (n,d) REACTIONS 

As an example of a reaction which proceds entirely through direct 

interactions, we note the recent experiments(io) in Milan in Fig. 2. The 
58/ N 57 

curve above for Ni ^n,d) Co has been fitted in shape with distorted wave 

Born calculations after Satchler. The table below compares the absolute 

experimental and theoretical cross-sections at 15° in the last two columns for 

the f-shell target nuclei listed column 1 with their appropriate spectroscopic 

factors given in column 2. Remarkable agreement betweenithe two sets of 
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cross-sections is obtained on the assumption that the transferred angular • 

momentum 1 = 3 comes from "that of the picked-up proton from the state 

for f-shell nuclei. 

EXCITATION SPECTRA OP ( n , o O REACTIONS 

As a contrast to the (n,d) reactions, it is believed that the fast 

neutron (n,c^) reactions proceed entirely through the compound nucleus for-

mation and subsequent evaporation. Recent experiments (ll) have shown a good 

fit in absolute magnitudes and shapes for the excitation functions between 

E^ = 7 and 20 MeV for nuclei in the mass 27 to 59 region (Fig.3) by using 

the evaporation theory and optical transmission factors. 

(n,p) REACTIONS 

These reactions are examples where the direct and compound nuclear 

effects are generally mixed. From the measurement of energy spectra, 

it is believed that direct effects are- stronger in light and heavy nuclei, 

while compound nuclear -decays are more significant in medium weight nuclei. 

The direct (n,p) effects are similar to that of stripping. Figs. 4 and 5 

show the energy spectra and angular spectra for different peaks (12) in 

28 28 

the Si (n, p) A1 reaction at En«v»14 MeV. In Fig. 4, the few prominent 

proton group peaks at high residual excitations are clearly seen. Angular 

distributions of these peaks show diffraction patterns in Fig. 5; the 

distribution is isotropic ftt lower excitations but marked anisotropics 

are found at higher excitations. 

REACTION SYSTEMATICS 

In the earliest days of fast neutron reaction work, the attempts 

at systematization showed that a simple-minded compound nuclear evaporation 

approximation was not adequate and that it was necessary to include the 
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direct effects. Recent experiments and systematic studies, however, clearly 

show the desirability of incorporating the known nuclear structure informations 

in both types of reaction mechanisms. 

(a) Levkovski i-Gardner trend 

Levkovskii (13) has shown that in a few cases of 14 MeV (n,p) 

reactions, the isotopic cross-section trends follow a definite patternc Using 

a semi-empirical cross-section equation with 6 adjustable parameters, a I 

thorough analysis- by Gardner (14) has established an isotopic cross-section 

relationship of the form . 

where m = 1,2, , and X. has a value close to 2. 

In case of (h, q/Q reactions, it was observed (l5)that a similar 

relationship holds. . t -~r ^ 

r ' = ^ / ^ ^ r (3) 

where n = 1 , 2 , a n d ^ varies from 4 to 1.7 from light to 

heavy nuclei„ 

(b) Shell Effects 

These have been observed (16,17, 18) in (n,^L) and (n,p) reactions with 

fast neutrons in the form of distinct minima for all positions of proton 

shell and sub-shell closures. It has been possible to make a semiquantitative 

estimate of these effects (16) by using the simple Bloch-Rosenzweing model of 

combinatorial nuclear structure and by using shift-function f 0 to describe 

the shell-dependent form of the level density at the excitation energy (J : 

u ' = (4) 

Recently, Bormann (19) has qualitatively analysed the (n,2n) shell 

effects. 
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FLUCTUATION PHENOMENA 

When the level widthsX*in acompound nucleus are much greater than 

the level spacings, the levels are thoroughly mixed. Ericson (20) has shown 

that coherent contribution from different levels gives rise to interference 

effects between various levels, and the excitation function fluetuates-iwith 

an w i d t h „ 3?rom the statistical assumption, the fluctuation amplitude 

is given in terms of the square root of the mean square deviation as 

and the fluctuation width is obtained from the correlation function 

j - ( J £ ) - C e - L E ^ + E ) < r - I E * ) - S - * ] ' ( 6 ) 

averaged over an interval of many fluctuations. 

Experiments with medium resolution (A® ^ 50 KeV) give typically 

r"» —20 

/v/ 50 -150 KeV (compound nuclear lifetimes 10? ) and CJ— 

for light and medium weight nuclei. Fig. 6 gives the first experimental 28 
evidence (21) of "these Ericson fluctuations between 12 and 18 MeV in Si 

25 (n ,oO Mg reaction using a silicon detector target. Fig. 7 shows that even 
22 27 27 

the simple activation technique in A1 (n,p) Mg shows these fluctuationsP 
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DISCUSSIONS. 

M.K. Banerjee: Can we look at slide 6 again? It appears that some 

peaks are well correlated while some are not. Well, if we believe that the 

Feshbach gateway state model is good, then these peaks are "the reflection of 

the spread of the width of the gateway state among a few adjacent levels„ 

Since "the distribution is still quite narrow, it is possible that Miarp r 

selection rules may be operative for the transition to the various low lying 

ground states. Transition to some levels may be allowed while "that to some 

others may not be allowed. This will produce an apparent lack of correla-*' 

tion. 

M.K. Mehta: (to M.K. Banerjee) Is it possible to measure angular 

distributions on the structures which are due to "gateway" states which 

you mentioned and get some information about the spin and parity of the 

state; You mentioned that "these states are very sharply defined and the 

transition is to a sharply defined state, so this should be possible. 

Paresh Mukherjee; (to M.K. Banerjee) Such angular correlations 
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between a selective event and the peak have been done, and they seem to be 

related with the final state quantum numbers, 

A.So Divetia: Regarding the D(n,p) 2n reaction, I would like to comment 

that a method complimentary to ihe method at Jugoslavia, of measuring the 

proton energy spectrum, is being tried out at Rice University. The attempt 

is to measure the two neutrons in coincidence; this is more difficult expert-
's 

mentally, but more complete information is obtained, 

A. Chatterjee: I agree that this is the right thing to do. I shall be 

glad to hear more about the results of this experiment at Rice University-

E. Kondaiah: In fig.1, the 1wo peaks differ in width very much- What 

is the explanation for this difference? 

A. Chatterjeet The lower energy peak near 5»5 MeV corresponds to the 

proton and one neutron moving forward with a low relative momentum, the other 

neutron recoiling backwards. It is experimentally difficult to separate the 

break-up protons from elastically scattered deuterons and from protons origi-

nating from elastic neutron scattering on hydrogen in the deuterium target as 

a contaminant. Various corrections are also needed in the observed energy 

spectra. lELth decrease of energy, the importance of n-p final state intera-

cttbn increases. 

N. Hath: I wish to make a comment about the energy range one chooses 

for averaging the cross-section in the Ericson type of fluctuations in the 

excitation function. It is very essential that one chooses the proper range r 

for averaging, otherwise it may be difficult'to conplude whether the fluctua-

tions observed are truly of the Ericson type. Angular distribution measure-

ments in the region of a "fluctuation peak probably provides a more definite 

answer"e 
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V.K. Deshpande: There are cases known, in charged particle induced 

reactions where the total cross-section shows structure in its energy-

variation but the argular distributions are insensitive to the energy-

variation. Normally one would expect "the angular distributions to be far 

3 
more sensitive due to their dependence on phase relations. The He , n and 

3 12 
He , p reactions on C show this behaviours 
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SYSTEMATIC MEASUREMENTS OP (n,p) CROSS SECTIONS AT 14.8 MeV 

B. Mitra and A.M. Chose 

Nuclear Physics laboratory, Bose Institute 
Calcutta 

Accurate values of (n,p) cross sections of light nuclei for 14»8 

MeV neutrons have been determined by adopting the following procedure to 

eliminate or reduce systematic errors associated with many of the previous 

investigations. 

(1) Neutron energy spreads En has been limited by (i) using a thin 

target (ii) keeping incident deuteron energy confined in the range of 100 

to 125 Kev and (iii) placing samples for irradiation not too close to the 

target ( 30°). Reaction kinetic computations of Benveniste and 

Zenger (l) show that the .maximum values of&En as +_ 100 Kev around En = 14o8 

MeV for Ed = 100 Kev. The r.m.s spread o f ^ En is still smaller. 

(2) Quantitative dependence of the data on "the monitor counting 

rate has been eliminated to obviate the effects of varying amounts of 

-rays, slower neutrons etc. produced when different samples are irradiated. 

A long counter and a heavily biased plastic scintillati. on counter have been 

used only to check the constancy of flux during one particular irradiation. 

( 3 ) The cfosssections have been measured relative to<5~ . . = Cu 
std 

62 

(n,2n) Cu cross-section because (i) the values a r e known as a 

function of En and (ii) samples are available in pure form. Combining 

the results of Ferguson and Thompson ( 2 ) and Glover and Weigold ( 3 ) we have 

adopted the value of as 530 jf 25mb. 

( 4 ) Neutron flux and beta counter have been calibrated by using 

, . The difference in ihe geometries of the standard and the sample has been 
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experimentally measured by determining apparent cross section of copper powder 

and foils in the sample geometry position. 

( 5 ) Samples, in the form of powder or foil, were contained in a 

graphite sample holder because, of all available materials in the laboratory 

irradiated, graphite showed minimum residual activity. 

(.6) Purity of samples were checked by noting the consistency of 

measured cross sections of the same nuclei in several chemical forms as well 

as by checking the half lives of the reaction products. 

( 7 ) Using a line frequency stealer and a switching device which 

starts it as soon as R.F. supply in the ion source is turned off, error in 

timing was reduced to 20 milliseconds. 

(8) Error in - rscy counting has been reduced by using a relative 

-counting method developed by us. The method is based on the results of 

Bayhurst and Prestwood ( 4 ) who have shown that the efficiency of detection 

S in a good geometry end-window counting experiment (with same sample 

thickness) is a smooth function of the average energy of the electrons. r 

We have shown that these data can be represented, for E., > 0 . 1 Mev, by 
P 

an equation of the type 

e = a(l - e"b E ( * ) 

Since we are only interested in "the relative efficiency, we can 

set . - b E. 
- e * 

The value of b is determined by measuring apparent specific activity 

induced in copper foils of varying thickness. The accuracy of the method 

was checked by determining €rre^ Al(h,p)P~rays. 

Experimental arrangements have been described in a previous report 

and will be published elsewhere. 
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The values of cross-sections determined by us is shown in table I 0 

The error shown are probable errors composed quadratically out of counting 

errors, errors in the standard cros section, errors in {^-counting etc. We 

have also included predicted values from statistical model calculations of 

Erba et al ( 5 ) , Gardner's semiempirical calculations (6) and Levkovski's 

empirical computations(7). The results of a few other experimenters are also 

shown there c 

It will be noted that we have only considered half-lives in the range 

of a few seconds to several minutes. Experiments on shorter and longer half-

liVes will be considered in future reports. 

REFERENCES 

1. J . BenVeniste 3nd J. 2enger, (UCRl) 4266J 1954. 

2o Fergusson and Thompson, Phys. Rev. JH3, (1960)228. 

3; R.N. Glover and E.,Weigold, Nuc.Phys., 29,(1962) 309, 

4. Bayhurst and Prestwood, Nucleonics, 17, (1959) 82o 

5c E. Erba, U.Facchini, E.Saetta-Menichella, Nuov. 8imf{, 22^(1961) 1237-, 

6. D.G. Gardner, Nuc. Phys., 29.9 (1962) 373„ 

7. V.N. Levkovskii, Sov.Phys. JETP, 18,(1964), 212. 

80 J. Kantele, Bull. Am. Phys^ Soc., (1961) 252. 

9 . K.W. Seemann and W.E. Moore, Bull. Am. Phys. Soc. 6, (1961) 237, 

10. J.A. DeJuren et al . , Phys. Rev. 127, (1962) 1229. 

11. J.Kantele and D.G. Gardner, Nuc. Phys., 35, (1962) 3 5 3 . 

12. E0B. Paul and R.I . Clarke, Can. J. Phys, 31_, ( 1 9 5 3 ) 372. 

13. C.S. Khurana and H.S. Hans, Proc. 4th Symp., Low Energy Nuc. Phys, 

Bombay, (1960) 297c 

14. S.K. Mukherjee et al . , Proc. 4th Symp., Low Energy Nuc. Phys, 

Bombay, (1960) 189. 

147-



15* S.K. Mukherjee et al . , Proc. Phys. Soc..77, (1961) 508* 

165 D.L. Allen, Hue. Phys. 24, (1961) 274. 

17. A.V. Cohen and P.H. White, Nuc. Phys. 1_, (1956) 73. 

18„ "R.S.Scalan and R.W. Pink, Nuc. Phys. 9 , (1958) 334. 

19, A,. Poularikas, (Ref. Gardner Ref. No. 6) 

20. D.M. Chittenden, (Ref. above). 

148-



TABLE I 

(n,p) Cross sections of nuclei in 14 MeV range 

(in millibarns) 

Nucleus Computed values Experimental Values 

Erba 
etal 

Gardner Levkovskii Present work Previous wofks 

,16 

P 19 

64 

40 

80 4 0 . 1 + 2 . 7 

21 2 3 . 3 ± 2 . 2 . 8 

39 + 4? 

34 ± 6 

4 1 . 8 + 2 . 3 

to 

10 

34 . 1 * 1 , 8 
" 11 

3,8.2 + 5 

1 6 . 5 + 2 8 

1 4 . 3 £ 2 . 5 

12 
135 £ 50 

Na 
23 

51 64 44 41C .8+ ' 3 . 8 40 

29 

21 
34-

50 

V5 
5 

+ 2 
15 

12 $ 3 
+ 16 

Al 
27 81 87 72 9 7 ±- 1 0 77 

8 7 

82 
53 

* 8 U 

* a 8 

13 
115 i 14 

BS,28 

CI 
37 

251 2 4 0 

53 

240 222 15 

30 21 „3 £ 2 . 1 

220 
157 

246 £ 2 8 

dz 60 
2:17 

12 
13 
16 

17" 

33 ir 7 
25 t 2 

12 
38 

V 51 
16.4 40 42 2 4 . 7 ± 2 . 2 53 ± 5^2 

2 7 * 5 6 
2 3 i . 7 

Cr 
52 

54 96 84 82 o 8 + 5 . 8 78 

67 

83 

103 

105 

± 1 216 
* 1020 
I 9 1 3 

i 1 2 

- t 1 1 
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CROSS SECTION OP THE REACTION P31 (n, 2n) ? 3 ° 

WITH NEUTRONS OP 14.8 Mev ENERGY. 

B. Mitra, Arun Chatter;)ee and A.M. Ghose 
Nuclear Physics Laboratory, Bose Institute 

Calcutta 

OQ "Z/*\ 

Uhen phosphorus is bombarded with 14.8 Mev neutrons A1 and P with close 

lying half-lives of 2.28 min and 2.55 min are produced by (n,o<J and (n,2n) 

reactions respectively. These activities cannot be separated byjQ -counting 
^ 28 

and hence recourse is taken to"j -ray measurements. A1 emits 1.78 Mev 

"50 
photons while annihilation radiation is given out by the positrons from P -

In the present experiment we have measured the two cross-sections using 1he 

28 28 63 62 
well-known cross sections of Si (n,p) A1 and Cu (n,2n) Cu reactions,. 

Unlike the experiments of Grimeland and Opsahl-Andersen(l) in this connection, 

our method involves no uncertain parameters like the photopeak efficiencies 

of the counting crystals for the two photons, fractional contribution to 

the annihilatlon peak by the degenerate photons derived from higher energy 

Y -rays. The method is based on the fact that P 3 1(n,o() and Si 2 8 (n,p) 

•< 6 2 

reactions have the same daughter nucleus and ;0u is a pure positron.emitter. 

In our experimental arrangement three identical cylinders containing 

Cu, P and Si samples are irradiated on a slowly rotating aluminium ring 

(fig .l ) . Rotatl on ensures that the samples occupy, on an average, the same 

geometrical disposition relative to the target. The samples are then counted 

on analyser with the channels set approximately to cover, the two photopeaks. 

It is not necessary to know the location of the peaks very accurately. Let 

C^nd Cg be the corrected saturation count rates observed in the higher and 

lower energy channel respectively with P. Let C^ and C^ be the corresponding 

rates for Si while C_ be the rate in the annihilation channel observed with o 
Cu - then, the contribution of degraded photons in the lower channel with 

150-



151-



vn Mev 

152 



P is CI C. so that its positron activity is proportional to (c - CI . C . ) . 

C3 4 __ 3?3 • 
Comparing this with C^, we easily get the value of O (n, 2n) of P 

7 4 

in terms of0~(n,2n) of Cu . SimilarlyCT"(n,cO of P is obtained in 

28 
terms of £r"(n,|!) of Si by comparing C^ with 

31 

The value ofCT" (n,**) of P obtained by us is 109 +. 11 mb which can be 

compared with the values 146 +_ 29 obtained by Paul and Clarke ( 2 ) and 98 +_ 1 2 

obtained Gabbard and Loomies (3). 

The value ofC5~(n,§n) obtained by various workers in shown in fig, 2. 

Our values will be seen to agree with those of Rayburn ( 4 ) . It is proposed 

to carry out further experiments in this field especially in view of the large 

dispersion of results of various workers-. 
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NEUTRONS ACTIVATION CROSS-SECTION AT 24 KeV II 

A.K. Chaubey & M.L. Sehgal 
Muslim University, Aligarh 

Neutron activation cross-sections at 24 KeV have been measured for the 

following target nuclei:-

„ 68 . 69 „ 71 Q 80 _ 79 „ 81 _ 103 ~,108 10 . 109 , 113 
Zn , Ga , Ga , Se , Br , Br , Rh , Pd , Pd , Ag , In ; . 

^ 138 _ 141 m186 _ 185 B 187 _ 193 „+198. , _ 208 A cw T> 
Ba , Pr , W , Re Re , Ir , Pt j and Pb „ An Sb-Be 

jhotoneutron source was used forthe measurement. The "theoretical vaLues 

are obtained using the expression given by R. Booth et al. (2)0 In general 

there is a good agreement between the experimental and theoretical values, 

The resuits are shown in the attached table and figure. It is found that 

at the neutron; magic numbers d exp. /CT"theo. has a high value ~ 
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TABLE 

127 
Neutron activation cross-sections at 24 KeV, relative to I whose cross-

section (1,2) at this energy was taken equal to 0,82 b<> 

Target 
Nucleus 

X 

Halflife 
of 

(X +1) 

Observed 
cross-section 

Calculated Earlier 
cross-section cross-section 

„ 68 
Zn 13. 8 h 

Zn68 52 min 

Ga69 21. 1 min 

Ga71 
14. 2 h 

Se80 
57 min 

Se80 18 min 

79 
Br 4, 5 h 

79 
18 min 

Br81 
36 h 

Eh 1 0 5 
4. .4 min 

Eh105 
42 sec 

Pd 1 0 8 
4« ,8 min 

Pd1 1 0 
and 13 h 

Pd1 1 0 
22 min 

Ag109 
24 sec 

In 1 1 3 
72 sec 

Ba 1 3 8 
84 min 

Pr141 
19 h 

w 1 8 6 ' 24 h 

Re 1 8 5 
89 h 

Re 1 8 7 
17 h 

I r 1 9 3 
19 h 

Pt 1 9 8 
30 min 

Pb 2 0 8 
3, >3 h 

Cr(mb) /fKmb) c O m b ) values(mb) 

5 

22 
50 

75 

7 

6 

80 

545 

560 

55 

455 

185 

120 

690 

260 

7 

405 

155 

1765 

875 

630 

205 

6.5 

31 c4 
5<,6(1),6„1(12} 

3 j 26(2)r24(l8) 

5 126.4 68(1), 140(17) 

10 122 151(18): 

1 j 14.7 

10 

45 
676 

45 
676 

75 550(1) 

251 

45 J 
527 

15 530 540(1), 290(17) 

1.5 1982 >300(2) 

60 647 

90 1046 

1 0c5 11 .4(1^8.6(18) 

55 49 547( 1) 170(2) 
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DISCUSSIONS 

N. Nath : What is the order of the error in you cross-section measurements? 

A.K. Chaubey: Errors due to all the factors are near about 10$ plus the 

statistical error depending upon the counting rate in the individual cases. 

Comments It seems the error have been under estimated.' 

P.N. Trehan: How do you know the neutron, energy that is given by the Sb-Besouroe?. . 

A.K. Chaubey: Sb-Be neutron source is a photoneutron source giving neutron 

of energy 24 KeV„ 

157-



LIFE-TIME AND ANGULAR CORRELATION MEASUREMENTS 
IN THE DECAY OF CdH? 

V. R. Pandharipande, K.G. Prasad, R.M. Singru and R.P. Sarma 
Tata Institute of Fundamental Research, Bombay-5 

117 
The decay scheme of Cd has been established earlier (l) and is 

shown in Fig.1. The present study was initiated to study the structure of 

117 

the levelsin In . 

Angular correlation measurements have been carried out and the results 

are summarised in table 1. The observed angular correlation has been expre-

ssed in the standard form W( © ) = 1 + A^P^ (Cos Q ) + A V (Cos ©),. 

TABLE I 

Cascade " . " A0 A 

1300-280 KeV + 0,271 + 0.013 + 0.026 + 0.042 

1050-1070 KeV — 0 . 0 2 2 +_ 0.012 + 0.015 + 0.038 

540-1410 KeV 0. 011 + 0.012 + 0.060 + 0.038 

The results of the 1300-280 KeV cascade indicated that the spins of 

the levels at 590 and 1890 KeV are 3/2 and :respeceively. The parity 

assignment has been made from the log ft values of the beta transitions 

to these states. The transitions are nearly pure El and Ml respectively. 

The spin and parity of 1070 KeV level is 7/2+ as obtained from beta 

gamma and gamma-gamma coincidence measurements. The 2120 KeV level can have 

spins 9/2 or 11/2o The latter possibility is ruled out by the angular 
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correlation measurements, provided the 1070 KeV gamma ray is assumed to be an 

Eg transition* This assumption is valid if the level at 1070 is due to the 

coupling of one phonon with the ground state (2). In this way the analysis of 

1050 -1070 KeV cascade shows that the most Uikely spin of 2120 KeV level is 9/2. 

The multipolarity of 1050 KeV gamma transition cannot be obtained from this 

measurement alone. 

• The analysis of the angular correlation of the 560 -1410 KeV cascade has 

indicated a; positive A^ term. Such a term indicates some M2 mixture in the. 560 

KeV transition. The possibility of M2 mixture in these transitions(560 and 1050 

KeV) indicates a large retardation of El transition such a retardation ( 3 ) is 

— + 118 
also observed in 5 % ^ 4 transition in Sn (2290 —> 2250 KeV) and is of the 

order of 3 x 10^. The 5~ level at 2290 KeV in Sn"'18 is two qua si-particle level 

with one qunsi-particle iri h and the other in Si orbital. The 4+ level at 
M/d 3 

(gj/2 ^ ^ Si)a In this transition 4 + ) the odd neutron goes from h^ ^ 

orbital to 67/2 orbi 'fcal a n d ^ 3 = 25 I-*1118 retarding the El transition. Hence 

117 

the present measurements indicate that the high energy levels In may be due 

to the breaking of a neutron pair. The errors in -the measurements of A^ are quite 

large and we propose to improve on these measurements. 

The half-life of the 750 KeV level was measured by the standard time to 

pulse height conversion method. The delayed coincidences were observed between 

the beta rays of energy 1200 _+ 100 KeV and the 440 KeV gamma ray. The observed 

half-life is 4.91 +.0.3 ns. A similar level at 820 KeV in the neighbouring 
115 + 

In isotope has a half life of 5.1 ns and there it is indicated to be a 3/2 

117 

level. The level at 750 KeV in In may be of similar nature. 
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LIFE-TIME ANITANGULAR CORRELATION MEASUREMENTS IN Au 1 9 9 

K.G. Prasad, R.P. Sharma and B.V. Thosar 

Tata Institute of Fundamental Research, Bombay -5 

The energy levels in odd mass isotopes of Au have been of great interest 

and various investigations, experimental as well as theoretical, have been -

carried out in the recent past. The 79th proton in these isotopes moves in the 

•Z 

d^/2 ^ ^ positive parity excited states according to 

core excitation model may result from the coupling of the odd nucleon to the 2 

state of the core, leading to the quadruplet |-+
s, 3 / 2 % 5/2+ and 7 /2 + . The recent 197 

investigations in Au have supported the presence of such a quadruplet. In 

199 

the present work the energy levels in Au have been investigated from the decay 

199 

of 30 minute Pt c. These energy levels have been reported by us earlier as 

studied frcm the beta-gamma and gamma-gamma coincidence measurements, further 

work is carried out to investigate the nature of these letelis. 

The half-life of tie first excited state at 75 KeV has been measured 

to be 1.46 + 0 . 6 naho sees. In this measurement the usual T.P.C. method has 

been utilised by observing the delayed coincidences between the 75 KeV and 715 

KeV gamma rays. 

The gamma-gamma directional correlation measurements have been carried 

out by using three detectors and the coincidence counts were collected at two 

angles simultaneously. The measurements were made at three angles and the 

coefficients A2 and A4 defined by the equation w(©) = 1 + ApP (cos ©) + A.P ^ t T T 

(Cos G) have been calculated* For the 475 -320 KeV cascade these coefficients 

A2 are as follows; , 

A2 = 0 c.082 + .01 

A4 = 0.042 + .031 
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In a similar way the 197 — 540 KeV cascade was analysed and the 

values of A and A. are 

A2 = 0.064 + ,013 

A4 * -0,0514 .04 

Based on this data we would like to say something about the nature of the . 

199 
energy levels in Au , These energy levels are shown in the figure„ 

199 / + 
The ground state of Au is known to be 3/2 as measured from the 

199 — 
atomic beam method. The groimd state of Pt is 5/2 as obtained from the 

199 

earlier measurements of the energy levels in Pt . 'As compared with the nei-

ghbouring odd mass isotopes of Au and the observed high log ft value of the 

beta transition the spin and parity of "the first excited state has been 

put as 2"+- By calculating the reduced E2 transition probability from 1he ob-
197 

served halflife of such a state in Au and the E2 + Ml mixing ratio, Brau-

stein and de Shalit have recently explained this state to be the lowest state 

of the core multiplet. In the present case also this excited state at 75 KeV 

could be a member of the core multiplet. 

The gamma gamma directional correlation analysis of the 475 -320 KeV 

cascade has indicated a possible spin of 3/2 and 5/2 for the states at 790 

and 320 KeV. The other possibilities are ruled out from the observed sign 

and the finite value of the A^ term0 The analysis of this cascade has further 

indicated the possibility of some E2 mixture in these transition. Due to the 

large error in A^ term the percentage E2 mixture varies in wide range. With 

the 320 KeV level as 5/2+ the observed large intensity of 240 KeV transition 

compared to 320 KeV can only be explained by assuming another level very close 
197 

to 320 KeV. In that case when compared with the neighbouring Au this level 
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can be 3/2+„ 

From angular correlation measurements the 197-540 KeV cascade can be 

interpreted as 5/2 * 7/2—^3/2 cascade provided the intermediate state at 

/ 197 
540 KeV is assumed to be 7/2 in analogy with Au , where such a state has been 

observed in Coulomb excitation experiments. On this assumption the 540 KeV is 

a pure E2 transition while the 197 KeV transition is mostly ML. The analysis 

indicates a 5 to 7% E2 mixture in this transition. The observed value of 

the A^ term and the log ft value rule out the other values of g>in for the 737 

KeV state. In this way the levels at 75 KeV, 320 KeV and 540 KeV could be 

the members of the quadruplet formed by coupling of the first phonon with the 

CL3/2 ground state. Further work is in progress to say more definitely about 

these levelsc 
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A MAGNETIC COOLING SET-UP FOR STUDIES WITH ORIENTED NUCLEI 

Girish Chandra and V.RC Pandharipande 
Sata Institute of Fundamental Research, Bombay-5 

By static method appreciable degree of nuclear orientation can be 

achieved generally in "the temperature region of 0.01° k -0*1° k. These 

temperatures are obtained by adiabatic demagnetisation of a suitable paramag-

netic salt. In this report we will describe briefly our apparatus for adia-

batic demagnetisation and the preliminary result obtained w.th "the aligned Co^ 

nuclei. 

Figure 1 shows the helium cryostat used for magnetic cooling. The 

paramagnetic salt chrome potassium alum, used as the cooling agent, is suspen-

ded in a perspex-stainless steel assembly and enclosed in a copper tube. This 

tube is suspended from "the top of the cryostat by means of a stainless steel 

tube which also serves as the pumping line . The magnetic susceptibility 

of the salt is used as the temperature dependent parameter to measure the 

temperature below 4°k. It is calibrated in 4.2° -1<,2° k range using helium 

vapour pressure thermometry, A set of mutual inductance coils wound over the 

salt with secondary output connected to a ballistic galvanometer enables us 

to measure the variation of susceptibility. The copper tube is surrounded by 

liquid helium which is then surrounded by liquid nitrogen shield. The adia-

batic demagnetisation is carried out in an initial magnetic field of about 

22 kgauss and a temperature of le15°k. The final temperature of 0o011°k is 

obtained. 

60 

Co nuclei were aligned in a single crystal of cobalt. The cobalt 

crystal was in a form of a disc of diam. 3 mms. and thickness 0,2 mms with 

the hexagonal axis parallel to the plane of the disc. At room temperature 
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it has hexagonal closed packed structure with the hexagonal axis as the only-

easy axis of magnetisation with the result that all 1he magnetic domains are 

aligned along this axis. Upon cooling the crystal to Qf01°lfc an appreciable 

degree of nuclear alignment along the hexagonal axis is obtained« The crystal 

was irradiated by thermal neutrons in a reactor to obtain Co^« which was then 

annealed in vacuum at 380°C for about 20 days. The crystal was sandwiched 

between tfao cylinder^ of chrome potassium alum with thin coating of Apiezon 

B oil on either side of the crystal for thermal contact. After magnetic coo-

ling Co^ gamma rays were counted along 1he orientation axis and perpendicular 

to the axis. The result is shown in Fig.2. About 15$ change in counting rate 

along the axis is obtained atthe lowest temperature. More detailed measure-

ments at three different angles are in progress-, It is expected to clarify 

the large discrepancy between the results of Grace et al (l) and Daniels 

et al. (2)o 

Alignment of other nuclei such as Co"'7 and ^o^8 in single crystal of 

cobalt will be undertaken soon. 
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BETA GAMMA DIRECTIONAL CORRELATIONS IN Tm 1 7 0 

W. V. Subba Rao & Swami Jnanananda 
Laboratories For Nuclear Research, Andhra University, Waltair 

The anisotropy A as a function of energy is measured in the energy 

region 227.5 Ke? - 747 .5 KeV of 883 KeV -84 KeV beta gamma cascade in 

170 

Tm , The correlation coefficient ( w ) is obtained. The analysis is ; 

carried out to test the validity of various approximations and to get the 

values of nuclear matrix parameters following the procedure suggested by 

Dulaney et al. The absolute values of the matrix elements are also 

calculated,, 

DISCUSSIONS 

RaM. Steffen: I am afraid that the analysis used here which is based on 

Kotani's formalism is not good enough for such a largeZ. The exact wave-

functions of Rose and Ehalla should be used to extract meaningful results? 170 W.V. Subba Rao: Dulaney himself has tried this sort of analysis for Tm 

i 

to extract 1he parameters. However, being more refined and I am naturally 

interested to adopt the wavefunctions given by Rose and Bhalla to conduct 

further analysis, 

R»Mo Steffen: What sources have been used? The attenuation of the 

correlation due to the quadrupole coupling in the 2 + state should be 

considered. 

W.V. Subba Rao: Liquid source evaporated to dryness on a mylor: films is 

used. .The attenuation of the correlation function due to the quadrupole 

coupling in the 2 + state is underc consideration,, But in "the present analysis 

it has not been accounted for. 
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BETA-GAMMA DIRECTIONAL CORRELATION IN N d U 7 

V„ Sehagiri Rao, And V. Lakshminarayana 
The Laboratories for Nuclear Physics 

Andhra University, Waltair 

147 '147 
The isotope Nd decays to Pm through various beta transitions of 

which the most intense transitions are of end-point energies 790 KeV and 350 

147 

KeV feeding respectively the 91 KeV and 531 KeV levels of Bm . Several 

investigations were carried out to infer the characteristics of this radia-

tions. In a recent investigation Sharma et al. (l) found that the shape of 

the beta spectrum with the end point of 350 KeV was statistical while that 

of the transition with 790 EeV as end pfjnt deviated from the statistical 

shape. Both of these transitions are first forbiddenC.5/2 to 5/2 + ) . Assuming 

that = 0 ran& tensor matrix elements contribute to the' transition and 

neglecting 1he contributions of other ranks (^-=1 and 2)„ they obtained 

ratios of matrix element parameters from their observed shape factor C(w) 

« IC(1 -0o23W) or C(w) = - K(l + 0,2W - 20 ) for the beta transition feeding 
W 

the 91 KeV level„ They con&luded that, on this assumption, the beta-gamma 

directional correlation should be isotropic. Both of the beta transitions 

being of the type 5/2 ((?>) - 5/2+ (if ) it is also interesting to study 

beta-gamma directional correlations from the view-point of obtaining infor-

mation on the structure of these states'. However, the analysis will be 

complicated owing to the occurence of 6 matrix elements in these = 0 

beta transitions. Integral and differential beta-gamma correlations are 

therefore conducted with these transitions of the type 

5/2" ( P ) - 5/2+ ( Y ) - 7/2+ 

The experimental arrangement as well as the experimental procedure are 
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similar to those of Subba Eao et al, ( 2 ) . The isotope is obtained from 

AEET as Feodymium Chloride in dilute HC1 solution with a specific activity 

of 170 mc/gm* A thin source is prepared by depositing a few drops of on a 

2 

Mylar film of thickness 600 Mcrograms/cm . 

RESULTS 

1 ) 350 KeV beta- 531 KeV gamma: The photopeak of the 531 KeV gamma is 

accepted in a 10$ channel and anisotropy is measured with the output of the 

beta detector in the region of energy 150 KeV to 350 KeV divided into 10 

parts in a 10-channel analyzer. The observedanisotropy is quite small and 

the results could be taken to indicate isotropic distribution. Thus the 

beta-gamma directional isotropy together with the statistical spectrum 

shape (1), a log ft value of 7.0 for the transition, a ^ value of 13c3 and 

Z = 60 can be taken as an indication of the validity of ^ - approximation 

for this transition. 

2) 790 KeV beta-91 KeV gamma: The integral correlation experiment has been 

conducted by accepting betas above 400 KeV in a single channel analyzer 

and the photopeak of 91 KeV gamma in a 12$ window of the gamma, channel. 

After the usual corrections, the beta-»gamma correlation function is repre-

sented as: 

w(e) = 1 + ( 0 . 0 3 8 ± 0 . 0 0 5 ) ? 2 Cos © + (0o005 + 0.008) p^ cos e 

which shows A.C^O* « 
4 

For differential correlation studies the portion of the beta 

spectrum between 400 and 750 KeV is accepted in a 10-channel analyzer. 

The corrected values of correlation coefficients had indicated a finite 

anisotropy ( 7$). A plot of the modified correlation coefficient • 

^s a function of energy is shown in Pig. 1. It can be seen from the figure 
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that the modified correlation coefficient is approximately independent of 

energy. This plot is based on a normalized value of C (w) = 1r (The aniso-

tropy in this case, however, is finite and in fact should be larger than the 

values observed in as much as no correction for the attenuation due to a 

life-time of 2 nanoseconds of the 91 KeV state is mode),- The anisotropy obser-

ved is of 1he order of 1/-^ e ifhis fact together with the log ft value, 

7.4; ^ i n relation to W and Z can be taken to'indicate the validity of 

approximation in this case also. However, the observed deviation of the 

spectrum shape from statistical nature cannot be reconciled with this conclusion. 

It may therefore be possible that the contributions of X = 1 and 2 tensor 

rank matrix elements be non-2eroc However they may not be so large as to 

justify the applicability of the modified"B. . approximation* To show that this 

is the case the ratios of spectrum shape factors at energies 1„74 and 2.09 and 

2w09'ahS 2.42 are obtained from the experimental shape formula 

C (W) = K (1 - 0.23 W) 

and the corresponding factors under modified approximation 

C(W) = V2 + Y2 + 1/12 £ (W0 - W)2 + (W2 - 1) "J 

in Kotani's notation (3). 

On equating the corresponding ratios the following equations are 

obtained: 

0.156V2 + 156Y2 + 0.83 = 0 and 0=169 V2 + 0.169Y2 + 0.152 = 0 . 

It is therefore not possible to obtain conics in either case and hence no 

solution can be obtained for V and Y. This case therefore cannot be fitted 

under any of "the extreme cases in which the evaluation of the matrix elements 

is possible. The only possible way of obtaining information on the matrix 

elements is to attempt solution on a computer with several observables. 

172-



Unfortunately not many observables are available for this transition. Beta-

Gamma circular polarization studies have not been made, probably due to 

the low energies of the gamma transitions. Results on the orientation 

experiment are however available. Attempts are being made to write equations 

for a computer programme utilising the available data. 
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GAMMA-GAMMA DIRECTIONAL CORRELATION IN Te 1 2 5 

S .L. Gupta, M. M. Bajaj and N.K. Saha 
Department of Physics and Astrophysics 

University of Delhi 
Delhi 

INTRODUCTION 

i 2 3m 

The long lived (104 days) Te decays to the ground state in a simple 

two step 89KeV - 159 KeV gamma-gamma cascade. Earlier investigations(1-10) 

reveal anM4 character of the 89 KeV transition and a predominantly Ml for 

the 159 KeV with a small E2 admixture. Though there is a general agreement 

on the principal features of both the transitions, some discrepancy still 

exists about 1he E2 transition lifetime of the 159 KeV radiation. The 

reason is that the E2/M1 ratio obtained from the direct measurement of^T (E2) 

by Coulomb excitation ( 7 ) differs markedly from that obtained from the electron 

gamma correlation (8) and the L subshell ratios (ii ) . 

We considered it therefore necessary to rusk e an independent measure-

ment of the E2/M1 ratio by carrying out gamma-gamma directional correlation 

of the 89 KeV- 159 KeV cascade, which has not been attempted so far, perhaps 

due to the high internal conversion of the 89 KeV transition. 

EXPERIMENTAL PROCEDURE AND MEASUREMENTS 

All measurements were carried out with a conventional slow-fast 

coincidence arrangement with an effective resolving time of ̂ 3 0 ns, 
122 

Activity was produced by the pile bombardment of enriched Te (94=8$) 

at ORNLo 123 

The gamma-ray spectrum of Te is shown in Pig. 1. and the spectrum 

in coincidence with the 159 KeV photopeak is shown in Pig. 2. The 
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coincidence spectrum clearly establishes the existence of the 89 KeV gamma 

line, despite its very weak intensity ( ^ 0 . 1 $ of the 159 KeV gamma transition),, 

The unknown peak at 160 KeV due to some slight impurity c o n t r i b u t e s t o 

the 89 KeV- 159 KeV cascade0 The interference is found to be angle dependent 

and is corrected for. 

RESULTS 

After allowing for the interference, the solid angle corrected 

angular correlation function for tiie 89 KeV- 159 KeV cascade was found to be 

W(©) = 1 - ( 0 . 0 8 8 + 0 . 0 2 5 ) P2(cos ©), (L) 

whereas (theo.) = -0 .154 for a pure 11 /2 (M4) 3/2(id) 1 / 2 cascade. Analysis 

of eq. ( L ) in terms of 1 1 / 2 (M4 ) 3 / 2 ( D , Q ) 1 /2 spin sequence (figo3) results 

in the Ml multipolarity for the 159 KeV transition with a Q2 = 0,011+ 0C008„ 

DISCUSSION 

123 
For the d, / 0—> si neutron transition in Te , the C (E2) values and 

theT(E2) / T (E2) enhancement factors calculated from different 
s.p' u v 'exp. 

independent measurements (7,8,11) and also from the present investigations 

are summarised in Table I„ 

TABLE I « ————— 

Summary of the results obtained for the 159 KeV transition 

Method 
v ' Ml - 132 e*i>' 

retardation x 10 sec enhancement 

(K E) (Y ) (©) (8) 0.013+0.001 41 25.34 8.9 

Present work. 0.011+0.008 41 29.89 7.2 

L V L . _ ratios (11 )0.0067+0.0011 41 48.87 4.5 
1 2,3 -

Coulomb 

excitation (7V0.0037 41 87.20 2 ,5 
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It is clear that the E2 speed is practically the same from the 

electron-gamma and gamma-gamma correlation measurements, and quite different 

from Coulomb excitation. The attenuation of the A^ coefficient ifr correla-

tion measurements is, however, not possible in- view of the short halflife 

(0o197i-j)of the 159 KeV excited state. In the light of this difficulty it 

would be worthwhile to remeasure Coulomb excitation data to check up the 

degree of E2 enhancement of the 159 Kef transition. Some E2 enhancement 

of the d, /0—» Si transition is expected on the ground of polarisation of "the 
3/^ 2 

proton closed shell by the odd neutron-interaction. A similar mechanism 

is known to exist in the deserved enhancement of E2 transition in the low 

207 
lying excited states of PI c 

As regards Ml retardation, there is no ambiguity at all and all the 

four methods yield identical results. 
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GAMMA-GAMMA DIRECTIONAL CORRELATIONS IN Dy 1 6 0 

S. L. Gupta and N.K. Saha 
Department of Physics and Astrophysics 

University of Delhi 

Delhi 

INTRODUCTION 

The level structure of Dy 1 6 0 following the beta-decay of Tb160 has been 

investigated by many authors (1-9) and seems to be well established. There are 

however, some uncertainties which still appear to exist for example in regard 

to the angular correlation of the relatively weak 215 KeV -960 KeV cascade 

which has been only recently investigated by Michaelis (8), and the multipble 

character of the strong 877 KeV transition. The first is rendered difficult 

by two interferingT—Ycascades. The angular correlation measurements in the 

case of three cascades, namely 215KeV- 960 KeV,298 KeV-964 KeV and 298 KeV 

- 877 KeV wfere^therefore considered necessary in order to re-examine the 

results of other authors(2,6,7,8). Particular care has been taken in the 

present work to estimate the CQmpton contribution of the latter two cascades 

to the former as best as possible. 

All measurements were carried out using a conventional fast-slow 

coincidence circuit with an effective resolving time of 30 ns. The gamma-

ray spectrum is shown in fig.1 aid the high energy coincidence spectra of 

215 KeV and 298 KeV: in gate are shown in figs. 2(a) and (b). These spectra 

were used to find out the true pulse height distribution in order to inter-

prete the angular correlation data. 

RESULTS 

The solid angle corrected correlation function for the cascade 215 KeV-

960 KeV was found to be 

w(e) = 1 + (0.44+0e012) P2(cos Q) + (0.003 + 0.020) P ( cos ©) (l) 
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This has still to be corrected for ^ 24$ Compton contribution from the 298 

KeV - 964 KeV cascade andrv3$ from the 298 KeV -877 KeV cascade as can be 

computed from the singles and the coincidence spectra. The interfering 

coincidences follow anisotropic distribution of their respective cascades 

and are corrected for. An isotropic interference of (25± 5)$ suggested by 

Michaelis (8) due to pile-up effects seems to be absent in our case. 

The angular correlation function thus corrected anisotropically becomes 

W'(e) = 1 - (0.01 + 0.02) P2 (cos ©) (2) 

^he change in the sign of A^ with a relatively large error is quite 

obvious in the light of the large percentage, of interfering coincidences 

mainly from the 298 KeV - 964 KeV cascade which shows strong positive aniso-

tropy ( 40$). This interference becomes all the more important as the 

215 KeV - 960 KeV cascade is relatively weak in comparison with its neigh-

bouring cascades. 

Analysis of eq. (2) in terms of "a 2 (l>,Q) 3 (l>,Q) 2 spin sequence for 

the 215 KeV- 960 KeV cascade was done graphically. With Q = 0 for 215 KeV 

transition (taking pure El) .the analysis gives a quadrupole content of 

Q_ = 0.05 or Q„ = 0.995 + 0.005, and with Q. / 0.015 (from ICC data), 
c. 1 

it gives Q2 0.04 or = 0.991 +. 0.006. The lower value of ^ 0.05 

is ruled out on the basis of other supplementary data (4 ,5 ,8) . The 960 

KeV transition, therefore, turns out to be almost pure E2 with a maximum 

JO. admixture o f ^ 0 o 9 $ . This result is also supported by A2 (theoretical) 

= -0.042 for a pure 2(E1) 3(E2) 2 cascade against the (experimental) 

= -0.01'+_ 0.02, though within the large experimental error. 

* W. Michaelis - Private communication. 
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The true angular correlation functions for the cascades 298 KeV 

964 KeV and 298 KeV - 877 KeV, after taking into account their mutual 

interference of (14 +_ 5)$ become 

w(©) = 1 + (0.245 + 0.043) P 2 (cos ©) + 0.014 + 0.067) P4(cos ©) ( 3 ) 

W(©) = 1 - (0.124 + 0.022) P2 (els «) + (0.14 + 0.022) P^(cos ©) ( 4 ) 

Eq. ( 3 ) when analysed in terms of 2(D ,Q) 2(Q)0 spin sequence for "the 298 KeV 

- 964 KeV cascade shows that 298 KeV transition is predominantly El with 

a maximum of 0 .5$ of M2. The graphical analysis of eq.(4) in terms of 

2(D,Q) 2 (D.Q) 2 spin sequence for the 298 KeV-877 KeV cascade results in the 

E2 multipolarity of the 877 KeV transition having Ml admixture of only 

( 4 S 4 .2$) . These conclusions are in excellent agreement with the results 

of other authors (3-6,8)„ 

DISCUSSIONS 

/ ^ 
A close agreement between (expt.) (4,5) and ^(^2) , for 

K tne o o 

the 960 KeV^transition does not permit any ML or M2 admixture within the 

accuracy of the measurements. If however, there is any small Ml admixture 

in the 960 KeV transition, as ( @ — i f ) coincidence and direct -ray 

intensity measurements (1 ,3 ,4 ,5 ,8 ,9) seem to suggest, it will be very 

difficult to determine it precisely from the angular correlation measurements 

in presence of the large interference from the stroMneighbouring cascadesc 
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DISCUSSIONS 

E. Kondaiah: What is the error in €JZj>. ? If the error is + 10$ , 

it ties up with the probability of 10$ Ml mixture in E2 for the 960 KeV i f -

ray.. In that case it is not purely E2, 

5.L. Gupta: Large errors in relative intensity measurements and expt. 

may be taken either way in the interpretation of the 960 KeV multipolarity. 
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STRIPPING REACTION STUDIES ON THAILIUM ISOTOPES 

Paresh Mukherjee 

Saha Institute of Nuclear Physics 
. Calcutta 

(d,p) and (d,t) reactions studies are made with isotopically enriched 

Tl 2 0 5 (99%) and Tl 2 0 3 (92„6$) oxide targets, using the 15 MeV deuteron 

beam of the University of Pittsburgh Cyclotron. Excitation spectra, up 

to about 5 MeV, are obtained for the T1 2 0 6 ,T1 2 0 4 and Tl 2 0 2 nuclei. From 

the (d,p) and (d, t) cross section the ground state wave function of 

Tl 2 0 5 is found to be 74$ ( S ^ p — 1 ^ j f 0 E x P e r i m e n t a l l e v e l 

schemes of Tl20*% Tl20^ and Ti2®2p are compared with the shell model 

predictions, and evidences for considerable configuration mixing are 

obtained 
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STUDY OF CI 5 7 (p,n) Ar5 7 REACTION MECHANISM 

K.V.K, Iyengar, S.K. Gupta, BnLal and E.Kondaiah 
Tata Institute of Fundamental Research, Bombay-5 

INTRODUCTION 

(P> n) reactions in light, intermediate -weight and heavy nuclei have 

been studied by several investigators (1,2,3,4,5>6) with a view to find out the 

mechanism responsible for the interaction^ The angular and energy distribution 

of neutron emitted from light nuclei are characteristic•of direct interaction 

whereas those emitted from'intermediate and heavy nuclei show essentially 

compound nucleus features. Very little information exists on the interaction 

mechanism responsible for (p, n) reactions in nuclei in the mass region 

A = 20 to 40* It was for this reason the study of the angular distribution 

3Y 37 37 
of neutrons to ground state of Ar in CI (p,n) Ar reaction was undertaken. 

EXPERIMENTAL 'RESULTS AND CONCLUSIONS 

The excitation function for the production of the 1.42 MeV gamma rays 

37/ \ 37* 

in the CI • (p,nY JAr was obtained in the proton energy region 3-2 to 4.-8 

MeV at intervals of every 0.1 MeV. A KOI target of about 150 KeV thicfc 

target was used for the measurement and a Nal 2" x'2" crystal mounted on a 

R.C.A. 6810 was used for detection of gammas. The resolution of the gamma 137 

detector was 9% for Cs gamrna rays. 

The 1.42 MeV gamma ray yield has been compared in ^ig.1 with the yield 

of neutrons to 1.42 Me^ level obtained by Barnard et al„ 

The yield of the 1 .42 MeV gamma ray shows two broad peaks instead of 

a smooth variation suggesting of levels in certain regions of 
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excitation of Ihe compound nucleus,-, 

The ategular distributions of the neutron group to tie ground state of 

37 

AT were studied using a stilbene crystal mounted on an RCA 6810A type 

photomultiplier. Pulse shape discrimination was employed in order to reject 

gamma pulses and linear discrimination to limite measurements to neutron 

group leading to the ground state. NaCl targets of thickness 150 HeV at 5 MeV 

proton energy evaporated on to tantalum backings were used as the chlorine 
37 37 

targets. Neutrons are primarily due only to CI (p,n)Ar reaction as the 

Q value for Ua25(p,n) Mg25 is -4.84 MeV and Cl35(p,n)Ar35 is - 6.76 MeV whereas 

37 37 

,n)Ar is-1.598 MeV. The measured intensity of recoil protons were 

corrected for the variation of recoil proton pulse height with neutron energy 

as a function of the (p,n) reaction angle and also for the variation of 

efficiency of "the stilbene detector with neutron energy. The corrected inten-

sity at each angle was the normalized with respect to monitor counts. A thin ' 

plastic scintillator of about 2 mms.thickness and 2.5 cms diameter mounted on 

an RCA 6342A was used for monitoring neutrons. The measured angular distribu-

tions at the three proton energies 5«1, 5.3 and 5.5 MeV are presented 

in Pig.2. 

The angular distributions were least square fitted to a Legendre 

Polynomial series consisting of both odd and even order as they were asymmetric 2. around 90° . in the c.m and the ""X test was employed to determine the number 

of terms in the series required to give the best fit to the measured distr-
i-

butions. It is necessary to mention that the values of obtained for the 

best fit are not equal to the allowed degrees of freedom. The best agree-

ment is obtained at E = 5.3 MeV. 
P 
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E = 5.1 MeV 
P 

W (©) = 1 +(0.270 + 0.067) P ^ x ) 

-(0.131 + 0 . 1 2 8 ) P 2(x) + (0.538 + 0,170) P ^ x ) 

-(0.367 + 0c185) P.(x) + (0c151 + 0.115) Pc(x) — 4 — P 

E = 5.3 MeV 
P 

w(e) = 1 +(0 5 182 + 0.020) P^(x) 

-(0,052 + 0.028) P 2(x) + (0.339 + 0o035) P ^ x ) 

-(0o346 + 0o034) P,(x) + (0.248 + 0.033) PK(x) 
— 4 — 0 

-(0c324 + 0.022) P,(x) 
— o 

E = 5 , 5 MeV 
P 

W(Q) = 1 +(0,222 + 0.025) P ^ x ) + (0,304 + 0.,041) P 2(x) 

-(0,096 + 0,049) P„(x) 

where x = Cos Q and 9 is the (p,n) reaction angle. 

The large values of the odd order coefficients in the series 

required to give the best fit to the data indicate the excitation of mixed 

parity states. They further suggest ihe non-validity of the statistical 

38 

assumption for the Ar compound nucleus at ihe excitation of <"\>16 MeV 

reached in 1he present experiment. The appearance of higher order coeffi-

cients in the series indicate that some type of direct interaction may also be 

contributing to the measured reaction"yield. The 1„42 UeY"f - ray excita-

tion function also seems to question the continuium assumption for the 38 
compound nucleus, Ar in the excitation region covered. 
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THE (He 3 ,dO REACTION ON C 1 3 

V.K. Deshpande,I.I.T. Kanpur 
and 

H.W. Eulbright, University of Rochester 

The (He reaction on C has been studied previously (lj>2) for 

bombarding energies below 4.5 MeV. In a planer wave analysis of this data} 

Cwen, et. al. ( 3 ) attributed the large backward peaks, observed in the angu-

lar distributions, to the presence of heavy particle stripping in addition 

to the presence of the normal pick up process. In the present work, data are 

obtained at higher energies upto 10.3 MeV. Good fits to the angular distri-

butions are-obtained in terms of the pickup process alone, in a treatment, 

in which distortions of plane wave are taken into account. 

EXPERIMENT 

The variable energy cyclotron of the University of Rochester was used 

to obtain the beam. The carbon target was 100ywig .thick and it contained 

12 13 
about equal amounts of C and C . Surface barrier silicon counters were 

used to detect the reaction products. Angular distributions of alpha 

12 

particles, leading to the two lowest states of C were obtained at 8.82, 

9.44 and 10.30 MeV. Data were analysed at the Oak Ridge National Laboratory, 

using the DWBA programme 'Julie' (4,5) written for the IBM7090 computer,, 

DATA AND ANALYSIS 

The optical potential used for the analysis was a Saxon - Wood well, 

for both real and imaginary parts. The optical parameters obtained by 
3 

Alford, et.al (6) in the analysis of 0 (He ,o(.) reaction, in the same 

energy range, were used in the present analysis. These are shown 
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in Table I . No fits could be obtained without a cut-off radius Rc„ This 

single parameter was used as the adjustable variable of the problem. 

The .Ground state, 1/2- 0+ transition, involves the pick up of a 

neutron. The angular distributions and the computed fits for this case are 

shown in Fig.1. A slight variation in the cut-off radius with energy 

reproduces the observed variation in the intensity of the forward peak. 

Strong backward peaks are produced by the pick up mechanism alone when the 

plane wave approximation is dropped. 

The reaction leading to the first excited state involves a l/2~-—> 2+ 

transition in which a neutron is picked up. The angular distributions 

and the DWBA fits obtained with the same optical parameters as those for the 

ground state are dhown in fig .2. With the variation in only one parameter 

Rc , DWBA curves are found, which fairly well reproduce the general features 

of these angular distributions. 

The Oak Ridge programme computes the transition matrix element in the 

zero range approximation. The absolute cross sectioned' in terms of the 

programme output out is given by 

cr' - (c2s) x Cr2^ x x 
^ ~ ^ TAft(jET ^ PROJECTILE ° 

where C is the appropriate isopin Clebsch. - Gordon coefficient, S is the 

spectroscopic factor and Dq is the "effective" strength of the Zero range 

3 3 
interaction, between He and the picked neutron? If the TV- He well is • 

actually assumed to be of zero range, D, is eqttal to 2.38 x 10 x \f Qjjjo 

where B a n d a r e the binding energy and the reduced mass of the neutron. 

Using this value of D0 and with the maximum possible values of the. 

spectroscopic factors, the computed cross section is found to be smaller 
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than the measured cross section by a factor of ten. 

Jjn view of the uncertainty }.n the strength of the effective zero range 

interaction, analysis was made op the basis of the ratio CT*(lexcited state) 

/<r*(grouM ' state). This ratio ip independent of D0 and the spectroscopic 

factor of "the projectile. Using the experimental values of total cross 

sections, we obtain a value of 1,29 for the ratio ( s /S) , . . Calculations 

of Macfarlane and French ( 7 ) lead to a lower limit of 1.2 for this ratio. 

Their plane wave analysis of the available (p,d) and (d,t) data on C gave 

values less than 1. The present value of 1.29 therefore perhaps represents 

some improvement. 

TABLE I 

OPTICAL PARAMETERS 

V W r„ r a 0 c 

IN 105 21 1.52 1 .3 0.65 

OUT 110 5 2.4 1.3 0.68 
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DISCUSSIONS 

S.M. Bharathi : What is the error in your measurements?„ 

V.K. Deshpandes The relative error was about 3$, the absolute error perhaps 

about 10 to 15$ mainly due to uncertainty in the target thickness. 

3 

P.N. Mukherjees Have you measured the elastic angular distribution for He 

on C13? 
13 12 

VcKc Deshpandes No. C targets free from C are not presently available. 

3 12 
The parameters used are for He scattering on C . This work was done by 

Alford et.al. at Rochester. 

M.K. Mehta : You have bombarding energy from 8 to 11 MeV. What sort of 

resolution you need, and did the excitation curve show any variation with 

energy? 

(b) What was the excitation used in selecting the energy for the angular 

distribution measurements? 

VcK. Deshpande: The target thickness was about lOO^g., the beam energy 

spread about 50 KeV. The energies at which angular distributions were obtained 

were chosen arbitrarity. 

M.L. Chatterjee: You have made the cut-off approximation at 4fm. What is 

the upper limit of radius you have used in this radial integral? 

V.K. Deshpande : 20 'fin. 
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A STUDY OP NUCLEAR REACTIONS RESULTING PROM PROTON 
BOMBARDMENT OF Al 2 ' 

Joseph John, S.S. Kerekatte, M.K. Mehta 
Nuclear Physics Division 

Atomic Energy Establishment Trombay 

27 
Proton bombardment of Al with a bombarding energy above 4 MeV would 

27 

amount to an excitation energy of above 15 MeV in the Al nucleus. 

Generally, it is expected that at energies as high as this, the level density 

would be so high as to make the statistical model of compound nuclear 

reactions valid. In such a case the excitation curves would exhibit a smooth 

nature. At the other extreme, if the excitation energy is low enough, one 

would be-exciting only one or a few levels at a time, and the excitation 

curves would exhibit the familiar phenomenon of resonances. During the 

last five years, a phenomena called the Ericson fluctuations has been 

ascertained which is exhibited by excitation curves, taken with high resolut-

ion in the so called 'Statistical' region. 

27 

The Al (p»p'jr) experiments performed at this laboratory showed 

' resonances' in the excitation curves, and the present experiment was undertaken to investigate the nature of these resonances. 
27 

Thin self supporting targets of Al were prepared by evaporating 

aluminium on to glass slides and by floating the aluminium film off the glass 

slides in water. The target thickness was measured to be 3 KeV for about 7 

2 MeV protons. This measurement was done by observing the shift in the Li 

7 

(p , n ) Be threshold when the protons passed through the aluminium target 

before hitting the lithium target. 

These targets were mounted in a cylindrical chamber designed to take 

solid state counters. The excitation curves were obtained by using twtf 
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solid state counters simultaneously, the outputs from which were fed into 

a TMC 400 channel analyser, after suitable amplification. The elastically 

27 16 12 i 
scattered protons from Al , 0 , C as well as the oC f l , P^, P^, and 

27 ' 24 27 2 7 * 
P^ groups from the reactions Al (p, o ^ ) Mg , Al ( p ^ ) Al (p»p2) 

27* 27 / \ 27* 
Al and Al (p,p^) Al , respectively;, could be easily identified in the 

resulting particle spectra. 

Excitation curve® were evaluated for the P , aid P_ groups at 
0 ^ 0 5 

90° in the Lab. and the Pq and groups at 150° in the lab, for a bom-

barding energy range of 4 to 5.5 ^eV. The resulting curves are shown in 

fig. 1. The energy step was about 5 KeV „ All the curves show a relatively 

sharp structure. In many cases, a "resonance" appears in all the.; channels 

and at both the angles. There are a number of qualitative Criteria which 

can be applied to determine whether these "resonances" are real resonance 

effects and do represent T / D which is small( T AJ 20-50 K e v,D ^ 2 0 0 KeV) 

'or they are the fluctuations •which Ericson describes. 

First, there is the energy correlation between various channels and 

angles, which should be absent for fluctuations and present for resonancesc 

In the present work the energy correlations do exitet for many 'resonances'„ 

If these are resonance effects, then angular distributions meassured 

on prominent resonances could be analysed in terms of the (J,"i|) values of 

one or more neighbouring levels in the compound nucleus, which could contri-• i 

bute to a'single resonance. Although the actual calculations for such 

an analysis are quite cumbersome, they could be done with a fast digital 

computer. With this aim in mind, six angular distributions were measured at 

the six prominent resonances marked 'A' in fig.1. These angular 
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distributions are shown in fig. 2. The lack of symmetry about 90°, in general 

may imply levels of opposite parity, if these are resonances. 

A proper fluctuation analysis for the excitation curves and a resonance 

analysis of the angular distributions have to be done before any definite 

conclusions can be reached, but; qualitatively speaking it is possible that 

the data represents the "resonance" region as against the "fluctuation" region 

28 
of excitation in the compound nucleus Si „ 
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STUDY OP F19 (o( , n) Na22 REACTION USING A 4 ~ NEUTRON COUNTER 

K.K. Sekharan, M.K. Mehta and A.S. Divatia 
Nuclear Physics Division 

Atomic Energy Establishment Trombay 

INTRODUCTION 

Measurement of absolute cross sections of fcC »n) and n) reactions 

yields valuable information. For example, the properties of the compound 

nucleus are studied by analysing the energy dependence of these cross sections. 

To interpret the reaction mechanism it is necessary to know the total reaction 

cros section and below the coulomb barrier the n) and (jb , n ) cross 

sections form a large fraction of 1he total reaction cross section^ 

Using a 4 Jj' counter (l) for absolute reaction cross section measurement 

has the advantage that the yield curve .will be characteristic of the 

resonance levels in the compound nucleus. The levels in the residual nucleus 

will not contribute significantly to the resonances in the yield curve. This 

19 22 
method was used for studying the F , n) Na reaction. 

DESCRIPTION OP APPARATUS 

Accelerated alpha particles were obtained from the 5.5 Mev Van de Graaff 

Accelerator at Trombay. The targets were made of spectroscopically pure 

CaF2 evaporated on a thick tantalum backing. The targets were about 10 KeV 

thick for 3 MeV alpha particles. 

A sketch of the 4 7T Neutron counter is shown in Fig. 1. It consists 

10 

of twelve enriched B F^ counters (1" diameter x 18" long) embedded in a 

paraffin block 2,x2x2'' in dimensions. The counter is shielded by a 1/2" 

thick layer of boric powder and 80 mil thick cadmium layer to prevent 

scattered neutrons reaching the B 1 0 F counters. Six counters are mounted 
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symmetrically in a circle of 3i radius and the other six in a circle of 

4t radius. The inner counters are connected in parallel to a conventional 

electronic set up and the outer counters to another identical set lip and 

counts recorded separately* 

EXPERIMENT 

The excitation function of this reaction has been measured from 2 A 

to 5o5 MeV and is shown in Pig. 2. Readings were taken in steps of 6 KeV 

in low energy region and 10 KeV in high energy region^ The threshold for 

this reaction is about 2„36 MeV. The yield of neutrons at threshold is 

low and hence it was masked by the back ground neutrons from the carbon 

contamination on the target. Separate investigations have been made to 

13 16 
establish that the background is due to the C (c^ , n) 0 reaction 

neutrons. Arrows in Pig. 2 show the positions of̂  peaks from this reaction,, 

19 22 

The F (o(. , n) Na reaction has been studied by Williamson ( 2 ) 

et.al. up to 3<=5 MeV using a modified long counter-. There is a general 

agreement in spacing and peaks in the two data. The fact that different 

types of counters were used limits the scope for complete similarity in 

the two sets of curves. Data has just been obtained for the determination 19 of target thickness and absolute efficiency of the counter. The F (oC ,n ) 

22 23 
Na yield is being analysed to correlate it with the levels in Na c 

REFERENCES 
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44. 
A STUDY OP THE LEVELS OP Ti • 

M.G. Betigeri and N.. Sarma 
Nuclear Physics Division 

Atomic Energy Establishment Trombay. 

INTRODUCTION 

44 

Investigations of the nuclide Ti by nuclear reaction methods is not 

44 

easy because Ti is very inaccessible. The only possible reactions that 

may be used are: 

Ca40 (c ( ,Y) Ti44 Q = 5.235 

Ca42 (He3, n) Ti 4 4 Q = 5.979 

Ca43 (He3,2n) Ti4 4 Q=-19 . 5 

Ca46 (p , t) Ti 4 4 Q = -14.12 

With presently available facilities only the first two are feasible. 44 

We report our progress in the investigation of Ti using the reaction 

Ca4^ Ca4^. This method gives us the excited states of the nucleus 

from about 8.5 MeV to 10 MeV. The second phase of our program would be to 

study the gamma de-excitation of the nucleus. 

APPARATUS 

The scattering chamber has been described in a published paper (l ) . 

Pive ORTEC surface barrier detectors of depletion depth 500 to 300 microns 

were mounted 15 cms away from the target. One detector was used by the 

accelerator operations crew to monitor the beam on target and so adjust 

focussing conditions. The signals from the detectors were fed through 

low noise preamplifier-amplifier systems to 1he inputs of a TMC-400 channel 

analyser. It was therefore possible to record spectra from four detectors 
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simultaneously^ Correction for dead time of the analyser was made in the 

usual manner. 

The targets used were natural calcium oxide evaporated on to thin self 

supporting carbon films. It was estimated that the thickness of the carbon 

2 

was about 40 micrograms/cm - It was not found necessary to use separated 

Ca4^ isotope because the solid state detector is able to resolve the elastic 

scattered peaks from the different calcium isotopes. 

The targets were found very stable and could suffer continuous bombard-

ment of more than 1 micrompere without rupture. 

RESULTS 

Spectra from the detectors printed out by the analyser were plotted. 
40 

Pig. 1 shows a typical spectrum. The area under the Ca peak was then 

measured. Similar measurements were made at intervals of 10 KeV from 3.5 

MeV to 5.5 MeV. After correction for dead time, an excitation function for 

the elastic scattering of alpha from Ca4^ was computed (fig.2). The reetilts 

are still being analysed and the excitation function at three angles should 

be measured before long. 

The resonance behaviour of the excitation curve indicates that 

analysis of this data must obviously be carried out in terms of compound 

nucleus theory. We use the theory of Blatt and Beideoharn ( 2 ) for the analy*-

sis. However, their final expression is for a single isolated resonance only. 

Here several closely spaced resonances are found, and multilevel theory 

involving several resonance is required. We therefore use the ability 

of the CDC - 3600 to tackle complex numbers and write 
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CHANNEL NUMBER 

FIG-1-SPECTRUM OF ALPHA PARTICLES 
SCATTERED FROM TARGET(90°) 

205 



/ 

dcr/dcn (RUTHERFORD) 
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| = Z— , \ A" 

where 

J^ IL — incoming and outgoing orbital angular momentum 

a t f / u ^ ' I 

O / j <T~ - Coulomb phase shifts 

J>r ^ . hard sphere scattering phase shifts 

There may be several terms for the type j ^ Q j depending on the number of 

interfering resonances in the energy range fed into the computor-. We are 

now writing a search program forihe computer where in the selected 

energy range which contains for example, two reasonances, the computer 

selects two J, values out of the range J = 0 to 4 which if used in the 

dispersion theory give best fit to the resuitsr These two values are printed 

out along with the best fit curve for comparison. This spin search program 

is being debugged and we hope to be able to label the spins and parities of 
44 

the most of the levels in the compoun nucleus Ti very soon. The values 
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of Eq and " P for each resonance has to be fed into the computor. This 

is done at present by direct measurements on the excitation function into 

a series of Breit-wigner curves. 
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DISCUSSION 

M.K. Mehta. 

Comment: Looking at the amount of structure in your excitation curve, you 

might have to use i quite a few levels for your BrieVWigner analysis, and 

the reronance scattering matrix would become quite complicated. I suggest 

that instead of this a phase shift analysis technique would be less 

difficult as this is a zero channel spin case. We found this type analysis 

16 16 

worked very well for 0 0 work that we did at Florida State 

University* 
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LIFETIMES OF EXCITED STATES IN Cu65 , Cu65 , Ni62 AND Fe56 

BY DOPPLER SHIFT ATTENUATION MEASUREMENTS® 
• ** 

M.A. Eswaran 

Nuclear Physics Division, Atomic Energy Establishment Trombay 

and 

* 

H.E.Gove , A.E.Litherland and C. Broude. 

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada 

63 65 
The lifetimes of the first three excited states in Cu and Cu 

62 56 

and the first excited states in Ni and Fe have been measured by the 

Doppler shift attenuation method; the states were Coulomb excited using 

a beam of oxygen ions from a tandem accelerator. The mean lifetimes of 
63 +0 5 

the 0.668, 0.961 and 1.327 MeV states in Cu were found to be 3»3 Q ^ , 

9 . 6 + ° ' 9 and 8 .3 + ° 'o in units of 10~15 second. Those of 1he 0.770, 1.114 
— U . o — U . o 

65 +0.3 +0.5 
and 1.482 MeV states in Cu were found to be 1.3 , 5*3 and 

-0.3 -0.4 
4-1 1 1 ̂  CO 

7«6 * in units of 10 second. For the 1.172 MeV state in Ni and 
— I o U 

56 +0.19 
0.845 MeV state in Fe the mean lifetime values obtained were 2„26- * , "Us I b 

and 11.3+2"4 ^i"*58 10 ^ second. The results for the levels 

in the copper isotopes are compared with the predictions of the core 

excitation model. 

@ To be published in 'Nuclear Physics' (in press) 

** Wqrk perofrmed during the author's IAEA fellowship at the Chalk Eiver 

Nuclear Laboratories, Chalk River, Ontario, Canada. 

* Present Address:. University of Rochester, Rochester, N.Y., U.S.A. 
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DISCUSSIONS 
i 

U.K. Saha : What is the accuracy of the lifetime measurement by the 

Doppler shift method you use? 

M.A. Eswaran: About 10$. At also depends on "the relation between the 

attenuation] Values observed and the slowing down times involved. 

U.K. Saha: I wonder if the large size crystal as used, is not an inconve-

nience in respect of accuracy* 

M.A. Eswaran: No. Half angle of the cone of detection of gamma rays is 

about 20°. As you observe in the slides Ihe gamma ray peaks were not 

very much broad. 
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ENERGY LEVELS OF Ag111 

V.R. Pandharipande, R.M. Singru and R.P. Sharma 

Tata Institute of Fundamental Research-, Bombay - 5 

The decay of 22-min Pd *and 5.5 -hr Pd has been studied earlier 

by McGinnis(l), W. Pratt et al ( 2 ) and S .F. Eccles(3). However, no detailed 

*l 11 *l "11 in 
coincidence work was carried out on the decay of Pd and Pd . The present 

111 

study was initiated to establish the energy levels of Ag from the decay of 

1 "11 1*1 *|ni 

Pd and Pd and then to compare them with the neighbouring isotopes. This 

work has been carried out by employing gamma-gamma and beta-gamma coincidence 

technique® with scintillation phosphors® 110 Enriched (91.4$) sample of Pd obtained from ORNL was irradiated in 

Apsara Reactor, Trombay. For "the study of the decay of 22-min ground state 

111 
of Pd the sample was irradiated for 20 minutes and then chemically purified 

110 24 

for any contamination of Ag and Na . In a similar way the 5c5-hr isomer 
111 

of Pd was studied by irradiating the samples for 10 hrs and then chemically 

purifying them. 

The gamma spectra of both the activities were recorded with a 3" x 3" 

Nal (Tl) crystal and a 512-channel analyser and the observations were extended 

over several half lives. The singles gamma spectra of 5=5 hr. activity was 

analysed in the usual way by using standard line shapes and the intensities 

of various gamma rays as normalised to a value of 100 for the intensity of 

630 KeV gamma ray are given in Table I . 

The gamma-gamma coincidence measurements were carried out with two 

scintillation spectrometers consisting of 3" x 3" Nal(Tl) crystals mounted 

on Dumont 6363 photomultiplier tubes. The coincidence arrangement was the 
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usual fast-slow type with a resolving time = 0.12/cSec. All the coinci-

dence spectra were recorded on a 512 channel analyser. The results of all 

the gamma-gamma coincidences are summarised in Table II-. 

11 1 11 tm 

The beta spectrum of Pd and Pd " as studied on a scintillation 

spectrometer using anthracene crystal thick) showed the highest beta energy 

in boththe cases extending upto 2110 KeV. The end points of different beta 

groups feeding the different energy levels were determined from the beta-gamma.; 

coincidence measurements aiid their intensities were calculated from the gamma 

ray intensities, ^he relative intensities of the beta transitions to the 

various energy levfels and their log ft values are given in Table I II . 

The energy leviels of A g ^ which are fed in the decay of P d ^ and 

P d ^ m and which are consistent with the present data are given in Pig.l^ 
1 "11m- 111 

The Pd decays (93e5$) to the ground state (Pd ) by the emission of 160 

KeV isomeric gamma^transition and remaining by beta, emission to different 

111 
excited states of Ag 0 Prom the systematica in the odd-mass Pd isotopes 

111 — 
the spin and parity of the isomeric state of Pd appears to be 11/2 while 

that of the ground state is 5/2+
e The spin and parity assignn^ents to first 

111 

four low excited states of Ag at 70, 120, 290 and 385 KeV have been made 

from the systematics of such levels in odd-mass silver isotopes. The levels 

at 560, 1640 and 1810 KeV are assigned as 5/2" , 9/2" and 9/2~ respectively. 

This assignment is based on the fact that "the levels at 1810 and 1640 KeV 
— 111 

are populated by the beta-decay of 11/2 isomeric state of Pd and on the 

assumption that the gamma transitions from these levels could be at the 

most quadrupole in character«> 

A detailed discussion of the decay scheme and spin assignments would 

be found elsewhere(4)« 

213-



REFERENCES 

1. C.X. McGinnis, Phys. Rev. 87, 202 (1952), 

2 . W.W. Pratt and R.G. Cochran, Phys. Rev. 118, 1313 (1960). 

3. S.F. Eccles, Fhysiea, 28, 251 (1962)C 

4. V.R. Pandharipande R.M. Singru and R.P. Sharma, Physics. Rev. 

(, Tobbe published)* 

TABIE I 

E (KeV) Intensity E (KeV) Intensity 

160 + 5 620 830 + 10 10.3 

280 + 10 V 900 + 20 8.9 

V 71.1 
960..+ 20 295 + 10J 960..+ 20 11«5 

385 + 10 7 1080 + 15 18„1 

400 + 10J 177.3 
1130 + 15 17®2 

450 + 15 36.4 1250 + 15 15.9 

500 + 10 32.2 1380 + 15<. 8.8 

560 + 10 67.6 1440 ±:15 5.0 

630 + 10 100 1640 ± 20 22 o.6 

750 + 15 39 1690 + 20 11,1 

1900 + 20 8.6 
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TABLE Iir 

Gamma -Gamma Coincidence Data 

Gamma ray in 

gate, KeV Gamma rays in coincidence, KeV 

1630 50 

1380 400 

1250 160, 290, 385, 560 

1100 160, 290, 385, 560 

960 160, 290, 385, 560 

830 ' 385, 630 

750 160, 300, 400, 560, 630 

630- 290, 385, 500, 630, 820, 1080, 1250 

560 290, 385, 630, 960, 1080, 1250 

510 290, 385, 630, 510. 
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Intensities of beta transitions calculated from gamma intensi-

ties and their log ft values. 

TABLE III 

(i) 5.5 hour activity 

E (KeV) Daughter 

level (KeV) 

Intensity log ft. 

370 1970 0.5$ 6r,5 

530 18101- 1.9$ 6.6 

580 1760 1.8$ 6.6 

700 1640 1.0$ 7.3 

1120 1220 1.5$ 7c6 

(ii) 22-minute activity . 

E (KeV) Daughter 

level (KeV) 

Intensity log ft. 

330 1850 1.0$ 4.9 

670 1515 3.0$ 5.6 

1165 1015 3.1$ 6.0 

1620 560 1.7$ 6.9 

2110 70 84.5$ 5.9 
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THE LEVELS OF I 1 3 1 

iB.H. Bevare, R.M.Singru and H. G. Devare 
Tata Institute of Fundamental Research, Bombay - 5 

131 131 131m 
The levels of I are. fed in the decay of Te and Te The decay 

131m 
energy of the 30 -hr Te is quite large being/>J 2.5 MeV and levels upto 

131 

2.3 MeV are excited. The levels fed in the decay of Te will not be consi-

dered here as a detailed account of this decay scheme is already published(1)<-. 

Measurements and analysis of the gamma spectrum, gamma-gamma and beta-

gamma coincidences were done in the usual manner and a fairly good idea of 

the level scheme was obtained. In order to get a more detailed knowledge 

about the energy and multipolarity of the gamma-rays, conversion electron 

spectra were studied in a high resolution double focussing spectrometer. 

The source was electroplated on Mylar backing made conducting with a thin 

coating of gold vacuum-evaporated on it. The resolution! used was 0.4$. 

The following conversion lines were observed: K, L-81, K,L-102, K,L-149, 

K-201, K-241, K-335, K-775, and K-854 KeV. The K/t ratio for the 149 KeV 

transition was used to determine the E2/M1 mixing and hence the theoretical 

value of o(,jr. Using this value of and the relative gqmma-ray intensities 

as found from 1he analysis of the gamma-spectrum, the conversion coefficients 

for the othef transitions were calculated. The multipolarities of the 

various transitions were determined on the basis of these values of and 
K 

K/l ratio wherever available. These results are summarized in table I . It 

can be seen from this that the 775 KeV transition is mainly E2, the Ml 

admixture being ^ .30$ . This assignment to the 775 KeV transition is in 

disagreement with "Hie E1 assignment made by the Russian group (2) on the 

basis of the very low value of o C observed by them . 
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TABLE I 

E < Theoretical K/L K/L Theoretical Multipole 

(KeV) (Exptl) E1 
E2 M, (Expl) M1 

E2 Assignment 

81 1,6 + 0.3(0) 3.2(-l) 2 . 5 ® 1.6(0) 9.6 + 2 7.6 1.8 Ml 

102 7.0 +1.0(-1) 1.6(-1) 1.1(0) 6.2(-l) 9c6 + 2 7.6 2.7 M1 

149 2.05+0.07 (-1) 5.3(-2) 3.2(-l)'2.0(-l) 6.7 7.6 4.0 15$ E 2 

200 3,0 + 0,5(-2) 2.4(-2) 1,3(-l).9 33(-2) - - - E1 

241 2.1 + 0,5(-2) 1.5(-2) 6.6^5) 5.6(-2) - - - E1 

335 3.4 + 0.6(-2) 6.2(-3) 2.3^2) 2.4(-2) - - - M1'E2 

452 1.0 +0.25(-2) 3rO(-3) 9.6(-3) 1.1 (-3) - - - M i5E2 

775 2.2 + 0.4(-3) 8.0(-4) 2.3 (-3) 3.1 (-3) - - - V n < 5 C ^ , 

854 1.9 + 0.5(-3) 7.0(-4) 1.8(-$ 2„5(-3) — — - E 2 , M1 

It was interesting to see if any of the levels has a meausrable lifetime. 

'-Thi s was done by scanning the gamma-spectrum on a multichannel analyzer in delayed 

coincidence with very low energy beta rays. The delayed discriminator bias was 

adjusted to cut off prompt coincidences completely even in the region of 50 KeV . 

This delayed coincidence spectrum showed peaks at 200, 240, 775, 805, 850 and a 

very weak peak at 1050 KeV. This combined with the results of the gamma-gamma 

131 

coincidence measurements led to the conclusion that the 1829 KeV level in I 

has a measurable life time. The decay of this level was observed on the multi-

channel analyzer by taking delayed coincidences between 100-200 a-j\d 100-240 KeV 

gamma.rays and also between beta and 775 KeV gamma rays using the usual tehnique 

of time to pulse height conversion. The result is shown in Pig. 1 which also 22 
shows the prompt curve obtained with a ITa source selecting the same energies 
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*l 3 *Jm 

as in the case of Te , The observed half-life corresponding to the slope 

is 6 n sec. 

Gamma-gamma directional correlation measurements were also carried out 

for some intense cascades. The results of these measurements are given in 

Table I I . The measurements were made at sfeTPen angles and the method of 

TABLE II 
131 

Results of Gamma-gamma Directional correlation Measurements in I 

Cascade A0 A. 
2 4 

452 -149 fceV + 0.063 + 0.009 + 0.008 + 0*013 

854 -775 -JfeV + 0.0043+ 0.0076 - 0.031 + 0.010 

: 335 -854 KeV - 0.18 + 0.007 + 0„004 + 0,012 

200 -854 KeV + 0o075 + 0.009 -.0.017 + 0.014 

least squares was used for fitting the data. It can be seen that the775- 854 

KeV cascade gives an almost isotropic directional correlation and the A^ term 

is relatively larger and negative. Analysis shows that the 775 KeV transition 

is almost purely E2 which supports the internal conversion coefficient measure-

ment. The A, value in the case of 854 -200 KeV cascade seems to be above the 

4 

error though 200 KeV transition is expected to be E1 in nature from its 

conversion coefficient. However, one cannot attach much importance to this 

as the error in A^ itself is quite large. Better statistics will be able 

to tell more definitely about the A^ term. In any case the conversion 

coefficient measuresuments will not allow more than 5% M2 contribution in the 

200 KeV.transition. 

The decay scheme is shown in Fig.2. The highest energy levels mainly 
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decay to the ground. The log ft values of the beta transitions indicate that 

*t" "I" 

these levels.are of negative parity. The spin assignments of 5/2 or 3/2 

for "the 590 KeV, 9/2 to the 1629 KeV levels are made from gamma—gamma dire-

ctional correlation measurements. The level at 1829 KeV which has a lifetime 

of 6 ns can have spin 11/2 or 9/2 . The exfect assignment would be possible 

only after deciding about the magnitude of the A^ term. The present results 

favour the assignment 11/2 « The negative parity of these levels may arise 

due to two reasons viz. , the proton going in h 11/2 orbital or the coupling 

of the particle motion to the octupole vibrations of the core. The second 

seems unlikely in the case of the 1829 KeV level as it has no transition 2 

to the ground state. The configuration of this state could be g 7/2 h 11/2. 

The other positive parity levels may have considerable admixture of d 5/2 in 

which case the transitions from the 1829 KeV level to these oTther levels 

would be forbidden and so retarded. This may explain the observed half life 

of this level. Further work to establish this more definitely is in progress. 
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ON THE STRUCTURE OP 1.86 AND 3.22 MeV STATES OP Sr88 

S. Shastry 
Saha Institute of Nuclear Physics, Calcutta 

INTRODUCTION 

88 
In a recent experiment (l)a 3.22 MeV level of Sr was found in the 

88 

decay of Y . Calculating the E2-M1 mixing ( 2 ) from the given a2 and a^ 

coefficients there we get S = U13 +. °«42; where ^ is the ratio of the 

reduced matrix elements ( 3 ) of E2 and M1 transitions. 

POSSIBLE CONFIGURATIONS AND SPECTROSCOPIC CALCULATIONS 

In the present work -tie e-ffect of neutrons was not considered and only 

proton excitation was considered. The possible proton configurations for the 

J = 2+ state are 2 P ^ 2
 2P-j/2 a n a *f~5/2 2 pl/2 * ^ unPer"fcurbe<J energies ft 7 QQ 

for these configurations were found from 1he experimental data on Rb and Y , 

The hole-particle to particle-particle matrix element is given by, 

(we are not considering isotopic spin formalism). : , ; . —_ ' ) 

ji+j - j J | 

*foAo./VI > - L-0
 1

 * I v l h h J 

where the first and second terms inside the brackets on the right hand side 

are direct and exchange tterms, andU" JJ^) is the STahn's 

coefficients. The symbol j^J^is an abbreviation for (2J + 1 ) . 

Four types of interaction wer investigated. 

• L 
1. - k 

( - o b a f- \j0 £ /otf^ 
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S T 

Here Px is the space exchange operator, Q and Q are the projection opera-

tors which select the singlet and triplet parts of the two-particle ware 

functions respectively, a n d ^ i s the Rosenfeld exchange mixture. In all 

the above four interactions was kept at 45 MeV and the range of the Yukawa 

shape was kept at 1.4 fm. For "the Gaussian potential three values of X w a s 

tried as given in ref. (4) viz. 0.5; 0.75 and 1.0, but it was found that 

tha interaction ( 3 ) with V = 45 MeV, X =1 and = 0.375 gave the best 

agreement with the experiment and the wave functions were calculated with 

the energy obtained from this which was used in finding various transitions. 

The normalised wave function are thus given by , • 

J 3.22 I i f y L o-I 

CALCULATION OF TRANSITION PROBABILITIES 

The transition probability per sec for gamma rays of a given multi-

polarity L is given by / 

t u ) - hTt i L ^ , - i ( J A f c c r ) 
LliiL+O'-'J 1 ^ y 

where / ^ E is the transition energy and B (L<7~) is the reduced transition 

probability and is given by . . « 2. 

in which J and J^ are the initial and final spins and M^— is the multipole 

operator to be defined below for M1 and E2 transitions. 

The second quantized form for the E2 transition operator is given by 

where the operators and ^Jp are the creation operators for particle 

and holes respectively, and ^ ^ stand fdr the coupling single particle 

states. 

The operator of M1 transition is given by 
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In the above calculations harmonic oscillator wave functions were used with 

harmonic oscillator well parameter adjusted to 2.08 fermi to fit the r.m.s. 

88 
radius of Sr . The results are shown in Tables I and II . 

TABLE I 

Interaction V (MeV) 
0 

Range 
X 

E1 in 
MeV 

E2 in 
MeV 

E1 Exp 
in MeV 

- k v o t If M e / 2<r 

c - o ~ 6 Q V t a T M e ^ 45 

1.4.fm 

2.08 

2.88 

2.65 

3.71 

4.38 
- k v o t If M e / 2<r 

c - o ~ 6 Q V t a T M e ^ 45 2.08 0.375 1.81 3.47 1.86 

{ - f l & t ^ o ? ' A , ? 
1.4 "fm 0.375 2.63 3.96 

3.22 

Finally with the interaction (-0.6 QS + Vq £ with V^ = 45 MeV 

and = 0.375 we have the following results 

IABLE II 

3.22 to 1.86 (2+ 2 + ) mixing f S } : T(p[) from 2+ to ground state 0+ 

Calculated = 0.835 Calculated - 0.512 x 1.015 

Measured = 1.13 i 0.42 Experimental(5)= 0.645 x 1013 

— 88 
It is worth mentioning that for the 2.76 Mev 3~ state of Sr with confi-

- 1 - 1 
guration 1g9/2 a n d 1 f5/2 1g9/2 calcula" fced energy gave good 

agreement with the experiment giving 2.23 and 5.13 MeV but the E1 transition 

between 3 to 2+ state cannot be explained with these configurations for 

3 state as operator for E1 transition vanishes between these configurations 
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for 3 and configurations for 2 + . The calculated and experimental level 

scheme is shown in Pig. 1. A much more elaborate calculation to explain 

this 3 state wiih all the 14 possible configurations (only one hole - one 

particle configuration) is in progress. The calculation was done on CDC 

3600 belonging to Tata Institute of Fundamental Research Bombay, 
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INCOHERENT SCATTERING OP GAMMA RAYS BY K-SHELL ELECTRONS 

A. Ramalinga Reddi, V. Laksbminarayana and Swami Jnanananda 
Laboratories for Nuclear Research, Andhra University, Waltair. 

Incoherent scattering of gamma-rays is one of the major processes 

of interaction in the gamma-ray energy domain 0.1 to 5 MeV. The cross-section 

for this process is predicted with high accuracy by ICLein-Nishina formula in 

the case of scattering by free and stationary electrons. On the other hand, 

accurate formula for estimation of scattering cross-sections by bound electrons 

are not available. The usual method of description is, in these cases, to use 

the incoherent scattering function S(q,z) to multiply the free electron cross-

section in order to obtain the bound electron scattering cross-section. The 

theoretical estimates(l) of S (qrz) make use of unphysical atomic charge distri-

butions. A few experimental studies have been made to obtain information on 

the K-sehll electron binding effects on incoherent scattering . All these 

137 

studies (2-5) have been made with Cs gamma-rays, employing gamma-K-X-ray 

coincidence technique. The effect of electron binding averaged over all . 

electrons is studied by Sood et.a. (6) at angles of scattering between 4° and 

15° . The present investigation is an attempt to obtain information on the 

K-shell electron binding effects of gamma-rays with energy 320 KeV, employing 

the conventional coincidence technique. 

The experimental arrangement is similar to that of Sujkowski and 

Nagel ( 3 ) and the experimental procedure and analysis is similar to that of 
51 

Motz and Missoni (4) * A Cr source of 5*5 curies is employed with scatterers 

2 2 2 
of pb, (14*85 mg/cm. ), Ta (9s32 mg/cm ), and Sm(54,l4 mg/cm The source-

holder is a 2 ft. x 2 ft. steel cylinder filled with lead containing an axial 
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hole of 1" diameter in which the source is adjusted to be at 6" from the edge 

on the scatterer side. Two Nal (Tl) crystals of dimensionslf" X 2" and X 

i n are used with DuMont 6292 Photomultipliers for gamma and X-ray detection 

respectively. A conventional slow-fast coincidence arrangement with an effective 

resolving time of 60ns.is used. The differential K-electron incoherent scatter-

ing cross-section is obtained from the formula 

N c 

dt-ru No € yK ^ > Hm L» VMCYk) 

where is the coincidence count rate, is the number of gamma rays incident 

on the target per unit time, is "the efficiency of the gamma detector for 

detection of the scattered gamma rays into the solid angle » "to® 

efficiency of the X-ray detector for the detection of K-X-rays incident on the 

crystal in the solid angle is the coincidence efficiency, d is the 

thickness of the target expressed as the number of K electrons per unit area, 

i-^is the fluorescente yield of the target, "X^Jj^-) is the fraction of K-X-rays 

reaching the detector without being absorbed by the target and ^ajg^-fy) is 

'the corresponding factor for the gamma case. 

It is usually difficult to obtain N with sufficient accuracy^ As 

such, it i s eliminated by conducting an auxiliary experiment in which a free 

electron scattering cross-section(in aluminium) at the same angle is 

detemined under identical geometry. Since the free electron scattering cross-

section in aluminium is believed to be accurate ?o.thin 1$, it is employed 
to eliminate U . Thus , J 

ci<rK I °\ ( _ ' \( W » j - L t f H i n ) 
7 — - \jtl I >OUviO ' I A 

where ET̂, is the number of gamma-rays scattered by free electrons in aluminium 

of thickness d expressed in mg/cm2
r. The factors C^JL \ and f ^ ^^W) 7 

1 L y ^ . u o j 
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are difficult to estimate but the error in assuming them to be approximately unity 

is quite small. A and Aj^ are the atomic weights of the target and aluminium 

respectively. The factor (13/2) takes into account the fraction of bound electrons 

in aluminium. 

As pointed out in the earlier measurements ( 4 ) , the accuracy of this 

investigation is limited by the accuracy of estimation of N after correcting for 

chance and spurious coincidence events. In the present investigation, chance 

coincidence counts are estimated from the signals count rates and the known 

resolving time. Spurious coincidences are minimised by adopting the following 

measures: 

1) Using sufficiently thin targets. 

2) Using lead anti-scatter cones on the detectors to restrict their 

field of view to the target. 

3) Reducing stray materials alround. 

The remanant spurious coincidences are estimated by measuring the coincidences 

replacing the target by an aluminium scatterer containing equal number of -

electrons. 

The experiment is conducted at 45®, 60°, 90° and 110°. In each case, 

a minimum of 250 true coincidence counts are obtained and jd&p evalua^e(^ • 

'The experimental values of the ratio for the 3 elements are shown in Fig.1 . which 

also contains the theoretical curve S(q,z) based on Koppe's interpolation method 

(7) . The 

interpolation was made between two modes of atomic charge distribution 

Thomas-Fermi and Koppe for large q and small q respectively. It can be seen 

from the figure that the general trend of decrease of S as0 decreases is support-

ed. However, the actual values of S are much smaller in the experiment. It may be' 
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accounted by the fact that whereas the computation refers to the average effect 

of all electrons in an atom, the experimental values are for K-electrons which 

are the most rightly bound*. 

Z-dependence of differential scattering cross-section is analysed 

using a formula of the type rT ^C 

at each angle and the constants K and n are evaluated from the experimental 

values of {^do&K J(L-^jby least squares' fitting. The values of the exponent 'n' 

are negative varying from-1„03 to 0.127 as the photon scattering angle is varied 

from 45° to 110°. K-N theory predicts n =1 for all angles of scattering. 
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DISCUSSION'S 

J.Varma: The scattered If -ray spectrum has been unambigously shown to be a 

continuum and unless this fact is taken into consideration the cross-section 

measurements can be very wrongs 

V. Lakshmi Narayana : The experimental conditions are the same as those of Varma 

and Eswaranc The spectrum is integrally biased above 150 KeV arri thus no;t 

likely to yield a considerable error. 

J.Varma: The previous results of Jlott et al and others gave a value of 

to be larger than 1 beyond experimental or statistical errors and the small 
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observed erosssectioncan. be explained if the precaution mentiond in (l) are not 

taken into consideration. One should measure the cross-section for scattered 

photon energies from zero to the maximum 

V.Lakshminarayana: Mott and Misson's results are ait an energy of 662 KeV and 

the present experimental results are for 320 KeV gamma rays. Hence those 

conclusions may not be expected to hold in the present case. 

Ghose: You have used a strong source. How have you taken the effect of 

degenerate photons which inevitably occur in such sources? • 

V. Lakshminarayana: The effect is not taken into account.But it is not likely 

to introduce considerable error. 
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COMPTON SCATTERING OF LOW ENERGY GAMMA RAYS 

P. V. Ramana Rao, J. Raira Rao and V. Lakshminarayana 
laboratories for Nuclear Physics, Andhra University 

Wallbair' 

A few experimental investigations on the incoherent scattering of pho-

tons by bound electrons are reported in literature (1,2,3)0 All these investi-

gators studied scattering of 662 ICeV gamma rays by the K-shell electrons in 

various elements, using the "scattered gamma-KX -ray coincidence technique 

The results Brini et.al. were at large variance with those of other investi-

gators. Recently, Ramalinga Reddy (4) extended similar investigations down 

to 320 KeV,. His experimental results at this energy were found to disagree 

with theoretical predictions. 

Ihe present investigation is an attempt to obtain data on the incoherent 

scattering process at still lower photon energies. However, at such low photon 

energies, the experimental problems involved in the coincidence technique used 

by the previous investigators are severe due to the non-availability of intense 

sources and the inadiquate resolution of the various scattered events with 

scintillation spectrometer. On the other hand, It is. fairly easy to determine 

the total cJrose -sections with good statistical accuracy. The integral inco-

herent scattering cross-sections can then be obtained by subtracting from the 

total cross-section the theoretical sum of photo-electric and coherent 

scattering cross-sections. However, such a procedure is justifiable only when 

subtracted contributions are estimated accurately. This situation obtains 

for the interaction of low energy photons with low and medium z elements. 

Recent experimental and theoretical investigations on the photo-electric 

interaction ( 5 ) have established procedures for ihe estimation of photo-electric 

cross-sections. Similarly, theoretical (6) and experimental(7) studies on 
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coherent scattering of gamma rays have clearly established the validity of the 

form factor formalism for -the evaluation of coherent scattering cross-sections 

of low energy gamma-rays in light elements. The present method enables a compa-

rison of the bound electron and free electron scattering cross-sections integra-

ted over all directions, of scattering and summed over all the electrons, and 

the results indicate the trends of the influence of electron binding as a fun-

ction of atomic number and photon energy. 

EXPERIMENTAL DETAILS 

The total atomic cross-sections are determined in a good geometry arrange-

ment. A scintillation spectrometer assembled with a DuMont 6292 photo-multi-

plier and ' x £•" Nal (Tl) crystal is used as the detector. The isotopes 

203 141 191 153 
Hg 5 Ce r Os and Gd are used to provide gamma rays of energies 280, 

145, 129 and 100 EeV respectively, in sealed radiographic capsules having active 

141 
pellet dimensions 4 mm x 4mm. All but Ce are of 10 mc. strength. The 

141 
initial strength of Ce f however, is 20 mc and it is allowed to decay through 

143 

one half life to eliminate the contaminant activity Ce 0 The scattering 

materials are C, Al, Cu and Cd. The total atomic cross-sections are determined 

with a statistical accuracy within 1$. The K -shell photo-electric cross-sec-

tions for the elements and energies of the present investigation are computed 

using the analytical expressions provided by Nagel (8) and the values are 

accurate to within The cross-sections for coherent scattering (Rayleigh 

type) are computed under the form-factor approxirnation and the results are not 

likely to involve an error exceeding The theoretical sum of photoelectric 

cross-sect ion, flL^ ., and coherent cross-section, <J"cohe rent, is subtracted 

from the experimentally determined total atomic cross-section duJUL to extract 

the integral bound electron incoherent scattering cross-section c 
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For a comparison with O^" , the integral free electron incoherent scatter-

ing cross-sections OjT are calculated using the well-known Klein Nishina formula. 

The ratio i & b / j ^ Experimental,thus formed, is a measure of the influence of 

electron binding. The values of incoherent scattering function: S calculated 

on the basis of Thomas-Fermi ( 9 ) atomic charge distribution and compiled by 

G-rodstein (lO) and Helms ( 1 1 ) are used in the theoretical evaluation o f t o 

compute the ratio ( D ^ ^ The or 0 1116 overa-L1 error involved in the 

procedure is estimated to be about 3$. 

RESULTS AND DISCUSSION 

The experimental and theoretical ratios of ( ) a r e gi v e n i-n 

table 1 in which the percentage deviations ( ZY^ )are also furnished. The ratio 

) enables a quantitative estimation of the electron binding effects. 

The deviation of this ratio from unity is a simple measure of the diminution 

of "the cross-section due to binding effects and hence of the severity of the 

binding effects. It can be seen from Table 1 that j ^ E x p t l ^ ^ 

(cf7 ^Theor s^o w a Pr°gress:i-Ve decrease with increasing atomic number and 

decreasing energy in conformity with the expected trends of variation in these 

directions. An examination of percentage deviations ( ) b e t w e e n the two ratios 

reveals that there.is agreement between theory and experiment whenever the dimi-

nution due to binding effects does not exceed about 10$. Beyond this limit, 

the deviation shows a proportionate increase with the magnitude of diminution 

due to binding effects. It can thus concluded that the Thomas-Fermi atomic 

charge distribution underestimates the severity of binding effects. 
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DISCUSSION 

Ghose: What is the percentage error in your determination of O ^ ? For lower 

energy photons, the errors in theoretical values (due to larger photoelectric 

and coherent scattering) is bound to be large and hence your method is not 

applicable with any accuracy. 

P.V. Ramana Rao: The error in the determination of ̂ d i f f e r s with energy 

and element. The subtraction technique may not be feasible at very low photon 

energies but this contention does not apply at the energies we have employed 

for our investigation. 
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TABLE I 

Energy 
(KeV) 

Element c Al Cu Cd 

280 Ex 0.98+ 0.01 0.97+ 0.01 0.93+ 0.01 0.90+ 0.02 

Th 0.98+ 0.03 0.97+ 0.03 0.95+ 0.03 0.92+ 0.03 

£>7 0.0 + 3.2 0.0 + 3.2 2.0 + 3.2 2.2 + 4.0 

145 Ex 0.96+. 0.01 0.94+ 0.01 0.88+ 0.02 0.68j+ 0.08 

Th 0.96+ 0.03 0,95+ 0.03 0.93+ 0o03 O088+ 0.03 

A*/. 0.0 + 3o2 '1 .0 + 3.2 4.4 + 4 . 0 22„ + 10. 

129 Ejc 0.93+ 0,01 0.90+ 0.01 0,78+ 0.03 0.59+ 0.10 

Th 0.96+ 0.03 0.94+ 0.03 0.91+ 0.03 0.87+ 0.03 

"A 3.0 + 3.2 4*4 + 3*6 14„4+ 4o6 31, + 11. 

100 Ex 0.91+ 0.01 0.84+ 0.01 0„65± 0„04 o.34i 0.25 

Th 0o95+ 0.03 0.93+ 0.03 0.89+ 0.03 0.34+ 0.03 

A'/. 4.0 + 3.2 10.0+_ 3.6 ' 26o6+ 5.5 62.5+ 31• 



STUDIES ON THE LEVEL WIDTHS OP SOME 2 + STATES 

P.S. Raju, A. Durga Prasad, and Swami Jnanananda 
The Laboratories fo:r Nuclear Eegearch 

Andhra University, Waltair 

INTRODUCTION 

The resonance-scattering of "/-rays which is analogous to the familiar 

resonance fluorescence in atomic phjysics, is under investigation for measuring 

the level widths of 2 + states of Ti-46, Co-56 and Ir~192, belonging to even-

even group. These isotopes are chosen since they satisfy the resonance condi-

tions, although they lie in different regions* 

ihe scattering cross-section of "/-Photons of energy E-ymay be expressed 

d ) a s e r - ( . E r J = , 

OT^ being equal to 2.~t A 

, where E ^ and are the energy and wave 

length of y-quanta, the energy by virtue of which scattering is observed, T 
the natural width and J the spin of the excited state and I the spin of 

the nuclear ground state. 

The term (E^ - occuring in the denominator of eq. 1 represents 

the energy loss due to'recoil (2) . The value of 7"*for Ti-46 is theoretically 

computed ( 3 ) and found to be 3.802 x ev. A substitution of the values 

for energy loss and J"V in eq (1) gives the value of the cross-section which -30 2 

is of the order of 10 cm . The cross-section, as can be seen, is diffi-

cult to measure being appreciably small. The measurement of the cross-

section of this order especially associated with a large Compton background, 

is difficult unless some method is employed for compensation of recoil loss. 

In this method it is assumed that the energy loss sustained during the 
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+ 
transition from the 2 level to the ground state is compensated by the recoil 

* + + 

energy supplied by the/-photon from 4 to 2 state as shown in Pig. 1. On 

the basis of this assumption the resonance scattering of 892 KeV - component 

from Ti-46 has been expermentally observed. 

METHOD 

If the recoil arising out of the electron and neutrino emissions in the 

(3-decay under investigation, be ignored,'and the nuclei which are assumed 
at rest emit ^ -quanta give a cascade of the form shown in Pig0 1, then the 

^ © 

energies E-^ and Ey^ are related by the expression 

Cos <f>o = - E° r i / (2) 

^ being the angle subtended between "the directions of radiations at maximum 

resonance scattering. The terms B ^ and E ^ occuring in the level diagram 

are the energies of the Gamma components of the nuclei in motion. In the case 

. o 
of Ti-46 the value of <p = 142°5J, o This method requires- that the energy E y 2 

be greater than Ey^ and that the angle </>Q be such that the relation between 

E° Y-j and E° -f̂  is satisfied,, 

The source giving rise to the two components under investigation is 

in a state of thermal agitation. The "̂ -component from this agitated source 

is incident upon the target giving rise to a corresponding thermal agitation 

to the nuclei of the target so that the average effective resonance scattering 

cross-section is of the form 

o - - i f r m , x ) ( 3 ) 

where 1 i s of "the form (4) given by ^ /^A and . X =• ~ 

where A is the Doppler shift given by 

A ^ B r / ^ T ' . t TO 
M C 
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and T^ being the absolute temperatures of the source and the target 

respectively and k the Boltzman's constant. In the present investigation both 

the source and the target are at the temperature of the air-conditioned chamber. 

If the Doppler shift is much greater than level width ( A ^ f 1 ) then the 

scattering cross-section has the form 

- ̂  E- £ (?) 
fi nr 

The angle yf is the function of energy Etf so that 

e y < = e v ; y 

y - £ * , | > e > . % t « 0 n ( 6 ) 

The resulting resonance energy Ejriis related to ff^ by the expression 

A 
Now the resonance scattering depends ofi and can be expressed as: 

(7) 

If y^ and the aigle is the same as that given by ( 2 ) , the resonance 

(8) 

scattering cross-section is a maximum given by 

<5— \fi\ V . . 

If the deviation from compensation angle = be small, the expression 

(8) takes the form as JL1. 

o - r o ^ e ^ . C - f J A ^ J ( 1 0 ) 

whereto is the argular line width, given by 

, A M cz 

In the case of Ti-46 under investigation = 0.09833. Employing the 

approximation for ~P already mentioned the maximum cross-section may be derived 

as 

C T ^ ^ = 0.3757 x 10~24 cm2 

(Theoretical) 
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APPARATUSc 

A slow fast triple coincidence spectrometer is constructed and employed 

in conduction with correlation unit, with a view to'study experimentally 

the resonance scattering phenomena and to determine the cross section of the 

isotopes mentioned in order to test the validity of the theoretically computed 

values of the cross section and level width. 

The Sc-46 source is obtained in the form of ScCl. dissolved in dilute Hcl. 

This solution iscarefully introduced in a perspex tube of thin walls, 4 mm in 

diameter and 10 mm in length. This source is fixed at the centre of a circular 

plate the edge of which being graduated into degrees. The two channels and the 

source are fixed at the centre of the plate, so that the arms of the channels 

can be rotated to any desired angle and can be fixed in that position? This 

assembly is mounted on a fixed table of light material in order to maintain 

a stationary position even if the sources are changed, when required. The Nal 

(Tl) scintillator- Photomultiplier (Durnont 6292) assembly and the source are so 

arranged that the solid angles subtended at the source by the surface of the 

windows of the photomultipliers are of the same magnitude. The areas of the 

wave front of the collimated beam incident is identical with those of the 

windows. This arrangement eliminates back scattering. With this arrangement 

the angles of rotation are varied from 20° to 180°c 

The pulses from each one of the scintillator—photomultiplier assembly 

are fed through a fast amplifier to the fast coincidence unit of resolving 

-9 

time 18 x 10 sec. The pulses from the dynides are transmitted through 

amplifiers, through single channel analysers, to a triple coincidence unit 

with a resolving time of 10~^ sec, the pulses from which are recordedc 

The gamma photons pass through the titanium powder housed in thecolli-

mator the output from which is put in coincidence with a direct photon from the 
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other channel. With this arrangement a beam of gamma photons with an energy 

of 892 KeV is selected into the channel where Ti is lodged while the direct 

beam passing through the other channel is of 1118 KeV energy. With the 

fulfillment of 1he condition for compensation an increased attenuation of 

the incident gamma photons is observed on account of resonance scattering* 

A purely absorbing material such as Al is incapable of producing any resonance 

scattering. In this arrangement the column of Ti - 46 powder is 1.25 cmsc The 

length of aluminium with which observations of absorption are made, is so 

chosen that thesingles counts in either case is identical. 

RESULTS AND DISCUSSION 

Let the coincidence rate from Ti- 46 scatterer be N_. and that with Al 
Tx 

scatterer be N ^ and the scattering angle be (j!) . The ratio ArlT^/lf^ 

as a function of fi is plotted as shown in fig.2. The average coincidence 

rate is 8 min „ Prom the plot it can be seen that the minimum of the curve 

represents maximum attenuation due to resonance scattering. 

Setting the target in the fixed position the ration of the true to total 

coincidence is carefully measured using a delay coincidence method and the 

value N, / ST is found to be 0.74 + 0.01. With the results so obtained 
true lotal 

calculatioris of the resonance scattering cross-section are made .akin to the 

method carried out by a previous worker ( 5 ) , with the exception of the modi-

fication employed to match the size and form of the solid angle employed. 

In the present case, apertures and the scintillators, being circular the 

expression for the resonance scattering cross-section averaged over the 

appropriate solid angle can be written as, 

t r L w , w , T L J . . [ U J 
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•J «-| arid X L ^ (fj being the solid angles subtended by the slits of the colli-

mators and W1 and W2 being the angles subtended by the detectors at the same 

central point of the source. 

For a second order of smallness of (p , which is occurring in the 

Eq. 12., can be expressed as — 

In the present case 

-TL, = SL ± = 0.02344 and Wl and W2 are equal 

to 0.02251 o Substituting the values of W1 and W2 and r-ST-f.-Q-i in eqs. 

13 and 12 and assuming that "the angle subtended by the apparatus is greater 

than the angular line width 
the cross-section is obtained.as = 0.347 + 0.05 brans. Oyu*. — 

Now recalling theoretically computed value which is equal to 0*3757 

barns it can be seen that "the present experimental value does verify and con-

firmthe validity of the theory. 

The assumption employed for the derivation of the expression for the 

angle<j) given by Eq? 2 may not be strictly true. Consequently it is required 

that the value of is to be employed with caution in deducing 

the width"P of 892 KeV level ( 2+state) of Ti_46. These assumptions involve 

that the recoil during beta decay is absent and the recoil motion of the 

nucleusafter emitting 1118 KeV gamma photon is regligible, which ' • however 

cannot be deemed to be strictly true, The observation of the resonance : 

effect is effective in as much as some nuclei are apt to lose their recoil 

energy after beta decay within the lifetime of "the 2nd excited state 

(2o01MeV level), for which the recoil volicity is small and that no change 

of direction of motion is present during the lifetime of "the 2+ state in them„ 
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On the basis of "the conditions mentioned, the maximum cross-section 

+ 

fixes the level width at a lower limit for "the 2 state of Ti-46 as 

-4 

0*304 x 10 ev. This work with Go-56 and Ir-192 is in progress. 
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DISCUSSIONS 

R.M. Steffen: How does your value compare with the lifetime measurement 

done by delayed coincidences? 

P.S. Raju: The measurement is in agreement with the lifetime measurement 

done by delayed coincidences. 

E. Kondaiah: Is the source in the form of a solid or liquid? 

P.S. Raju: The source is in liquid form "dissolved in dilute HGI1. 

J . Varma j Have you taken into consideration the angular spread of your 

detector? 

P.S. Raju : Yes, we have taken into consideration the angular ,spread 

of our detector. 
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DECAY OF Hf 1 8 3 AND NUCLEAR LEVELS OP Ta 1 8 3 

H. Bakhru and S. K.-Mukherjee 
Saha Institute of Nuclear Physics, Calcutta 

183 
The first known report for the production of Hf nuclide was made 

by Gatti and Plegenheimer (l ) . They observed a half-life of 64 + 3 min and 

1 

assigned this to Hf „ By means of Feather plot, they obtained a maximum 

beta energy of 104 MeV. 

H f 1 ^ was produced by irradiating naturalV\/of spectroscopic purity 
186 

having a natural abundance of 28.64$ for \J\J by means of DT neutron from 

Cockcroft--Walton accelerator. Radiochemical separation of Hf fraction was 

186 
made. For identification and checkingW isotopes enriched in W (38$) 

were employed. The possible known hafnium activities through ( n , ^ 0 rea-

183 181 ( 180 
ctions on the different isotopes are Hf (64 min), Hf (46 days), Hf 

179 
(5*5hr) aM Hf (19 Sec). By suitably adjusting the irradiating timeP 

it was possibly to keep the contributions from all Hf-isotopes other than 

1 px 
the desired Hf to a minjmuWr 

EXPERIMENTAL RESULTS 

Half-life Measurements• . 

The previous assignment of 64 ± 3 min activity, to Hf by 

Flegenheimer was confirmed by observing a 64 +_ 1 min activity in irradiation 

186 

of enriched \fj . Fig.1 presents the half-life determined by following the 

gross beta-decay with a low background counter with .a chemically separated 

source. Three half-lives of 64 min (Hf 1 8 3 ) , 5.5 hrs (Hf180m) and 91 days 
are observed. For identification and cross check for the 91 days activity 

186 
a sample of tungsten enriched in W to 98$ was bombarded and the decay 
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of resulting products gave both the above half-lives. 

GAMMA-RAY MEASUREMENTS 

1 ft"^ 

A gamma ray spectrum of Hf was taken with the 10.2 cm x 10c2 cm Nal 

(Tl) counter with chemically separated Hf-fraction (Fig. 2 ) . The gammas-

rays which decay with a half-life of 64 min are observed to have the energies 

95 KeV, 250 KeV, 345 KeV, 405 KeV and 750 KeV. The 750 KeV photopeak 

was found to be a cross over peak. Another spectrum was taken after 48 hrs 

after the shorter lived activity had decayed out. A number of longer lived 

activities were identified and followed upto 8 months. The gamma rays which 
decay with a half-life of 91 days are 95, 250, 340P500, 590, and 930 KeV. 

BETA MEASUREMENTS 

The Fermi-rKurie plot of beta spectrum exhibits threebeta groups of 

energy 2.-21,1,87 and 1.35 MifeV (Fig. 3). Another spectrum was obtained by 

subtracting one spectrum taken at the 3rd hour from the end of bombardment 

from another taken at 15th min. This procedure eliminated any contamination 

183 

from all longer lived activities due to other isotopes except 64 min Hf „ 

From 1he Fermi-Kurie plot of the above subtracted! spectrum, an end point ener-

gy of 1.35 MeV was obtained. An electron conversion peak at 640 KeV was obser-

ved in the first beta spectrum which decays with 91 days half-life. 

COINCIDENCE RESULTS 

For gamma-gamma coincidence, two 2" x2" Nal (Tl) crystals coupled 

to 681 OA tubes were used. For beta-gapma coincidence assembly a 2" x -§•" 

Anthracene crystal and 2" x 2" Nal (Tl) crystals were usedo The results are 

shown in Table 1c These experiments are done with 91 days activity. 
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TABLE I 

Gamma-Gamma 
coincidence 

Gamma energy 
selected in 

(KeV) 

Coincident 
Gamma Energy 

in (KeV) 

Beta-Gamma 

coincidence 

Gamma Energy 
selected in 

(KeV) 

Coincident 
Beta energy 

(MeV) 

95 

250 

340 

250, 340, 500 

95, 250, 340 

95, 250, 340 

"500, 590 

95 

250 

930 

2,21, 1.87 

2„21, 1.87 

1.87 

183 

Beta-gamma coincidence experiments vL th 64 min Hf activity showed that when 

gated with 340 KeV gamma, all the three beta groups are observed, and when gated 

with 750 KeV gamma a single beta group with end point energy of 1.35 MeV is 

observed. 183 

Based on above results, a decay scheme of Hf shown in Pig.4 is 

proposed. 

REFERENCES 
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DISCUSSIONS 
"162 162 

C.V.K. Baba: The levels of Dy are known from the decay of Ho There the 

162 
log ft values found one low. Do you also find low log ft values in the Tb 

decay? 

H. Bakhru: Yes, the log ft values are found to be low. 

Kondaiah: Hot? muchmaterial did you use in your experiments? 

H.Bakhru: 10 to 15 gms„ 
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1 6? 
THE ISOTOPE Tb AND ITS DECAY CHARACTERISTICS 

H. Bakhru and S. K. Mukherjee 
Saha Institute of Nuclear Physics, Calcutta 

In 1951, Butement (l) reported for the first time the existence of 

"162 
an isotope having a half-life of 14 min which he assigned to Tb or 

Tb 
1 fi1^ 

Willie and Pink (2) next reported an activity decaying with a half-

163 
life of 7 min and assigned this to Tb But a subsequent report by 

m . , , . , , /_\ . ' • , . m. 163 an activity of 6.5 hr. Recent-
Takahashi et al (3) in 1062 assigned to Tb J 

ly inserted data in Nuclear data sheets ( 4 ) showed the half-life of 7 min 

162 
and 2 hr assigned to Tb 

162 
In order to identify the Tb activity, we have produced this acti-

vity by reaction on Ho (100$ abundance) and also by (ny p) 

reaction on Dy1^2 ( 25.5 $ natural abundance). The other possible react-

165 
ions with Ho (specpure sample) through (n, 2n, (n, p) and ( n , ^ ) 

162 
being well known it was easier to identify Tb obtained through ( n , ^ ) 

162 

reaction. This was verified by bombarding natural specpure Dy having Dy 

(25»5$ abundance) and also samples having Dy1^2 enriched to 98$. Tb1^2 . 

thus obtained through (n,p) reaction became relatively easy to identify,, 

HALF-LIFE MEASUREMENT 

The half-life was measured by the following different ways. 
<j g 5 ^ 

(a) Samples produced by Ho (n,c>0 Tb • reaction and activities 

measured by G.M. Counter. Even with samples irradiated for 10 min, the 

39 min activity due to (n, 2n) products almost masked the 7.5 min activity 

Of Tb1 6 2 , 
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(b) Ssuaples produced as above and decay of 81 KeV gamma ray was measu-

red by gamma spectrometer (Fig. 1.a) 

(c) The same sample was also measured by cutting off all gamma rays 

below 200 KeV by inserting a lead absorber (Fig. B.i) 

/ \ 162 / ^ \ 162 
(dJ Sample produced by Dy (n,p) Tb reaction and decay of 0. 283 

L 

MeV gamma ray followed (Fig. B . ii ) . The result of all "the above measurements 

gave a half-life of 7.5 +. 0e5 min. 

BETA SPECTRUM MEASUREMENT 

The Fermi-Kurie plot of the beta groups having an end point energy of 
\ 

3,15 MfeV (25$) , 2.58 MeV (35$) and 1.55 MeV (40$). All the longer lived 

activities were subtracted and results are presented in Fig. 2, 

GAMMA-RAY MEASUREMENTS 

Gamma spectrum -was taken with a 4" x 4" Nal (^l) crystal together 

with 512 channel analyser. The gamma rays decaying with a half-life of 7.5 

min are picked out as 81,185, 283, 645, 931 and 1030 KeV. Fig. 3. 

COINCIDENCE MEASUREMENTS 

The results are shown in Table I . 
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TABLE I 

Be ta-gamma 
coincidences 

G, amma ray 
in Gate 

(KeV) 

Coincident 
end point 
energy 

(MeV) 

Gamma-gamma 
coincidences 

Gamma ray 
in Gate 

(KeV) 

Coincident 
Gamma rays 

(KeV) 

81 

185 

283 

645 

931 

1030 

3.15, 2.58, 

1.55 

3»15, 2.58 

1.55 

2.58, 1.55 

3 = 15 

2.58, 1.55 

1.55 

81 

185 

283 

645 

185,283,645, 931, 

1030 

81, 283, 645, 931, 

1030 

81, 185, 931, 1030 

81, 185 

162 

Based on above results a decay scheme of 5b as shown in Fig. 4- is proposed 

and following conclusions are ^rawn. 162 162 

1) Half-life of 7.5 + 0.5 min should be attributed to isotope Tb . Tb 

decays by three beta groups having the end point energies of 3.15., 2.58 and 

1,55 MeV. 
2) The ground state of Tb 

159 161 163 
, Tb and Tb all have a configuration of 

3/2 +(5). From the NilSson diagrams a 3/2 + 411 state is expected for 

large deformations. This proton state seems insensitive for variation of 

the number of neutrons. Spin values 3/2 and 5/2 are deduced from experime-

nts for odd-A nuclei with 93, 95, or 97 neutrons. These values agree with 

the states 3/2" Q52lH| , 5/2~ Q552J and 5/2+ jj13J expected on the 

basis of the Nilsson diagrams for nuclei with an odd number of neutrons of 
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•• "162 + 
about 97. A 3 ground state of Tb is obtained by coupling of the 3/2 

411 proton state with 1he 3/2~ 521 neutron state.' This is in accor-

dance with coupling rules of Gallagher and Moszkowski (6) in odd nuclei. 
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"GAMMA RAY ANGULAR CORRELATION STUDIES IN NUCLEAR REACTIONS" 

M.A„ Easwaran 
Nuclear Physics Division 

Atomic Energy Establishment Trombay 

INTRODUCTION 

Gamma ray angular correlation experiments play an important role in . 

the studyof low-lying states in nuclei. In this talk I shall be describing 

the gamma-ray angular correlation experiments which are applicable for the 

study of states in nuclei excited in nuclear reactions. We shall parti- ~ 

cularly consider the recent methods ad procedures developed for the measure-

ment and analysis of "these correlation experiments since these methods are 

independent of any assumption regarding reaction mechanisms. These proce-

dures were developed by Litherland and Ferguson (1) --

Before going to the details of "these methods let us consider the 

limitations of simpler type of gamma-ray angular distribution experiment. 

The interpretation of the simplest angular distribution namely the angular 

distribution of an outgoing gamma radiation with respect to the bombarding 

beam is usually attended by ambiguity. This is due to the fact that such 

a simple experiment does not provide very much information. More specially 

in a typical experiment when multipolarity of the gamma ray is limited to 

quadrupole the angular distribution can be represented by the formula, 

where W ( 9 ) is the intensity of the radiation at the angle 0 relative to 

the incident beam and the^^are the coefficients of the corresponding 

legendre polynomials Pit ? It happens very often that the angular 

distribution coefficients are a function of several unquantized parameters 
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for example.channel spin mixtures and orbital angular momentum mixtures for 

the incoming particles and a multipole mixture for the outgoing gamma-ray. 

Hence, it may be possible to adjust the parameters to fit the measured GLyi^ 

and °*,yo,0for several choices of the spin of the state. In such a case the 

spin could not be determined from the measurements. 

It has been pointed out by Ferguson (2) that substantially more infor-

mation can be obtained from a triple correlation such as the reaction (pt*fty)o 

Assuming the axis of quantization to be defined by the incoming particle beam, 

the intensity of the two gamma rays in coincidence will be a function of the 

polar angles ©j and each radiation and the relative azimuthal angle 

between them. In this case the intensity is given by the series 

KMN 

where the functions ^ (. 9j Oj. UQ ̂  

have angular dependence in the form, 

K and M are limited by the multipolarities of the two gamma rays and are 

gven, if "the nuclear states have sharp spin and parity and N is positive or 

zero, may be even or odd and does not exceed the smaller of K and M; 

corresponding to quadrupole radiations K and M are restricted to maximum 

value of 4 and in these? cases the series ( 2 ) has 19 terms. For a sufficiently 

varied set of points the angle functions of series ( 2 ) are linearly indepen-

IT 

dent, so that the coefficients a ^ can all be determined. It may be seen that 

the amount of available information ( i .e . ) the number of measurable parameters 

generously exceeds the number of unknowns comprising the channel spins and 

.orbital and multipole mixing ratios. These considerations are applicable 

when all the states concerned have definite spins and parities. T$iis will be 
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the case only if the incident particle is captured in a sharp well isolated 

resonance. Very often the reaction may not be proceeding through a well 

isolated resonance, the compound state formed by the capture of a particle 

of several MeV energy will be too complex due to the excitation of several 

overlapping levels. Or in cases like deuteron bombardment the reaction may 

be dominated by direct interaction type of behaviour for which compound state 

has no definite spin. To enable the interpretation of gamma-ray angular 

correlations in such cases to derive the properties of the states in the resi-

dual nucleus, the present procedures have been developed. The essential feat-

ure of these methods is to consider a state of sharp spin and parity in the 

residual nucleus prepared in a way sueh that there are certain strong limita-

tions-- on the population of magnetic substates.' The subsequent decay of this 

state can then be treated as if it were aligned. 

METHOD I 

Let us consider a reaction X(h^ , h2)Y the process of which is 

illustrated in fig. 1. J^, J^, J^ are the spins of the states in the residual 

nucleus Y and L^ aijd L^ are the multipolarities of the gamma radiations from 

the decay of Hie states, 'm' refers to magnetic substate of state The 

cross hatching on the compound state indicates that it need not have sharp 

spin and parity. 

The state of spin J^, which is formed in the nuclear reaction as the 

final one involving the capture of an unpolarized particle incident along the 

Z-axis followed by emission of one or more unobserved radiations in cascade 

is symmetric about the beam axis. The state is then aligned. Since the 

state considered has definite parity and if no polarization is present in 

the incident particles and target, there is symmetry between the population 
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of the positive and negative magnetic substates .(i„e.) P (m) = P(-m) where 

P(m) refers to the population of magnetic substate 'm'. In this experiment 

the outgoing particle in the reaction are not observed and coincidence 

correlation of the two cascade gamma rays from the decay of the state J^, are 

measured. In such a case, Litherland and Ferguson(l) have pointed out that 

angular correlations of the radiations from the well defined state J^ can be 

described independently of the complexity of the compound nucleus and its 

formation since there is an unobserved radiation from the compound nucleus to 

the sharp state. The parameters determining the angular correlations are 

the magnetic substate populations P(m) of state J^ and the multipole ratios 

of the succeeding radiations. The number of independent magnetic substate 

population parameters required to describe the state of spin J^, is 1 or 

J^ + 1/2 depending on whether J^ is integral on half integral. The angular 

correlations of subsequent gamma rays from this state are homogeneous in 

these parameters so that one parameter can be indentified as a normalization 

factor which need not be measured. The essential number of parameters is 

consequently J^ or J^ - 1/2. If the state decays with the emission of two 

gamma rays in cascade then two more unquantized parameters comprising the 

multipole mixing ratios of the transitions must be expected. As an example, 

the correlation between 1svo cascade gafltaa rays from a state of spin 4 will 

entail 6 parameters. As we have seen before, the measurement of such a triple 

correlation can yield 18 parameters so that ample information for the , 

determination of the unknowns is generally available. 

The correlation function w( , in terms of the population 

parameters and the multipole mixing ratios is given by Litherland and 

Ferguson(l) and quoted in reference (3)^ The general geometrical form 
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of the function is quoted here izi the following equation. 

xe, ,({) <£ u, h \ S V V ^ ' 6 ' 9 ^ 

t J L L ' 
(3) 

The angular dependence of the functions X ĴJ ({ij > an<i 1:116 restrict-

ions on the values of K, M and' JT are the same described with regard to equa-

tion^) . J and S^ are the quadrupole to dipole amplitude mixing ratio 

for the first and second radiations. The exponents p̂  and p^ take on the 

1 i 

values 1 and 2 depending on L 1 , L and L^j (for pure dipole radiation 

p = 0 for mixed dipole quadrupole p = 1 and for pure quadrupole p = 2) 

Qg and Q^ are the correlation attenuation factors (4) introduced for taking 

the finite solid angle of the gamma ray detectors into account. The coeffi-

cients 4 involve the vector coupling and Raeah coefficients and 9-j-
N 

symbol"., Most convenient tabulation of ihe C-_- coefficients are given in 
KM 

reference (3). Till todate in the experiments done, the second radiation 

is a pure one and only the first radiation involves a multipole mixing ratio. 

Hence for further discussions here we will omit the term • 

lot much use has been made of the general triple correlation measure-

ments upto date but limited information have been derived by employing 

specific geometries of arrangements of counters (i .e) by keeping two of 

the angles Of > and fixed and varying ihe -third. For example 

Broude and Gove (5) have made an extensive series of triple correlation 

20 
measurements for the study of levels in even-ev&n nuclei from Ne to 

32 

S by exciting the levels by inelastic scattering of protons. By carrying 

out the analysis by the population parameter method they have assigned spins 

to 14 levels. 
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We shall now consider "the analysis of data to derive information 

regarding the spins of the levels and multipole mixtures. If $ , or i s 

I ^ 

chosen to be Tl/2 then the terms with odd N will vanish in the expansion 

since associated Legendre polynomial P ^ (CaofV) or P ^ (Go^j) 

will vanidi unless both indicies are even or odd. Since K and M are even 

only terms with even N will be present for this choice of angles^consequently 

the total number of terms in the expansion wiil be reduced to 15. All 

associated legendre polynomials with both indicies even can be expanded in 

terms of Legendre polynomials and hence in such geometries the data can be 

analysed in terms of legendre polynomials. Further the whole analysis can 

proceed in two stages(i.e.) first a least square fitting procedure is done 

on the data points to get the coefficients corresponding to various Legendre 

polynomials and these coefficients are then treated as data for another least 

square fitting procedure to get the values of "the unknowns P(m) and Rvalues 

for different choices of spins J^, J^, Howev^x since there are definite 

advantages in carrying out the analysis in a single stage ( i .e . ) to get the 

unknown P(m) values directly from the data points we shall now consider this 

method of analysis in detail. 

In this method series in equation ( 3 ) is used in fitting the data. 

Direct linear least squares fitting procedure is carried out using "the data 

points W ( ©j , where P(m) values are the unknowns for specific 

choice of J . ,J„ ,J„ and Q 0 Using the multipole mixing parameter 

least squares fitting is carried out taking steps of 5° or 10° 

from - 90° to + 90°. This procedure is repeated for different choices of 

spin combinations of the levels and by locating the minimum in t h e 2 
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(the weighted sum of the squares of the deviations of the measured points) 

the spin values and value are determined. 

APPLICATION OP METHOD I 

As an application of this method I shall now describe an experiment 

22 
carried out by Broude and Egwa^an (6) for the study of levels in Ne excited 

19 22 22 
by the reaction F (o^ ,p) Ne . ^he first three excited states in Ne are 

at 1.277, 3.343 and 4.473 MeV and coincidence gamma ray angular correlations 

of the cascade decays from "the second and third excited states through the 

first excited state have been measured. 6.5 MeV alpha beam from "the Chalk 

River tandem accelerator is used to bombard a target of approximately 

2 

70qjPg/cm Barium Fluoride evaporated on gold backing. The target was mounted 

in a target chamber located at the centre of an angular correlation table. 

Three 5 in-.dia. x 6 in. thick Nal (Tl) detectors were, mounted on the angular 

correlation table at a distance of 6J- in. from the target. One gamma, ray 

detector could be rotated both in altitude and in azimuth with respect to 

the beam and was used to measure gamma ray intensities over the edges of 

the octant shown in fig.2. A second detector could be rotated only in hori-

zontal plane. Third detector is not movable. These will be referred to 

as the movable, fixed and monitor detectors respectively. 

In the correlation measurements three spectra were recorded at each 

angle. In the terminology of fig.2. the spectra are (l) gamma rays in the 

movable detector in coincidence with L^ in the fixed detector ( 2 ) gamma rays 

in the fixed detector in coincidence with L^ in the movable detector ( 3 ) 

gamma rays in "the monitor detector in coincidence with L^ in the fixed 

detector. The bombarding energy was Ohosen to allow simultaneous 

measurement of "the correlations from the 3-34 and 4.47 MeV states. Pig. 3 
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shows a typical spectrum from the movable detector in coincidence with 1he 

fixed detector. Gamma rays from "the ^roupof close states around 5o3 MeV 

22 

in Ne are also seen but the levels are too close for useful analysis. 

The first two of the spectra described above give simultaneous measure-

ment of independent points of the correlation function. The third spectrum 

is used as a monitor. The three spectra were accumulated in part of a 900 

channel multidimensional analyser used in conjunction with two fast coincidence 

circuits two 100 channel pulse height analysers and digital stabilizers(7)® 

The details of these electronicsystem can be found in (6) . An added conveni-

ence for rapid data reduction was the use of a EDP -1 computer with direct 

access to the multichannel analysers, allowing rapid transfer of data to the 

computer memory and subsequent evaluation of peak and background areas for 

estimates of gamma ray relative intensities. 

The correlation measurements were made in two sets; the movable detector 

was set at angles in "the octant spaced by 15° (with one point missed because 

the movable counter is obstructed by the monitor counter) with the fixed dete-

ctor being at 90° to "the beam and then 65° to the beam. The 17 points in. 

each set were measured in random order. Each measurement gives two independent 

points on the correlation function of each level when the gamma ray intensi-

ties in the movable and fixed detector spectra are normalized to the corres-

ponding gamma ray intensity in the monitor spectrum. This gives four sets 

of 17 measurements each for each of the two levels, these sets or geometries 

are internally normalized by the use of monitor counter. The four geometries 

are as follows; 

1) L.j detected in fixed detector at 90° to the beam 

2) L detected in fixed detector at 90° to the beam 
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3) L^ detected in fixed detector at 65° to the beam 

4) I<2 detected in fixed detector at 65° to the beam 

The common points among the geometries are expressed in the following 

identities: 

W (65°, 180°) = W (90°, 180°) 5 W (65° ,180° ) = W (90°,180b) 1 4 § & 3 

W1 (65% 270°) = W4 (90°, 90°) 5 W2 (65°, 90° ) = ^ (90°, 90°) 

where in the notation Ŵ  ( 6 , (£), i refers to the geometry, 9 refers to the 

movable detector elevation angle andQ the azimuthal angle. The common points 

between geometries 1 and 2 include the complete arc for which Q is 90°. 

Using the above common points the intergeometry normalization is carried out. 

Hence complete set of 68 normalized data points with weights are available 

for each of 1he two levels. These sets of data points were analysed by least 

squares fitting procedure using a computer program written by Dr. A.J. . 

Ferguson. The data points are fitted directly from equation ( 3 ) with the 

magnetic substate populations as parameters. In these measurements the second 

radiation L2 is a transition from spin 2 first excited state to spin 0 ground 

state and hence it is a pure quadrupole. The least squares fitting is per-

formed for a fixed spin value for J^ and a fixed multipole mixing ratio 

for the primary radiation. The fit is repeated over the range of S^ 

appropriate to "the spin valtte for spin choices of 0 to 4 for J1 e The result 

£ 

of this fitting is a series of values versus multipole mixing ratio 

for each spin value. 

In figs. 4 and 5 are shown the normalized angular correlation 22 

measurements from the 3.34 and 4.47 MeV state in Ne . In figs. 6 and 7 are 

shown the plots of ^ 2 verus ^ ( == f/Vr^ ^ ) for spins 0 to 4 "for each 

of the two correlations. The fits have been made at equal intervals in 
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V 
with extra fits in the regions a f X minima. Levels of statistical significance 

in ^ are drawn to show that the fits are consistent with the statistical 

accuracy of the measurements. The points plotted as crosses represent fits 

which have some negative populations but as none of these are statistically^ 

significant they need not be investigated further. 

2 
It can be concluded from 'X minima in these plots, that the spin 

assignment to the 3®34 MeV state is 4 . An ambiguous assigment of 2 or 3 can 

be made to the 4.47 MeV state. The quadrupole to dipole amptitude ratio C^ 

for spin 2 fit is -0.11 and for spin 3 fit , ^ = 1.07. The solid curves in 

figs. 4 and 5 are the theoretical fits for spin 4 and spin 2 respectively. 

The full parameters for the fits are given in table I . 

TABLE I 

Normalized (P (o) =1) population parameters P(®) and'multipole mixing ratio 

<5̂  for the least squares fits to the correlations. 

level energy 
MeV 

Spin P(1) P(2) P(3) P(4) £ 
3.34 4 1.27 0.63 0.025 0.086 

4.47 2 0.54 0.25 -0.11 + 0.03 

3 1.19 0.90 0.30 -1.07 + 0,;10 

METHOD II 

Now I shall mention the basic features of the second method in which 

the angular correlation of gamma ray is measured in coincidence with the out-

going particle in the nuclear reaction the particle being detected at zero 

or 180° with respect to the beam in a small'counter. This method has been 
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developed and discussed in detail by Litherland and Ferguson (l)c 

Let us consider a reaction x(h1 , h 2 ) Y* the process of which is illu-

strated in fig. 8» 'a' is ihe g>in of the target nucleus and •S^ and-5^ are 

the spins of incoming and outgoing particles in the reaction, 'c' is the spin 

* 

of "the excited state Y of the residual nucleus and this state decays by gamma 

emission of multipolarity L to the state of spin ? d ' . 'nf* refers to the 

magnetic substate of state of spin ' c ' . The outgoing particles P2 are detected 

in a small counter at 0® or 180° with respect to the beam and the angular 

distribution of the subsequent de-excitation gamma ray is measured in coincide-

nce with the detected particles. 

If a state is formed by the absorption on of an unpolarized particle 

in the direction of the quantization axis followed by the emission of a second 

particle which is detected along the same axis, then the magnetic substates 

which cab be populated do not exceed the sum of the spins of the vtarget 

nucleus and "the incident and emergent particles. This arises basically from 

the fact that orbital momenta contained in plane waves in the direction of 

the quantization axis have only zero projections on "this axis. The system 

clearly has axial symmetry. Further s'ince the state has definite parity 

the population of the positive and negative magnetic substavtes will be equal<, 

Hence according to these considerations the magnetic substate Hfof the 

state of spin 'c' is limited by a , ^ and-£2 (i»e.) 

= a + + (4) . 

This conclusion is independent of the presence of interfering compound 

state spins b or the interfering orbital angular momenta of the incoming 

and outgoing particles. 

The angular distribution of the gamma ray emitted from "the state is 
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then governed by the population parameters P ( f ) and the multipole mixing 

ratio of the gamma radiation. The distribution will be of the foiro giVen in 

equation (l)amd the information obtainable will in general be the ratios 

and ^ ^ ^ • 'Thus if no more than two arbitrary parameters describe the distri-

bution then the anount of information will be just sufficient or in favourable 

cases, more than sufficient to determine them0 

The angular distribution function of the gamma ray in terms of the 

magnetic substate population parameters is given as 

w t e j - z : c-o^kr) / c y c - v / 4 j z Llcl'c, d ^ d ^ L ^ ) ' 
' (5) 

where & is the quadrupole to dipole amptitude mixing ratio and Q is the > fe. 
attenuation factor due to the finite solid angle of the ganma detector. Ẑ  

is the coefficient tabulated by Sharp et al (8) aid f = d + y + L +L + fe./^ 

If a +>$2' 0 Or | then there is only one population parameter 

in the distribution function which can be treated as normalization constant 

and hence only unknown is 5 for a specific choice of spine c and d. If 

a + ^ or 1 then one unknown ratio P(-3fi)j 

PC(J^pt^will occur in the function in addition to the unknown vaLue of 

Since this is a double correlation measurement giving only two parameters 

^ y ^ o and ^ y ^ this method is of limited applicability. But very often 

there will be more than one gamma ray from the decay of a state and hence 

the measurements of angular correlation of all these gamma rays in coincide-

nce with the particle group feeding the state will provide additional infor-

mation. 

APPLICATION OP METHOD II 

This method has been usefully employed in the study (9) of the low 

2o 12 12 
lying levels of Ne excited by the reaction c (c , o ^ ) Ne « The 
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C x ion beam from the tandem accelerator was well collimated by a pair of 

gold apertures 1/8 inch in diameter 1 meter apart and the alpha particle 

counter which was a silicon p-n junction detector was placed at zero degree 

to the incident beam. The incident beam is stoped in the target backing, The 

alpha particle detector was substending a cone of half angle 5° at the targets 

Gamma rays were detected in a 5 inch dia x 6 inch thick Hal (Tl) crystal 

situated with its front face at 6% inch from the target spot. This counter 

can be rotated over a suitable range of angles. One more Nal (Tl) gamma 

counter was kept at fixed position to be used as a monitor, A coincidence 

pulse height analyser was used so that gamma ray pulse spectra from each cou-

nter could be recorded in coincidence with the various alpha particle groups 

20 

leading to different excited states in the residual nucleus Ne . Such 

spectra are recorded for various angular positions of the movable counter 

rotating it in the horizontal plane about the vertical axis passing through 

the target. The spectra recorded in the fixed gamma counter in coincidence 

with alpha particle groups serve as the monitor. 

Some examples of the results are shown in figs.9 and 10* Fig. 9 shows 20 

the result for "the first excited level in Ne and Pig. 10 shows the results 

for the cascade gamma rays from "the second excited level. The first and 

second excited states at 1o63 and 4.25 MeV are known to have" spins of 2 and 20 20 
4 from measurements by Broude and Gove (5) with 1he He (p»p*Y 

12 12 /%/ 20 

reactions In the reaction C (C He the incident target and out-

going particles are having spin zero and hence in this case only the magnetic 20 

substate zero can be populated in the excited state in Ne & nee the alpha 

particles are detected at zero degree to the beam. However due to the finite 

size of the alpha particle counter magnetic substate 1 will also be 
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populated to a small extent depending on the orbital angular momenta of the 

outgoing alpha particles (l) Pig. 9 shows "the fit of the angular correlation 

data of 1.63 MeV gamma ray in terms of magnetic substate populations. It 

is seen from the results of the fit that P(+ 1) ^ P t * ) and that £(jf 2) is 

negligible. In this case there are two measured ratios and 

that population ratios can all be uniquely determined. The radiation pattern 

in this case is very nearly the pure M = 0 quadrupole pattern attenuated 

by the finite size of the gamma ray counter. 

Pig. 10 shows the angular correlation of both the 1,63 and 2.62 MeV 

cascade gamma rays each in coincidence with the alpha particle group feeding 

the 4.25 MeV second excited state. Solid curves through the points are for 

spin sequence 4, 2, 0 for the second and first excited states and ground 

states, both the gamma rays being pure quadrupole. In this case there are two 

experimentally determined ratios and ^ ^ f o r each gamma ray and only one 

unknown ratio taking into account the finite size of the particle counter. 

The ratio P(+_ w a s found to be less than 10$. It wae shown that it 

was not possible to fit other spins to the experimental data. 

CONCLUSIONS 

It is observed that the method I which is a triple correlation measure-

ment has considerable advantage over method II since it can provide a possi-

ble total of 18 measurable ratios if both gamma rays contain a quadrupole 

component. However method II has the advantage of providing a comparatively 

simple gamma ray spectra since these are recorded in coincidence with the 

particle group feeding a. particular excited state. This"discussion naturally 

leads to a combination of both methods I and I I . In this case a particle 

detector of large solid angle should be used at zero degree to -the beam 
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placed in axially symmetrical position with respect to the incident beam. 

Then the analysis proceure of method I can be used but this being a triple 

coincidence observation, will suffer from a low counting rate. However in 

reactions like, deuteron stripping where the outgoing particles are strongly 

peaked forward .relatively large fraction of outgoing particles can be 

detected in *the axially symmetrical particle counter and hence a combination 

of methods I and II may be practical. It should el so be noted that -ftie'full 

exploitation of the triple correlation measurements (method i) require 

the use of an electronic computer while the analysis of data in method II 

is relatively easy. 
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Off THE HALF LIFE MEASUREMENT OF THE 273 KEV LEVEL OF Au1 9 6 

B. Sethi and S. K. Mukherjee 
Saha Institute of Huclear Physics, Calcutta, 

• 

The decay scheme of with the omission of a few very weak transi-

tions recently reported by Wapstra(l), is shown in Figc 1f The orders of 

half lives of the 85 KeV and the 273 Kev levels have been reported to be 

Oo5/*/ s and 1 ns respectively, by Wapstra. The present paper deals with the 

measurement of "the half liife of the 273 KeV level with the help of a fast 

slow coincidence circuit. 

APPARATUS 

The block diagram of "the apparatus used is shown in Fig.2. Gamma-rays 

were detected in 1" x1" Kal (Tl) phosphors mounted on 681OA photomultiplier 

tubes. Fast pulses were taken from the anodes. After one stage of limiting 

and amplification, they were fed into the start and stop, channels of the model 

TH-300 time pulse height converter. Slow pulses were taken from the 12th 

dynode. They were inverted,, to meet the input requirements of "the linear 

amplifiers. Required energies were selected in single channel pulse height 

analysers. Triple coincidence was taken between the outputs of the two slow 

channels and a part of the output of thetime to pulse height converter. A 

fixed delay of sec *sas introduced in the third braiich in order to 

compensate for the delays introduced by the amplifiers and pulse teight ana-

lysers in the other two branches. A resolving time of Bee was employed 

i 

in the triple coincidence. The output of ihe tiffle to pulse height converter 

r̂ae ga$ed with the tiple coincidence output and Analysed by means of 512 

channel pulse height analyser. Width of the linear gate was adjusted to 3JU.sec = 
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TIME CALIBRATION 

In order to calibrate the channels of the multichannel analyser with 

respect to time, a variable delay was introduced in one of the fast branches. 

Calibration was done by measuring the shift in the prompt resolution curve, 

when a known time delay was introduced in one branch. Pig. 3 shows the cali-

bration curve . Prompt coincidence resolution curve obtained by using the 510 

22 
MeV annihilation gammas of Na . Slope of "the curve was 0.75 ns. 

SOURCE PREPARATION AND MEASUREMENTS 

Source was produced by bombarding a foil of spectroscopically pure 

gold by 14 MeV neutrons. was produced as a result of (n, 2n) reaction 

197 

on Au c The. foil was placed between the counters after 1 hr bombardftent 

10 

with a flux of 10 neutrons/ sec. Gammas of 188 KeV and 148 KeV were selected 

in the start and stop channels respectively and counts were accumulated in the 

multichannel analyser. After that the start and stop gammas were interchanged 

and once again the data was accumulated under similar conditionsc Curves of 

Pigc (4) show the results thus obtained. There is a shift of centroid to the 

left by an amount 6.4 +_ 1.5 ns. Next a prompt coincidence resolution curve 22 
was obtained8 keeping the same channel settings and using Na source. On 

repeating the above procedure in "this case, a new prompt curve was obtained. 

It was found that there is no observable shift in the centroid of the prompt 196 

curve. Therefore, the shift observed in the case of Au is equal to 2 'C , 

where is the mean life of the level under question. This gives Ti = 2„2 + 0.5 ns 
REFERENCE 

1. Wapstra, A.H., Priv. Comm., Nuclear Data Sheets, Dec. 1962-
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DECAY OP Nb98 

S.C. Gujj&rathi and S.K. Mukherjee 
Saha Institute of Nuclear Physics, Calcutta 

98 
Nb was first reported by Boyd (l) who assigned a 30 min activity 

to Nb9® obtained presumably through Mo100 (d,c$0 Nb98 reaction. Pdppas 

98 

and Thomassen observed a half-life of 2|5 min for Nb , whereas: Troutner measu-

ring the fission yields of Nb isotopes assigned a 51 + 3 min activity to 
98 

Nb o The decay scheme of this isotope is not yet establised (2 

The present investigation was undertaken to determine the half-life 

98 

of Nb more precisely, to measure its beta and gamma energies and to obtain 

some information about the nature of its decay. It is a part of our 

programme of studying short lived isotopes by 14 MeV neutron induced reac-

tions. 

HALF-LIEE MEASUREMENTS QQ 

For the determination of half-life, enriched Mo (97$) was bc^ibarded 

by 14 ^eV neutrons. The study under Gf.M. Counter gave composite half-life, 

as shown in "the fig. 1 • The long half—life of 67 hrs is due Mo (n,2n) 99 100 Mo reaction since enriched sample contained 1 % of Mo and the 74 min 

98 97 

is due to Mo (n, d) Nb reaction. The study under G.M. Counter gave the 

half-life of 51 min. in confirmation with previous report and also indicated 

the presence of shorter half-life. So the sample was bombarded for short 

time and immediately studied under low background counter which gave the 

half-life of } .6 mi'n. 

GAMMA - RAY MEASUREMENTS 98 

For the study of • -spectrum enriched Mb was bombarded with 14 MeV 

neutrons and the gamma rey spectrum was taken with 2"x 2" Nal(Tl) spectrometer 
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and 512 channel analyser. Pig. 2 shows the Y - spectrum obtained after 

subtracting longer activities. In the spectrum all the gamma rays are due 

to the Nb^8 activity produced by the Mo^8 (n,p) Nb^8 reaction excejst the two, 

q o 0*7 

namely 650 KeV and 1030 KeV which are due to Mo (n,d) Nb reaction. The 

half-life measurements of these gamma-rays in single channel analyser supported 

our assignments. 

Gamma spectrum was also obtained from chemically separated Nb activity. 

For this Ammonium Molybdate of specpure quality was bombarded with 14 MeV 

neutrons and Nb activity was separated by standard chemical procedure. The 

activities obtained by this method were mainly of Nb"'^ (11.5 min), Nb^8 

(51 min), Nb^ (74 min) and Nb96 (23 hrs). So for the first hour after chemical 

separation, data were taken to get the information about After subtra-
98 

cting the longer as i shorter activities we could get the information about Nb . 

BETA-RAY MEASUREMENTS 

Por - ray measurements the enriched as well as chemically separated 

samples were used along with anthracene $ -spectrometer and 512 channel 

analyser. Pig. 3 shows the -spectrum and Permi-Kurie plot. Pour (!) -groups 

obtained were also confirmed in coincidence experiments. 

COINCIDENCE MEASUREMENTS 

Number of and | / coincidence experiments were performed. 

The results are summarised in the table . 

Based on thse observations a decay scheme is proposed as shown in Pig. 4, 

REFERENCES 

1o G.E. Boyd, Oak Ridge National Laboratory Report ORNL -229 (1949)« 

2p Nuclear Data Sheets, National Research Council Washington, D.C. 
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TABLE 
Long Half-Life = 51 min 
Short Half-T,ife+ 1.6 min 

E (KeV) In coincidence with 
7 

5 0 + 5 170,720, 780, 1450 

1 7 0 + 5 50,720, 780, 1450, 1520 

330 + 5 450, 720, 780 

450 + 10 330, 720, 780 

7 2 0 + 5 50, 170, 330, 450, 780, 1160, 1450, 

1520, 1680 

7 8 0 + 5 50, 170, 330, 450, 720, 1160, 1450, 

1520, 1680, 1880 

1160 + 5 720, 780 

1450 + 10 

1520 + 10 5 0 ' 1 7 ° ' 720> 7 8 0 

1680+10 720, 780 

1880+10 780 

1940 + 1 0 

E y (KeV) Coincidence End Point 
in Gate Energy E* (MeV) 

max 

170 1.420 

330 2.320 

460 2.320 

720, 780 1.420, 1.940, 2.32, 3.1 

1160 1.940 

E/S max (M e V ) Percentage Log ft 

Intensity Values 

3.10 +0.1 8 7.75 

2.32 +0 . 1 38 6.6 

1.940 +Q.05 29 6.4 

1 . 420+0 .1 25 6.0 
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THE DECAY OP Ba133 

P.C. Mangal and S.P.Sud 

Department of Physics, Panjab University, Chandigarh-3 

The "sum coincidence" technique of A.H. Hoogenboom (1) has so far been 

mostly used for the study of cascading gamma rays whose total eneigy is MeY. 

In the present work the applicability of this technique has been tried out in 

133 
the lower energy region. As the decay of Ba involves a maximum energy of 

438 KeV, this nucleus has been selected for study using above technique. 

133 133 

THe electron capture decay of 7.2 years Ba to Cs has been: investi-

gated by a number of workers using scintillation and magnetic spectrometer 

techniques, but considerable disagreement exists about certain aspects of the 

decay scheme. The most recent decay scheme put forward by Yin and Wiedenbeck 

(2) is shown in fig.l . The excited levels at 82,162, 384 and 438 KeV have been 

well established and are shown in the decay scheme along with the main transi-

tions. A disagreement among the various authors exists about the existence 

of the 222 BeV If -ray. Also disagreement exists about the spin assignment 

of -the 162 KeV level, further the intensities of almost all the gamma rays 

have not yet been well established and a considerable disagreement exists among 

various authors (3-7) on this point. 

The main reason for the above disagreement lies in the fact that when 

coincidence measurements are made, it is not possible to avoid contributions 

due to unwanted gamma rays e.g. if we study coincidences between 356 KeV and 

the rest of the gamma rays we cannot avoid contribution from 384 KeV gamma 

ray which lies, to some extent, in the window of the single channel analyser, 

set for the 356 KeV gamma-ray. T0 overcome these difficulties we have made 
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use of the Hoogenboom technique for the study of this nucleus„ 

The block diagram of a modified coincidence spectrometer used in 

the present investigation is shown in fig. 2. The source mounted on a 

perspex strip was placed in between the two 2" dia x 2" thick Nal(Tl) crystals 

mounted on RCA 6342 photomultipliers. The resolution of "the fast coincidence 

circuit was about 0.2 sees and that of the slow coincidence circuit was 

about 4jWsecs. The rest of the set up was of the usual type.Fig. 3 shows 

the sum coincidence spectrum observed on gating the sum channel at 438 KeV. 

From the figur it is clear that (54+384),(82 + 356) and (126 + 276) KeV are 

the main cascades arising from 1he 438 KeV level. There are three additional 

spurious peaks observed at 116, 307 and 400 KeV. The spurious peaks.at 116 

and 307 KeV can be explained to be due to the summing (8)of 31 KeV Cs 

X-ray, 82 KeV gamma-ray and compton of 356 KeV„ The peak at 400 KeV may be 

133 

due to the summing of 31 KeV Cs X-ray and the higher energy and of 384 

KeV gamma ray. 

To check the validity of the above argument for spurious peaks we 

placed about 15 mil thick copper absorber in front of both the crystals. 133 

This thickness of copper was sufficient to absorb 31 KeV X-ray of Cs 

The sum coincidence spectrum with this absorber is shown in fig.4. It is 

clear from.the spectrum that no spurious peaks are coming up now. 

The relative intensity of 54 KeV and 276 KeV gamma rays have been 

obtained from the present measurements. Taking the intensity of 356 KeV 

gamma ray to be 100$ the relative intensity of 54 KeV gamma ray comes out 

to be 5 + 1 and that of 276 to be 13 +_ 2. The intensity of 276 KeV gamma 

ray has been calculated by using N80/H162 to be 3.5, given by Stewart and 

Lu (5) . These intensities have been corrected for absorption in the copper 
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absorber. 

The two peaks at 162 and 276 KeV are clearly separated out and angular 

correlation experiments for these two gamma rays are planned. This will 

help us in deciding about the spin assignement of 162 KeV level. 
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DISCUSSIONS 

P. Jagam: What is the Linear Adder circuit used? 

P.C. Mangal : We used an ordinary resistance adding net work. 
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NUCLEAR STRUCTURE EFFECTS IN THE DECAY OF Ce141 

SoM. Brahmavar 
Physics Department, Panjab University, Chandigarh-3 

and 
A.S. Venkatesha Murthy 

Department of Physics, Indian Institute of 
Technology, Madras -36 

INTRODUCTION 

The details of the nuclear structure effect can be obtained from the 

analysis of the so-called £-forbidden Ml transitions. These -forbidden 

2) magnetic dipole (Ml) transitions are strongly retarded when compared 

to the (allowed) single particle Ml transition rates. Church and Weneser (1) 

have suggested that the internal convession process should be sensitive to 

nuclear structure through a contribution due to the penetration of the atomic 

electrons into the nucleus. The structure effects should be especially large 

for the -forbidden magnetic dipole (Ml) transitions. Identification 

of these effects requires precise knowledge of the conversion co-efficient. 

Based on this theory many attempts have been made previously to account 

for nuclear structure effects. Of these the significant are of Gerholm et al 

(2) , Pattersson et al (3), Grabewski et al (4) and Ramaswamy (5). Very 

recently Herrlander and Graham (6) have obtained additional evidence for 

nuclear structure effects. 

Thus, it is intended here to analyse the -forbidden (Ml) transition 

«j J aj 

in the decay of Ce . This transition takes place between #7/2—*d5/2 

and is strongly retarded with a retardation factor of about 330, Here it 

seems worth while to analyse this transition for nuclear structure effects. 

DATA ANALYSIS AND RESULTS 

In recent years there have been many measurements of the K-she11 
141 

conversion coefficient of 142 KeV transition in P . Now it has been 
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definitely established as a Ml transition. The K-shell conversion coefficient 

has been measured by Rao (?) taking into account every possible error;'. 

The value of according to him is(0.38 ± 0.04). Also the mixing-ratio 

for this transition has been measured rather accurately by Haag et al (8). 

Their value for g (E2/Ml) is (0.066 + 0.022). 

The total K-conversion coefficient for a mixed Ml- E2 transition can 

be written in the usual notation as 

^ - ^ C f i c u j + M l ^ J (1) 
from which we obtain, . . ^ > 

fit*.) = 4 , 0 * W 

substituting foro^ 0 and taking the theoretical value of = 0.32 

(assuming that©((E2) (9) is not influenced by nuclear structure), we get 

^>(Ml) = 0.380 + 0,004 

The effects on internal conversion due to peneration depend on the 

details of the nuclear structure. For Ml transitions Church and Weneser (1) 

write, 

^ ~ m , r (3) 

where me is that part of the matrix element due to the peneration 

of the electron into the nucleus and my is the matrix element for Ml gamma 

emission. In "terms of A , the corrected Ml conversion coefficient is given 

approximately by _ "2— 

6 ( A ) ~ P l ' ) C i - U - 0 C ( i 3 * ) J ( 4 ) 

Where A = 1 means that the currents are confined to the nuclear surface 

(Sliv's assumption) G a n be determined from the corrected table of 

Church aid Weneser. 

141 

Por the 142 KeV transition in Pr the experimental value 

of B ( ^ v ) (0.380 + 0.004) , the value of B (1) (10) 
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is 0.42*, and for Z = 55 and K = 0.27, C(z,k) = 0.0117. Putting §1 these 

values in eq(4), we obtain. 

X — -h 6-1 + /•' 
This result shows that the penetration matrix element is about 6 times 

as large as the gamma matrix element. Church and Weneser evaluated \ for 

&JL,=2,M1 transitions for odd- Z nuclei using empirical gamma matrix elements 

and using single particle wave functions to evaluate Tnr̂ . They found values 

of X falling between 5 and 10, for Z"^55. The value of +_ 1.1 for ^ in 

14.1 

Pr (Z=59) is in this region. 
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DISCUSSION 

N.K. Saha s I hope you are aware that Geiger and others pointed out in 1963 

and afterwards that the previous prediction of Nuclear structure effect was 

erroneous and arose due to a mistake of sign in the calculation. 

Are the present investigation of your paper inspite of the above? 

S.M. Brahmwar: Yes I am aware of the co iment and the present investigations 

are inspite of the above remark. 
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ANOMALIES IN INTERNAL CONVERSION COEFFICIENTS 
OF E2 TRANSITIONS IN EVEN-EVEN NUCLEI 

S.M. Brahmavar and M.K. Ramaswamy 
Karnatak University, Dharwarc 

*4* + + + + 
A survey and analysis of 4 » 2 , 6 » fr 4 » 0—>2 , 

4- + 

8 ^ 6 E2 transitions bring to light certain anomalies in internal conver-

sion coefficients of these transitions. The smooth variation of 

| o^Xexpt) I magg number A and collective parameter C = N/Z L cfcCtbeo) J 

"indicate the possibility of internal conversion coefficients depending on 

the defcrmalLon of 1he nucleus. 
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ASSOCIATED PARTICLE METHOD POR THE D (d,n) He5 REACTION 

A. S. Divatia 
Nuclear Physics Division 

Atomic Energy Establishment Trombay 

and 
D.1 .Bernard, B.E. Bonner, G.C. Philips and C. Poppelbaum 
Department of Physics, Rice University, Houston Texas 

INTRODUCTION 

Interactions between nucleons or nucleon clusters can be studied well 

by investigating few nucleon systems, generally implying systems with A 

5 n +D is such a system, and a detailed study of n +D elastic and inelastic 

scattering should yield information about n -n and n - p interactions. 

With this objective, a study of the neutrondeuteron scattering was undertaken, 

for E^ 11 MeV, using the Tandem Van de Graaff Accelerator for producing 

the neutrons. Time of flight techniques were used for detecting the scattered 

neutrons, Neutron-deuteron elastic scattering was studied and a search was 

made for the neutrons coming from the three-body break up reaction, 

n + D n + p . 

Since we are faced with problems of low yield and high background 

in searching for the break up neutrons, choice of the neutron source and the 

method of observation are quite important. The possibilities of the D (d,n) 
3 

He reaction as a neutron source, using the associated particle in coincidence, 

were therefore fully investigated. 

ASSOCIATED PARTICLE IN THE D (d,n) He3 REACTION 

Prom kinematical considerations, we can examine the possibilities of 
3 

detecting the He particles at various angles and energies. Elastic 

scattering C the D (d , d ) D reaction"]) and the D (d,p) T reaction are two 
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completing processes. Figure 1 illustrates a radial plot of neutron 

3 

Energies, He energies, and the energies of the elastioally scattered 

demterons for incident deuteron energy Ed = 5.0 MeV.Prom^this andi other 

available'data we concludes 
3 

1. At Suitable angles of observation, sufficiently energetic He parti-

cles, well resolved from the elastically scattered deu"|e.rons and the tritons 

from the X>(d,p)T reaction are available for detection. 

2. Neutron energies in the range 4-11 MeV are available. 

3. Available differential oross section for neutron production is 

limited to about 10 mb/steradian. 
3 

4 . A coincidence condition with the He particles should improve the 

signal to npise ratio. •z 

5. By counting the associated He particles with 100$ efficiency, using 

a semi-conductor detector, an absolute measure of the efficiency of a neutron 

counter can be obtained. 

6. For 7 MeV, a second neutron group is produced in the d *d 3 

reaction; a coincidence with Hie associated He particle should eliminate 

interference from this group. 

RESULTS A typical charged particle spectrum obtained at an incident deuteron 

energy E^ = 5=0 MeV and a laboratory angle = 46 degrees, using deuterated 

3 

polyethylene target, is shown in ^ig. 2. The He peak is well resolved from 

the neighbouring peaks. Results with other targets such as % - D, Zr-D, 

and D^ gas, were not equally satisfactory; more work is necessary before 

these targets can be used. 
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Absolute efficiency measurements of a neutron counter, Bilot B plastic 

scintillator, 4.45 eft dia x 5. 10 cm long, mounted on a 56 AVP Photomulti-

plier, are given in Table 1. The experimental arrangement is showii in Fig.3. 

TABLE I 

Energy of Lab. Angle I"3*5- Angle Neutron He Measured 

Deuteron for for Energy Energy Absolute 

E 3 
E, MeV Neutron Particle E MeV H6 Efficiency 

d a (p n 

__L Mi MeV g 

3®0 100° 31° 2.83 3.43 22.8 

3.0 65° 50° 4.27 2.01 14.5 

4*0 50° 54.3° 5.60 1.67 6 .3 
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AN ANALYTICAL METHOD OP ANALYSING GAMMA-RAY PULSE HEIGHT SPECTRA* 

P. Subrahmanyam and P. Ammiraju 

Tata Institute of Fundamental Research 
Bombay 

An analytical method for the conversion of count rate distribution due 

to gamma-rays to the true incident photon spectrum by means of a "sensitivity 

matrix" has been discussed. The method of determining the sensitivity r\ » 

matrix by using radioactive gamma ray sources, and its correctness regard-

ing intensity and energy reproduction for various gamma-ray spectra is 

described. Finally the limitations of the method are discussed. 

* Details of this are under publication in Nucl. Inst, and Methods (in press) 
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A SIMPLE NON-INTERUPTING METHOD OP MEASURING PULSED ELECTRON 
BEAM CURRENT IN LOW ENERGY ELECTRON LINAC * 

P. Subrahmanyam and P. Ammiraju 
Tata Institute of Pundamental Research 

Bomber 

A simple method of continuous monitoring of the absolute pulsed 

electron beam current in low energy electron LINAC using a brass monitor 

as a -^araday cage inside the scattering chamber of the accelerator is 

described. The advantage of this monitor with respect to the scattering 

chamber is discussed. 

* Details of this are under publication in Nucl. Inst, and Methods 

( In Press). 
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A MATRIX METHOD FOR RESOLUTION AND BACKSCATTERING 
CORRECTIONS IN SCINTILLATION BETA-SPECTROMETRY 

by 

P. Sen and A, P. Patro 
Saha Institute of Nuclear Physics,-Calcutta 

Scintillation counters have been widely used for beta spectrometry. 

The main corrections required are for resolution and backscattering. Resolu-

tion correction gives a correction in end energy and backscattering correction 

removes the up-turn in the Kurie plot in the low energy region. The up-turn 

usually starts at an energy equal to half the end energy and the correction is 

important if more than one beta-group is involved and if intensities of the 

different groups have to be determined. A method for resolution correction has 

been given by Palmer and Laslett(l). Preedman et al (.2) give a method for 

correcting haecattering as well as resolution. 

If A 
nl' n2 A o> A n3 

. . . are the fractions of the number M of monoener-

getic electrons of energy E^ recorded in the pulse height analyzer in channels 

1,2 3*vrespectively, then 

M = A n 1 M + An2M + A n 3 M + . . . 

In case of continuous spectrum the n u m b e r s m ^ M , , , M^ . . . of &'true 

spectrum having energies E^, E^ , E^ . . . respectively, while being recorded 

in the pulse height analyzer^ gives the numbers M '̂, mJ , M^ . . . in different 

channels of the pulse height analyzer because of resolution and backscattering. 

The tru«and the observed spectrums are related by; 

r » r 

M2 

M„ 

~a11 a 1 2 a 1 3 • V 
a 2 1 a 2 3 a 2 3 . • m2 

a 3 1 a 3 2 33 * m3 

• \ * 4. * 0 • 

* 1, * i 9 « 

» * • 
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/ i 

or shortly M = AM and M * AM 

The matrix A was constructed assuming no backscattering and the 

scintillator response of the nonoenergetic electrons to be Gaussian. The 
" Jk 

variation of resolution with energy has also been assumed to obey a E law. 

In the matrix A (neglecting backscattering) there are diagonal elements and 

few off diagonal elements. Pour forward matrices have been prepaid -assuming 

resolutions 13$, 13,5$ , 14$ and'15$ for 620 KeV electrons/ The inverse 

matrices have been obtained by inversion in an Electronic Computer. Fig.1 

shows the observed spectrum and the corrected spectrum for 620 KeV conversion 

137 

electrons of Cs . The matrix method was applied to continuous gamma- ray 

spectrum by Kockum and Starfelt ( 3 ) . The errors involved in the matrix 

method have been discussed by Rand ( 4 ) . A triple coincidence arrangement was set up for determining positron 

spectrum avoiding backseattering by requiring the positrons to annihilate 

in the crystal and detecting the annihilation gammas in two Nal (^l) crystals. 

22 

Na positron spectrum was taken and resolution correction was applied using 

the appropriate inverse matrix. As expected the corrections gave a shift 

in the end energy only. 

If the response function of the monoenergetic electrons for different 

energies is known, then, it will be possible to prepare matrices including 

backscattering. There are controversial views on this point. Preedman 

et al and Bosch and Urstein (5) observe a flat tail along with the 

gaussian peak, the tail to peak ratio remaining constant. Bertolini et 

al (6) observe a similar response function with the tail to peak ratio 

decreasing with increasing energy. Persson (7) observes a slope in the 
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tail0 It is possible that all these controversies are clue to geometry 

and scattering materials around the source and detector. The proper way 

to incorporate it is to study in our geometry. Preliminary measurements for 

a few energies were made and the results are in agreementjwith that of 

Bertolini et al, though the ratios (tail to peak) are higher. This is due 

to the fact the measurements were made in air. Response functions are required 

before matrices including backscattering can be constructed. The work is 

being continued. 
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DEVELOPMENT OF A SURFACE IONIZATION TYPE ION SOURCE 
AND ITS USE IN THE DETERMINATION OF IONIZATION POTENTIAL 

S.D. Dey 

Saha Institute of Nuclear Physics, Calcutta 

INTRODUCTION 

The formation of ions + or-T^-when evaporation of atoms or molecules 

take place from a heated filament is known as Surface Ionization. When + "VO 

ions are formed, the ratio of the number of emitted ions to neutral atoms is 

given by the Saha-Langmuir equation, , , 

± , ( 1 ) 

U o . r 

where g + and ga are ihe statistical wts.of the emitted ions and neutral atoms.(p 

is the work function of the filament material and I is the ionization potential 

of the evaporating atom. 

Equation (l) can be rewritten in the form 

2L - ^ e -+ / (2) 

^ t 

where -r ^ and n is the sum of n+ and In case when (i -<j> ) is 

than J£P, unity appearing 
^ C k 0 

o n l = . 4 £ (4) 

A being some constant and i + is the + u6ion current. 

Equation (4) may be utilized in "the determination of ionization potential. 

From the equation it is evident that if n is maintained constant, the plot of 
+ 

log i ^ 5040 will give a st. line and the negative slope of the curve 
T 

will give ( 1-^ ) , if p a n d a r e assumed to be constant over the temp, ra-

nge, if the range is small. 

The work function p^j , determined from "the slope of the Richardson plot 

greater than J£P, unity appearing in equation (2) can be neglected and it reduces 

to W U -
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of electron current vs.temp, differs from the thermionic work functionjibecause 

of the polycrystalline nature of the filament. The slope of the curve log 

5040 will actually give ( I- fy^ )j (j)^ being known, I can be calculated. 

GENERAL SET UP 

The source and the detector are fitted at the two ends of a 2' x 4" copper 

-5 

cylinder. It is evacuated to a pressure of better than 10 mm. of Hg, a 

thermocouple gauge and a Penning gauge being used to measure the vacuum. 

THE ION SOURCE SIDE 

The three filament ion source after Inghram and Chupka (l) is developed 

here. The three filaments, each of diameter 12 mil., are mounted on copper rods 

and these rods pass through special type of kovar seals. The side filaments are 

used as evaporators whereas the central filament is used as the ionizer. The 

three-filament ion source has the advantage that the ionization and evaporation 

processes are separated and as such the ionizing filament can be raised to any 

high temperature without the element being evaporated. The filaments are heated 

by transformers, the primaries of which are controlled by variacs. A tungsten-

tantalum couple (2)is spot welded at the centre of the central filament to 

measure its temperature. 

Slits are mounted on ergan rods which inturn are screwed in the flange. 

Altogether three slits are used to accelerate and focus the electron and ion 

beams. The last wide slit is placed infront of "the collector to supress seco-

ndary electrons emitted from it when is it bombarded by ions or electrons. The 

first two slits are of width 1 mm.each and the thrid one is of width 2 mm. 

THE DETECTOR SIDE 

The ion current is measured by astandard electrometer circuit (3). The 

959 pentode tube used as the electrometer tube is placed within the vacuum 

system along with the highmeg resistances connected between the supressor grid 
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and the cathod of the valve via a steatite type switch* This considerably increa-

ses the sensitivity of the electrometer because the grid-current is minimised in 

this arrangement. The supressor grid of the tube is connected to the faraday 

cage. The faraday cage is insulated from a metal rod, which controls the movement 

of the cage from outside the vacuum system, by an insulator. The rod passes 

through a ring seal fitted at the centre of a5" diameter brass flange. In the same : 

flange the electrometer tube is mounted whose connecting terminals are brought out 

through knovar seals. • Also fitted in the flange is the steatite type switch by 

means of a ring seal. 

RESULTS AND DISCUSSION 

The ionization potential of lithium has been measured with the equipment; 

described* Future programme includes measurement of ionization potential of rare-

earth elements. The,.side filaments of the ion source are coated with lithium sulph-

ate. The constancy of n in equation(4) is achieved by maintaining the current 

through the side filament constant. 

The three filaments of the ion source are raised to a common potential of 

+ 1210 volts'. The first slit, -starting from the filament, is maintained at 1200 

volts. This one acts as the 1 o i l extractor slit. (Hie second slit is at grounded 

potential and the third at volts with respect to the ground is used as the 

secondary electron supressor. The collector is connected to the grid of the ele«-

ctrometer. 

Two curves are drawn, ion current vs.temperature of the ionizing filament, 

one for no current passing through the side filament and the other for a definite 

amount of current passing through it. Suitable temperature points are chosen from 

the curves and the difference of ion current readings are noted, ft. curve is drawn 

wife these values of ion current and temperature0 The method takes into account 

the influence of heat radiation from the central filament on the magnitude of n and 
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also eliminates the photocurrent to a considerable degree. The procedure is 

repeated for different evaporation rates in different temperature ranges. Thus 

a set of curves, log i+<\?5 5040 , are obtained. Prom the slopes of these (i-

is obtained. The values obtained are given in the table below: 

TABLE I 

Temp, range Observation Mean value of (1-$^) Reference 

The plot of log i + 

1700 K- 2200°K ^ 5040 0.49 e.v. Pigs.1(a) and 
T 1 (b). 

approximates to a 
st. line. 

To determine cj>e , electron current is measured at different temperatures. 
n> 

Por electron current measurements, the three filaments of the ion source are 

raised to a common potential of -3.5 kV. The first slit is maintained at 15 volts 

-!-ve with respect to "the filaments to supress secondary electrons emitted from the 

slit due to primary electrons striking it. This is necessary, otherwise the seco-

ndary electrons may forma part of the primary beam. The second slit is maintain-

ed at -10 volts and the theird one at volts. The collector is connected to 
o 

the ground through a meter, . Prom the Richardson plot in the tem.range 1400 K -

180O°K the avarage value of turns out to be 4.87 e.v. The value of fi^ above 

1800°K could not be measured owing to technical difficulties. 

Substituting this value of the table, the value of I turns out to be 

5.36 e.v. 'The actual vaL ue will be slightly different because (p is not accura-

ls' 

tely known in the tem.range 17009K-2200°K the optical spectroscopic value of 

I is 5.40 e .v. 

The value of "the ionization potential determined by this method is not as 

accurate as that obtained from optical spectroscopy. This method is 'particular-

ly useful where optical analysis is difficult e.g. rare-earths. In this conne-

ction it may be mentioned that Ionov and other (4,5) have determined that 
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ionization potentials of Pr, Tb, Ce, Er and particularly Nd by the method of 

surface ionization* Ionization potential of M has been determined from series 

limit by Hassan (6) and the value obtained agrees with the value obtained by 

Ionov and others. 
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PHOTOELECTRIC CROSS SECTION OP GAMMA RAYS FOR HEAVY ATOMS 

A. M. Ghose 

Nuclear Physics Laboratory, Bose Institute Calcutta, 

A new method has been developed for the measurement of atomic photo-

electric cross sections for high Z atoms. The method is based on the possi-

bility of separation of scattering from true absorption by,, the measurement 

of photon transmission through spherical shells of absorbers. In a separate 

paper theoretical calculations have been presented to consider the effects 

of multiple scattering as the thickness of the shell is gradually increased 

(l) , It has been shown that the absorption in the shell can be approximated 

by an effective cross section which can be expanded in a polynomial in the 

thickness of the shell: 

c r ( t ) - t f l (1 + at + bt + . . . ) (1) 

where ^ a is the absorption (essentially photoelectric) cross-section while 

(t) is the effective cross-section at a thickness t of the absorber; a, b 

etc. are constants independent of t . 

Validity of eq. (l) supposes the use of a constant spectral sensitivity 

photon counter (2) which forms an essential part of our equipment. Using 

suoh a counter and a rotation arrangement for averaging out photon inten-

sities, photoelectric cross-sections for lead and mercury have been measured 

60 for Co photons. The results are shown in Table I . It has been found that 

60 

the experimental results obtained by different workers for Co 0 -rays 

show mutual agreement, if the ratios of K-shell to total photoabsorption 

are assumed to have the values given by Hultberg (3). However, our 
137 

measurements of lead for Cs photons indicate that these ratios are not 
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Probably applicable in 1Ms energy range. In fig. 1 we have shown the 

results obtained by different workers in this field. Contrary to what is 

expected on general theoretical grounds, the values given in ihe UBS table 

by Grodstein (7 ) restores agreement between theory, experiments performed 

/r— fir" 

directly on ^ K and experiments on*"* a by different methods. 

A detailed paper giving various sources of error in this type of 

experiment and their reduction will be published shortly. 
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TABLE I 

Photoelectric Cross Sections of Heavy Elements for C0 

Photons 

60 

Experi-
menter 

Energy 
of 

Photons 

Element 
studied 

Barns/atom Barns/atom 
CT"c 

Theoretical 
0~K 

(barns/atom) 

MeV 
Pratt 6 
et„al 

NBS 7 

Hultberg 

(3) (1959) 

1.173 

1.332 

U 

U 

- 7.2+0.50 

5.4+0.30 

6.32 

4=93 

6.9 

5.5 

Bleeker(4) 

et.al(l962) 1.332 Pb - 3.24+0.13 2.99 3.24 

Colgate(5) 

(1952) 1.332 Pt 2.61+0.07 2.10+0,06 2.31 2.53 

1.332 Pb 3.39+0.07 2.71+0.06 2.99 3.24 

1.332 Bi 3.53+0.07 2.82+0.06 3.20 3.45 

1-.332 U 5.45+0.09 4.36+0.09 4.93 5.45 -

Author 1.173 
1.332 

Hg 
(Hgo Powder) 

4.01+0.25 3.23+0.20 3.04 3«39 

-ao- Pb 
(Pbo Powder) 

4.48+0.20 3.58+0.16 3.41 3.66 

-dO- Pb 

(foil) 

4.38+0.20 3.50+0.16 3.41 3.66 
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MEASUREMENT OF ABSOLUTE DIFFRENTIALICOLLISION 

CROSS SECTION OF Co60 IN COMPTON 

EFFECT 

A . M . Ghose 
Nuclear Physics Laboratory, Bose Institute 

Calcutta 

60 

Absolute values of "the differential collision cross sections of Co 

photons (1.17 and 1.33 MeV) in Compton effect have been measured In the angular 

range of 13° to 140°, in two steps. First the relative .values of the cross 

sections have been determined by using the experimental arrangement described 

below. Collimated photon beams emerge out of a source placed on a goniometer 

tab]e . The photons scattered through an angle by the cylindrical copper 

scatters pass through a fixed system of lead slits and are detected by a uniform 

spectral sensitivity photon counter developed by the author (l ) . It can be 

shown that the present type of experimental arrangement can only yield relative 

values of the cross-sections. 

Corrections have to be made for multiple scattering and absorption in 

the scatters. This lias been done by measuring the relative cross-sections 

as a function of the radius?!, of the scatters. Extrapolation to zero thickness 

by a polyomial of low degree(first or second) then sufficies to correct for 

these effects. Corrections have also been made for self-absorption in the 

source and for small variation of "the detector sensitivity with angle. Fig. 

1 shows the experimental results along with their theoretically predicted 

values. The data unequivocally rule out the distribution formula of Breit, 

Gordon and Dirac in favour of the ELein-Nishina formula. 

The relative measurements have been converted to their absolute values 

by a partial integral type measurement in which the total cross section for 
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angles 13° to 180° have been measured (Fig.2). A narrow pencil of photons 

emitted by the sources is selected by a system of filters F^, F^, F^ and 

F , the mean effective angle of the conical umbral beam incident on the 

scatter being fraction of a degree. The final conical filter selects the 

value of the minimum angle (13°) through which photons must be scattered 

before they are removed from the exit channel. The separation of the cry-

stal and the filter has been adjusted in such a manner that "the path 

lengths of the scattered photons is as close as possible to that of the 

undeviated photons. For ihe interpretation of these measurements experi-

mental data has been extrapolaed to 180°. This has negligible effect 

on the over-all accuracy of "this experiment. *ig. 4 shows the experimental 

absolute cross sections and their Klein- Nishina counterpart. The r.m.s. 

deviation between the experimental and Klein- Nishina values was found 

to be 1.5$ which is well within the mean probable error spread (-3.5$) 

of the experimental points themselves. 
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CONFIGURATION MIXING EFFECTS IN SHELL MODEL NUCLEI 
« 

Raj K. Gupta * 

Physics Department, Panjab University, Chandigarh - 3 

In all shell model calculations it is invariably assumed that only 

low-lying configurations with energies'nearly degenerate'with the ground 

state configuration need be mixed to obtain the low-lying levels, ^his appro-

ximation received its justification from the works of Brueckner and others(1)„ 

According to this "theory, the higher two-particle excitations are all included 

in the R-matrix by definition. In practice, however, one has to define the 

'near degeneracy' quite arbitarily, Banerjee and Dutta Roy (2) considered 

all the configurations within 1.95 MeV to be nearly degenerate with the ground 

42 
state configuration for "the calculations of the energy levels of Ca using 

/ . 4 1 . 
R-matrix. (1.95 MeV is the single particle energy from Ca data). Waghmare 

(3) defined the near degeneracy as r v 2.5 MeV for his calculations of energy 

18 92 

levels of 0 and Zr using a two-body potential (V-matrix). In the light 

of these definitions for 'near degeneracy' we noticed from the experimental 

data on single-particle (or single-hole) .nuclei that all the shell model 

nuclei other than ones in 1p shell will have at least their single-excitation 

configuration degenerate with the ground state configuration. For 1p-shell 

the single particle excitation energy is even as large as 5 MeV and this makes 

the ground state as pure configuration. 

The calculations for lp-shell nuclei have generally been carried out 

based on the Ls-coupling or Intermediate coupling models. It was even 

remarked (4 ) that it was not likely that conventional shell model calcula-

tions will be made for cases like mass 14 nuclei. However recently True(5) 14 has reported the calculations of the energy levels in N using a central 
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two-body interaction of the Gaussian type. Here we report the"results of 

14 
our similar calculations for C . It may be mentioned that whereas several 

authors(6) had made jj -coupling model calculations for specific problems, 

14 

involving only odd-parity states of C , no detailed shell model calculations 

for this nucleus are available so far.-' Here we evaluate the central two-body 

interaction matrix elements by the method of relative coordinates developed 

by Moshinsky (7 ) and others ( 8 ) . A potential, well of "the Gaussian type has 

been taken* 
12 14 

Considering C as the core the ground state of C is given by the two 

particles (neutrons) configuration OP-jy^o* excitation of one or 

both of these particles would give rise to excited configurations (ipi 2Si)l~, 
2 2 2 

0 ; (1P£ 1d 5 / 2 ) 3- - 2- , (2Si) Q
 + a n d ( l d5/2^ 0+ , 2 + , 4 + (leaving ia 3 / 2 as 

compared .to as it is ^ 5 MeV above « T h e c o r e> considered 
•»/ 11 

to be soft, also gives rise to the core-excited configuration ( I ^ ^ /%} 

The relative energy for such hole-particle configurations can directly be 

calculated (9) frcm particle-particle configurations. The single particle 
13 

energies are taken from the experimental data on C . The calculated level 

spectrum is shown in fig 1 (a) as a function of the rarge parameter , defined 

as ^ being the range of the Gaussian potential and^that of 
Jll, 

nucleon wavefunction, for singlet forces (singlet even + singlet odd ) . The 

calculations for other types of the exchange mixtures have also been made and 

this mixture appears to give most favourable results. The potential strength 

9 calculated from ( ^"Sfy J|~£pIoublet, for different values of ^ i s 

shown in table 1; given as inset in fig. 1 itself. Since the first excited 
ii <7 » 

state 2si. of C is at 3.09 MeV the ground state of C has been taken to be 
2 
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pure in the spirit of the definitions of near degeneracy' mentioned above, 

and only the configuration mixing of other two 0 + states given by the 

configurations ( 2 . S y ^ y and {fCLfLjhas been allowed. This is shown by 

dotted lines in fig 1 (a). 

First we discuss the relative position of the ground state. As observed 

by S0od and Waghmare (6) in their study of p^ doublets, we have to assume, in 
2 

addition to the above interaction, a pairing force operating only in the (ipi) _+ 
• 2 0 •j i 

ground state of C and depressing it by about 2 MeV. Waghmare and Majumdar (10) 

have recently calculated this level including the correlations in the ground 

state in the Random Phase Approximation and the BCS type pairing energy and 

have obtained satisfactory agreement with the ground state energy. In view 

of their contributions to the ground state energy we have, normalised our 

calculated energy levels with respect to the 6.09 MeV, state. 

Efext we consider the choice of a suitable value of ^ , the only free 

parameter in our calculations, that will lead to the best fit with the experi-

mental data. From the figure it is clear that the energies of the negative 

parity states T V y very little with the variation of X » and thus cannot 

provide any criterion for choosing any particular value for the same. However, 

the variation in the energy of the 0+ states, is quite marked and we notice 

that the position of first excited 0+ level with respect to 1 level does not 

leave much freedom, and points to a value A 0.56, giving the best fit . 

the results for this value of A are shown separately in *ig. 1. (c), and the 

over all agreement with the experimental results, shown in Fig.J/b), is very 

satisfactory. This agreement allows us to make the following configuration 
14 

assignments to the various energy levels observed in C . 
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The odd parity states are given by the two pi doublets, in agreement 

H" 

with earlier qualitative considerations. The 0+ , 6.58 Mev level is 

2 A characterised to be (2S3J with admixtures from ( I (X. ) . The 
+ 2 —/ 

1 , 8c32 MeV level can be assigned the hole-particle configuration (. I ' f y j ^ j 

as this is the only one giving 1+state. There remains the level 7.01 MeV 

whose spin-parity has been observed to be ( 0 , 2 ) . The calculations 

do not show any other level below 2 state. However, there is a 2 + state, 

due to i\b- I k<> \ configuration lying very close to 2" state. The 2 v < /l3 

states are also given by the particle-particle configurations ( i-'Stj ' 

and £ | * If the configuration interaction between these three 

+ • + 

2 states be considered, the hole-particle 2 state would be depressed in 

the right direction and cculd possibly be compared with the observed 7.01 

MeV level. Warburton and Pinkston (4 ) have compared this 7.01 MeV level 
+ 14 -n 16 

with the 2 , 9.16 MeV ajaalog in IT . Further if we consider the 0 
14 + 

as the core for C , the 7.01 MeV state could be identified as 0 state 

16 

due to the 0 - core excitation configuration ^ | ^ c; But,this 

state is formed by the C12 (t,p) C1* double stripping and it is unlikely 

that such configuration would be strongly formed by such reactions (11) . 

Further, an intermediate coupling calculation due to Wilmore (12) suggests 

+ 14 that the lowest 0 state of C arising from such a configuration would . 

have an excitation energy of at least 12 MeV. 5hus the character of 

+ 12 
the character of the 7.01 MeV state as 2 due to C core-excitation 

configuration (^tdji ' ^ ' / ; ) seems to be appropriate. 

14 

Hence we conclude that C can be justifiably treated on the 

12 

jj-coupling model with C as the core and configuration mixing among 

the excited states in the spirit of Brueckner theoryc 
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* 

The Author now states "unfortunately some mistake has been noticed in the 

calculations v/hich changes some of the results presented herein. However 

the conclusions remain the same" 
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an 
ROTATIONAL BANDS IN Kr 

P. K. Bindal, Raj K. Gupta and P.C. Sood 
Physics Department, Panjab University, Chandigarh-3 

The existence of "the large quadrupole moments and "the greatly enhanced 

E2 transistion probabilities over the single particle estimates in several 

nuclei led to the recognition of the collective effects in such nuclei more 

than a decade ago. The study of low-lying levels by Coulomb excitation process 

(1,2) provided very striking evidence in favour of such an interpretation. 

Certain characteristic regularities with respect to energy spacings in even-

even nuclei far from closed diells could accurately be represented as belonging 

to rotational spectra. Such a rotational spectra has since long been noted 

to be absent in the region 40 ^ A ^150 . On the other hand, Coulomb excita-

tion experiments (2 ) had established that essentially all even-even transi-

tions in medium weight non-magic nuclei (roughly from Ti to Te) are from 10 

to 30 times faster than single particle transitions and must therefore involve 

some degree of collective participation. Recently (3 ) it has been shown 

that certain nuclei in this region possess deformed shapes and show rotational 
•B i 

fespectra. In the present note we shall show from simple considerations how 

82 

the energy levels in Kr may constiture rotational bands. The analysis is 

based on the earlier studies of Gupta and Sood (3)» 

The reduced transition probabilities for a single particle transition 

of E2 type, given by 
B(E2)_ _ = 3 *,10~5 A 4 / / 3 e2 * 10~48 Cm4 

o.r • 

is 1.07 x 10~2 e 2 x 10~48 Cm4 for A = 82. The experimental value (4) 

-48 2 4 + 
of 0o18 x 10 e Cm from Coulpmb excitation of first 2 excited state shows 

an enhancement of about 17 times over the single particle estimatec The 
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reduced transition probability due to Coulomb excitation of first excited.. 

state is related to the intrinsic quadrupole moment by the relation 

' B (E2) a 5/16^ e2 Q 2 

o 

which in turn is related to the deformation parameter by 

% = 5 Z Rq 1 = 0.16f>+ ) 

\l 57, 

Taking the experimental value of B (E2), the intrinsic quadrupole moment 

is calculated to be Qq = 1.35 barn and the deformation parameter jb C^0e18. 

This value of is comparable with the values for other deformed nuclei with 

well-developed rotational spectra. 

The energy levels in the rotational bands are given by the formula 

E (I) = E + Al ( I +1) - BI2 ( I + l ) 2 + . . . . . 
o 

where A is related to the moment of inertia 3 of the deformed nuclei 

( = &2/2V and B is the rotatL on-vibraU on coupling constant. The 

82 
rotational constants A and B for Kr , calculated by using the experimental 

(5) energies of the first 2 + (777 KeV) and 4+ (1821 KeV) excited states, 

82 

are 146 KeV and 2.75 KeV respectively. These values of A and B for Kr , 

when compared with the known cases of deformed nuclei, fit quite nicely in 

the general picture. This is clearly shown in table I . 

Having obtained the rotational constants A and B from the observed 

0 + — 2 + 4 + sequence, we use them to obtain the energy separations 

in the excited bands. The 2+ level at 1475 KeV may be treated as band-head 

for K = 2 , Y -band. The resulting rotational spectrum is shown in 

Pig. 1. (l.b) to be compared with the experimental level scheme (5) given 

in Pig. (1 a) . The agreement forthe 3+ 2 ( I K) level is very good. 

The 4 + 2 level is predicted at 2519 KeV. This may correspond to an 
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experimentally observed level at 2426 KeV whose spin-parity assignment 

has yet to be determined. Thus in addition to the ground state, K = 0 , 

rotational band a k = 2, "/-vibrational band is indicated for this nucleus, 

TABLE j 

The rotational constant A and B in KeV obtained by fitting the 2+ and 4+ 

states of the ground state rotational band in various nuclei. 

»T -1 w 2 0 ™ 24 -.28 _ 56 T. 82 _ 152 ^228 
Nucleus Ne Mg Si Fe Kr Sm Th 

A 298 237 323 157 146 21 10 

B 4.3 1.6 4.6 2.6 2.75 0.14 0.02 

— m m=m=a=m=m=m^m==i=m=m=B=m=m=m=m=m=m=:m=m=m=m=m=im=:m=m=m=m=m=m=m=m=m=mzzm=m 
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SHELL MODEL CALCULATIONS FOR LEVELS IN Nb91 

S. D. Sharma, Raj K. Gupta and ; 

P.C. Sood 
Department of Physics, Panjab University, Chandigarh-3 

The calculations for energy levels of nuclei with or near closed shells 

are normally carried on the jj coupling model. Several investigators have 

90 

done such calculations for the nucleus Zr with considerable success. These 

and the results for other nuclei with similar configurations suggest that 38 

protons may be taken to constitute a fairly stable core along wiHi 50 neutrons. 

Further it is well known that the matrix elements of "the two-body interaction 

do not change appreciably from one nucleus to a neighbouring one. Based on 

these considerations we have carried out the calculations of the energy levels 
91 90 

of the nucleus Nb using the study of Zr levels by Tharikappan, Waghmare 

and Pandya (l) (hereafter referred to as TWP) afld the discussion of this nucleus 

by Sood and Waghmare (2) . 

In the present report we have not included the configuration mixing 

effects which are still under investigation. Thus the ground state configura-

2 1 
tionis taken as (p|} (g9/2) proton added to the 50 neutrons- 38 protons 

core. The excited levels are obtained when one or both of the protons from 

the pĵ  orbit are excited. Single proton excitation resulting in the configu-2 . . 1 2 
ration (piji (g9/2) leads to the negative parity states and the excitation 

2 

of both the protons from pi orbit gives (g9/2) configuration and positive 
' 2 

a -i 

parity states. For our calculations we assume that the ground state of Nb 

is reached by adding one gg/2 Pro"bon t o t h e (Pi)2 ground state of Zr^° aai 

similar is the case for the excited levels. 

The central two-body nuclear interaction assumed by TWP (l) is a Gaussian 
potential of the type 
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The energy levels are calculated as a function of the parameter 

where is the range of the Gaussian potential (l) and 31 ̂  that pf the 

harmonic oscillator wave functions chosen to describe the particle states. 

When two equivalent particles are coupled to a non-equivalent particle, the 

matrix elements of the two body nuclear interaction can be written as.. (2 ) 

X (2) 

where different terms have their usual meaning. If all the three particles 

are equivalent, then we have the well known relation in terms of the fractio-

nal parentage coefficients 

We assume the singlet and the triplet potential strengths V and 
S 

v . derived by TWP for Zr9 0 . The single particle energy E(pi) -E(g_./0) x y/^ 
89 

is taken to be 0.915 MeV from the data on Y „ Since the ground state may 

not be a pure configuration, we normalise our results to the 1/2 state. 91 v 

The level spectrum calculated for Nb as a function of the parameter / ^ is . 

shown in Jig. 1(a). The spin values higher than 9/2 have been left out. 

Pig:. 1(b) gives the experimental energy levels (3,4) and 1(d) and 1(e) show 

the results from other investigators (5,6) along with our best fit results 

shown in 1(c). 

First we notice that our results are very similar to those of other 

investigators (5,6) and the agreement will improve with the inclusion of 

configuration mixing in our calculations, although the approach is basically 
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different. We start with an explicit form of the two body interaction and 

seek out its verification through these calculations whereas others treat 

the two-body interaction matrix elements (and not the interaction itself) 

and single particle binding energies as independent parameters. The agreement 

of the results obtained via the "two approaches - the analytical approach of 

our type and the one using high speed computers like CDC 3600 -strengthens 

one's faith in simple minded approach of investigators with limited facilities. 

Now let us compare our results with the available experimental infor-

mation. We have chosen the best fit values as shown In 1(c) to agree with 

the observed 9/2+ — l/2~ separation. In addition two negative parity 

states at 1.31 MeV and 1.64 MeV are observed with the possible spin assign-

ments (l/2~, 3/2~) for both. Shell model considerations suggest only one 

3/2 state with the other member of the doublet as 5/2 . However core-excita-

tion, i . e . , excitation of one proton from the orl)i',: S9/2 c a n 

give us a 3/2~ state. Thus hoth these levels may be assigned spin parity 

1 2 2 2 
3/2 arising from the configuration (P 1 / 2 ) (gg//2) and (pi) (g g / 2 ) 

(p^y2) ^ respectively. This is in agreement with the suggestion of Lobkowicz 

and Marmier (3)» Further these investigators (3 ) report two positive parity 

levels at 0.805 MeV and 1„07 MeV both with suggested spin parity assignment 

(7/2 , 9/2 ). Our calculations show these levels at higher excitation 

energy, and it is expected that, with the inclusion of the configuration 

mixing, their separation,can be correctly predicted. 

We are, at present, investigating the effect of configuration mixing 

and also the core excitation process. Meanwhile further definite experimental 

information can be very useful in determining the nuclear interaction 

parameters. 
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ALPHA -DECAY OP AMERICIUM - 241 

M. Rama Rao 

Saha Institute of Nuclear Physics, Calcutta 

237 

Most of the available information on the excitation levels of Np 

has been derived through experiments based on : ( i ) p-decay of U , (ii) 

Electron capture in Pu , and (iii ) Coulomb excitation of 

N? 3 7 . 

However, relatively much less was known about the excitatiorulevels 

of 
from direct measurements on alpha transitions in the decay of Am 241 

Our knowledge of the alpha decay of Am was limited to only six or seven 

fine structure alpha groups until 1963 when TOrking with a high resolution 

magnetic spectrograph, Baranov et al (l) showed the existence of at least 241 18 fine structure alpha-ray groups. A study of the alpha decay of Am would hence be of considerable interest both from the view point of excited 

levels of as well as of the alpha decay characteristics of Am 

This study has been undertaken with "the help of a low pressure expa-

nsion cloud chamber (2) . The alpha-tracks are photographed in a stereo set-

up. Range and. energy measurements are made after stereo projection of the 

photographs. Table I , summarises the results based on the evaluation of 

40,000 tracks. 

TABLE I 

241 
•, . . Jinstructure of Am alpha groups 

Alpha particle Inteasity Energy levels above the 

energy (MeV) % ground state (KeV) 

5.540 0.25 0 

5.508 0.13 32 

5.482 85.00 59 

5.438 12.70 103.7 

, 5.383 1.45 159 

5.317 1.2 x 10~2 226 
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In general, agreement has been obtained with the results of most 

previous work. Hitherto, the experimental e'vidence for the excitation level 

of Up37 at 226 KeV arises mainly through the results of alpha spectrometry of 

Am241. Recently, the low energy gamma ray transitions in Np2^7 following alpha 

241 

decay of Am have been studied by examination of the internal conversion 

spectrum, using ~7j~V beta-ray spectrometer ard the existence of level at 

226 KeV has been revealed (3). We, in our own cloud chamber studies, have 

been able to identify and substantiate the existence of this low intensity 

226 KeV level. 
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DISCUSSIONS 

P. Mukherjee: What is the effect of straggling on your energy resolution? 

M. Rama Rao : We have used Bethe's range-energy relations for estimation 

of energies. This sets an energy resolution limit to 20 KeV for alphas. 

P.Mukherjee: Did you take into account the self absorption >of the alpha's 

in the target? 
241 

M.Rama Rao : We have used in our investigations Am source prepared and 

imported from ORNL. They have quoted the energy spread to be 3 KeV compared 

to limitations on the range-energy relations utilised, the contribution arising 

from the energy spread of the source itself is negligible. 

P. Mukherjee: How uniform is your chamber pressure? 

M.Rama Raos The constancy of pressure in the cloud chamber has been tested 

from time to time by obtaining photogrghs of Po^-^'jwith A m . This is 
achieved by using a electro-magnetically operated shutter arrangement. 
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CROSSSECTION MEASUREMENTS OP ( p , p ' y ) RADIATIONS PROM Ni & Ni 

by 

P.N, Trehari and N.G.Singhal 

Department of Physics, Punjab University 
Chandigarh - 3 

The experiment was.to measure the yield of ( p , p ' y ) radiations from 

isotopically. enriched Ni^° find Ni^2 targets'for proton bombarding energy 

ranging from 3 A MeV to 5.0 MeV. The target was mounted, at 90° to the 

proton beam direction in a target chamber of the type discussed by Trehan(l). 

The gamma ray measurements were carried out with a 3" x 3" Nal crystal 

counter (connected to 400 channel analyser) at 55° to the beam direction,. 

Table I gives all the gamma rays observed in Ni isotopes. 

TABLE I 

Target Gamma rays observed (in ®eV) 

Ni 6 0 
0.67+ , 

* 
0.83 > 

* + 
0.96 

* 
, 1.33 

1.56+ , 
* 

1.79 t 2„16+ 

Ni62 0.68+ , 
* 

0.88 ? 0.96+ 
, 1.17* , 1.33+ 

1.42+ , 
* 

1.72 > 1.86+ 
* 

»; 2.30 

* "Y ' -rays observed from (p,p,JjT) reaction 

+ Y -rays observed from^PjJf) _reaction in Ni or Cu^ contaminant,, 

The assignment of gamma rays to either (p,*y) or (p ,p ' ^0 reaction 

was made on the basis of observed threshold energy and the rate of the 

Variation of production cross-section with proton energy. Pigure 1 shows 

work was done in collaboration with Dr. D.M. Van Patter, Bartol 
Research Foundation under "the sponsorship of U.S. Air Force 
Office of Scientific Research. 
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the decay schemes of Ni^° and Ni^2 along with the observed (p,p'"}f ) radiations 

in the present measurements. 

To get the production crosssection of various gamma rays, their yields 

were corrected for summing effects and the gamma ray efficiencies given by 

Heath (2). Correction to these gamma-rays were made due to absorption of 

-rays in "the Platinum backing, target chamber walls and crystal housing. 

After applying these corrections,/' -ray yields were used to calculate (p ,p X Y) 

production crossections. 

Figure 2 shows the level excitation crossections as a function of 

proton energy for some levels in case of N i ^ and Ni^2. For the levels 

2,16 and 2.29 MeV in N i ^ , for which spin and parity assignments were not 

definite, theoretical calculations were made (using Hauser and Feshbach 

method (3) and suitable optical potential for the expected spins and are 

shown in fig. 2 (a). In case of 2.16 MeV level the experimental crossection 

is higher than that expected theoretically. This could be explained if 

we consider the possibility of contribution to this level from some higher 

energy levels. In case of 2.29 MeV level, the experimental crossections 

are corrected for Ni 6 0 (p ,? ' ) , Cu63 (p,y) contribution (Cu
6 3 is present 

60 
as contamination in Hi target) and are shown with the expected theoretical 

crossection (calculated with 0* or 2+ spin). It is observed that 0+ spin 

assignment is most suitable. 62 

For the levels 2.05 and 2.30 MeV in Ni experimental and theoretical 

crossections are shown in Fig. 2(b). In case of 2.05 % V level 0+ assignment 

is most suitable which agrees with that done by Sen Gupta et al (4). In 

case of 2.30 MeV level, the experimental crossection is lower than that 

expected theoretically. This is expected as we could not observe 1,13 MeV 
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gamma ray for the 1,13 - 1.17 MfeV cascade and thus could include its yield 

in the cjrossection calculation for 2.30 MeV level. This gamma ray has 

been observed recently by Sen Gupta and Van Patter (5), in coincidence 

measurements. Thus we expect that the experimental crossection for 2.30 

MeV.level will be raised to lead to a fair agreement with the theoretically 

expected value. Thus we conclude that 2.30 MeV level is 2 + level. 
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DISCUSSION 

E. Kondaiah : Did you make any p -/coincidence measurements? 

In view of the unobserved cascade decays and other complications, the 

yields of Y- rays by themselves may not uniquely determine the spins 

of "the levels. 

P.N. Trehan: There are ways by which we could decide about the assignment of 

"2̂ -rays to (p,p'Jf) reaction in Ni 6 0 , . 

1) Firstly from the threshold of observation of a p a r t i c u l a r r a y e.g. 

( p ,pt^ ) radiations will start showing at higher energies as compared to 

( p, y ) radiati ons. 
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2) The yield of ( p , ^ ) radiations will show a relatively less increase as we 

go to higher and higher proton energies whereas (p, p ' 2 0 radiations will 

show a constant increase starting from threshold. 

\ G 

3) oincidence measurements have been done which also help us in deciding 

about the origin of^f-rays. 
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"INELASTIC NEUTRON SCATTERING OROSSECTIONS IN In 1 1 5 " 

N. C. Singhal and P. N. Trehan 
Physics Department, Panjab University 

Chandigarh-3 

Significant improvement in the experimental techniques of measuring 

inelastic neutrons scattering data has been made ever "the last few years, ^ i s 

has made possible a precise a nalysis of experimental data in terms of "the 

Hauser-Peshbach theory (l ) . We have calculated the inelastic neutron scattering 

115 

crossection in In from the method of Hauser and Feshbach making use of 

transmission coefficients from the diffused surface potential of Campbell et 

al (2). A comparison has been made between the theoretically calculated 

values and the experimental data of Lind and Day (3). The spin assignment of 

two levels at 1125 KeV and 1290 KeV in In 1 1 5 is discussed in the light of the 

above comparison. 115 

Several investigators have studied the level scheme of In from the 

115m 115 

bfcta decay of Cd and Cd using scintillation and coincidence techniques 

(4) and also from the measurements of inelastic scattering of neutrons by 

sharp et al (5) and Lind and Day (3). The level scheme of Lind and Day (3) 

established from'their study of inelastic scattering of neutrons has been 

adopted for the present calculations and is shown in Fig.1. 

Fig. 2. shows the results of our calculations for the excitation 115 

crossections for 1125 KeV and 1290 KeV levels in In as a function of neutron 

energy. The experimental values as obtained by Lind and Day(3) are also shown. 

For the present calculations, the levels at 935, 1420 have been included with 

the accepted spin assignments of 7/2+ and 9/2+ respectively. The spin values 
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to 1125 KeV and 1290 KeV levels are not 'i&owndefinitely and thus, various 

expected spin values (7/2+ , 9/2 + , 1l/2+ , 13/2+) and (9/2+ , 1l/2+) have 

been tried for these two levels. The levels at 650 KeV (recently reported by 

Sharma et al (4) and Rao et al (4) and 1560 KeV have not been included for 

these calculations because these levels are not excited in the inelastid neutr , 

ron scattering process. 

From Figure 2(a) we find that 1he theoretical inelastic neutron scatte-

ring crossection for 1290 KeV level are higher as compared with the experime-

ntally measured values of Lind and Day (3) for both the spin assignment of 

9/2+ and 1l/2+ . It can be observed the theoretical values of crossections for 

this level do not differ much when a spin change of 1l/2+ in place of 7/2^ 

is made for 1125 KeV level. Therefore,we cannot select between these two spin 

assignments for this level. 

For 1125 KeV level we have shown two theoretical curves (figure 2 (b) 

for two different spin values 7/2+ and 1l/2+ (as suggested by Sharma et.al. 

from their study of angular correlation work(6) ) to this level. From the 

comparison of experimental and the theoretically calculated values of excita-

tion crossections we find the theoretical values are rather too high when 

a spin assignment of 1l/2+ is made to 1125 KeV level. There is, in general, 

quite a good agreement between the theoretical and the experimentally 

observed values both qualitievely and quantitatively when a spin value of 7/2+ 

is. assigned to 1125 KeV level. We also find from the figure "2(b) that the 

theoretical curve starts deviating towards higher values around about 1700 

KeV. This may be explained on the ground that we are not taking into 

account the contribution of 15.60 KeV level and also same high levels might be 
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missing which we are not including in our calculations. More work on these 

lines is contemplated. It is also proposed to make these calculations 

taking into account "the effect of spin-orbit coupling term in the optical 

model. 
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COMPLEX REFRACTIVE INDEX OF A MAGNETOPLASMA 

J.Basu 

Saha Institute of Nuclear Physics, Calcutta 

INTRODUCTION 

In microwave diagnostics of a magnetoplasma, using the free-space 

method(l), the basic quantities measured are the complex reflection and trans-

mission coefficients of a microwave beam indident normally on the plasma. These 

quantities can easily be related to plasma parameters, such as and H, by 

plotting the complex refrractive index n on a Smith chart. Results are reported 

in the paper, giving n on a Smith chart for a few typical values of }J and 

for two orientations of H that are generally found in laboratory experiments 

on plasma, -viz., longitudinal and transverse to the direction of wave pro-

pagation. 

COMPLEX REFRAC TIVE INDEX 

n is given by the well - known appleton-Hartree formula (2) based on 

the magneto-ionic theory.- The same formula follows from the conductivity tensor 

of a magnetoplasma (3), derived from Boltzmann's equation, assuming that 

collision frequency of electrons is independent of electron velocities. 

Since the permeability of the medium can reasonably be taken to equal 

to that of free space, n plotted on a Smith chart gives directly, as shown in 

Pig. 1(a), P and /?T for an electromagnetic wave incident normally from free 

space on to a semi-infinite magneto-plasma and vice versa (4). The coefficients 

for a finite plasma can be interpreted in terms of those for a semi-infinite 

one (5) 

REFLECTED,TRANSMITTED A D ABSORBED POWER 

For a semi-infinite magnetoplasma the power reflected, normalized with 
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respect to the incident power, is 

h - U - u ' 

The normalized transmitted power in the magnetoplasma at a distance 

d from the boundary is given by 2.fi<ty)Hel. U W1AA1U.O.J. jr J_Q glYCU UJ p Vl"^ / 

where is the phase-change coefficient in free space 

+ *>*X • (2) 

The power absorbed by the medium between any two distances d^and d^ 

from the boundary is, when normalized, - /( . . 

ZERO COLLISION FREQUENCY' 

For the ordinary (0-) wave in both the longitudinal (L ) and Transver-

se (T)cases n is confined to the contour. ONQM in Fig. 1(a). 

For the extra-ordinary (E-) waves, n may be extended, to the line OM 

as well, when the magnetoplasma acts like an ordinary dielectric. This happens 

if tkJc ^ W in L case and if ' ~ ^ ' / t O ^ j ( ° r > i n other words, 

in T case. The magnetoplasma acts not only as a high-pass filter 

but also as a low-pass filter in the first case, the cut - off frequency being 

(jO — CX>^ and as a band-pass filter in the second case, the cut-off frequencies 

being CO- J - C C O r V 

. There are two interesting 

features of n, illustrated in Figs.1 (b) and (c), which do not appear to have 

been pointed out in the past. 

FINITE COLLISION FREQUENCY 

If P is very high so and ")J ^ ^ , n can, to a 

good approximation, be represented by the point 0 in Fig. 1(a). 

For an intermediate frequency n lies somewhere in the upper half of 

the Smith chart, n has been plotted on simplified versions of this half for 
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a few typical values of U . The selected loci shown in Fig. 2 are obtained 

by varying one of the parameters^)andtt), from zero to infinity while the 

other two are kept fixed. For O-wave, T case, n is given by the curves 

corresponding to U> =0. A few interesting features of the loci are noted 

below. 

Consider 0-wave, 1 case. As the magnetic field is increased, there 

is a decrease in n", indicating thereby that the attenuation in the plasma 

is reduced. 

Referring to E-waves, each of n" and has a maximum at cylotron 

resonance in L case while each has a dip at plasmaresonance in T case. These 

are appreciable ifOJLis of "the same order as UJ. (orU)c )and U^lO, (or oO ). L p P 

CONCLUDING REMARKS 

If any plane wave is incident normally on a magnetoplasma in a 

direction longitudinal or transverse to the static magnetic field, it can be 

resolved into components corresponding to the characteristic waves, and the 

plasma can then be studied with the help of the results given in the paper. 

The refractive index, as used, was derived on the assumption that 

the electron motion is damped only due to collisions. Other causes of damping 

may also be taken into account by replacing U by 1J+ , where S^ is 

the damping factor due to causes other than collision, (l ) . 

The effect of ion cyclotron resonance is neglected in the 

derivation of n, This introduces an error, which, however, is inappreci-

able except very near the resonant condition. 

LIST OF PRINCIPAL ..SYMBOLS 

H as Static magnetic field of a magnetoplasma. 

N = Number density of electrons-. 
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Critical number density, 

n'-jn" a Complex refractive indx 

Electron collision frequency. 

Complex reflection coefficient. 

Complex transmission coefficient. 

Angular wave-frequency. 

Cyclotron frequency for an electron. 

Plasma frequency. 
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LOSS OF THE FAST NEGATIVE IONS IN ATOMIC COLLISIONS 

S. B. Karmohapatro 
Saha Institute of Nuclear Physics, Calcutta 

A negative ion may lose electrons in the following wayss 

A~ + B —^ A + B~ (l) 

A" + B — M + + 2e + B (2) 

A" + B — f k + e + B (3) 

where A and B are atoms or molecules with a positive electron affinity. 

In the present work, we have calculated the cross sections of process 

(l) for ihe negative chlorine ion in atomic chlorine, e„g. 

.CUT •+ OL C i + C f (4) 

in the energy range between 25 ev and 90 KeV by the inpact parameter method 

similar to that used by Gurnee and Magee (7). The method has been applied 

by different authors to the similar processes (8-12) involving positive 

ions and excitation transfer processes. 

METHOD 

The impact parameter method differs from the wave treatment in atomic 

collision problems in the way that in the impact parameter treatment the 

internal motion of the associated electron is considered wave mechanically 

and the external motion or the motion of the heavier particles are consi-

dered classically; whereas both the motions are wave mechanical in wave 

treatments. In impact parameter treatment it is possible for 

X « (5) 

where ^ is the de Broglie wave length and a0 is the Bohr radius. 

The conditions assumed in the treatment are 

H ( 6 ) 
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where M is the mass and V the velocity of the ion. Ajbis the momentum 

transfer in collision. Z i ^ ' J j ^ , where V is the effective potential energy 

of interaction. The paths of the ions are assumed tobe straight, so that 

o r AX ^ (8) 

in the direction of the fast beam. 

The transition probability for the reaction (4) in the impact parameter 

method, is given by (7) +<3o , 

p L R t ) ^ * * (9) 

and the total cross section^Ls given by 

Q ± ^ Ti J / > ( ,& )£ . (10) 

In this model, to evaluate the exchange, integral Afjf^ , we use the 

interaction Hamiltonial 

= 3 i i 

where R is the distance between the nuclei of CI and CI, -^^is the distance 

between the nucleus of the chlorine atom and the electron of CI ion. 

H ' operated on 

where the matrix elements 

JIU 

A t & t y L - ^ ^ i U r ) ( 1 2 ) 

_ _ S M ^ j t R ) 
R. 

s c e j - -

and A1 = 0.9958, a ' = 0.13472 

Suffixes a, b are for the initial and final states. 

We have used the first one term of the analytical wave function of 

Cl~ given by lowdin and Appel (13) as give above 

The integral (13) is solved in the usual way and we have 

( 1 4 ) 

2jz-i 

The integral U 3 ] is solved m the usual way and we 

, i A^u^y^c-^ 
RESULTS 

For different values of the velocity of Cl~ ions, P(Rq) is computed 

from (9) . Q is calculated by solving (10) by graphical, method, Fig. 1 shows 
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the values of Q in units of A°2 for the reaction 4 ), . in the energy-

range between 25 ev to 90 KeV, 

DISCUSSION 

So far no experimental data are available to compare our theoretical 

results. Prom Pig. 1, it is evident that the variation of Q with energy shows 

a symmetrical resonance behaviour predicted by the adiabatic hypothesis and 

this agrees to the nature of the similar curve for H in H given by Dalgarno 

and McDowell (5), Again values of Q are higher than those of similar 

reactions involving positive ions. It may be attributed to the diffuse 

structure of the negative ion. In case, where copious negative ions can be 

produced, this type of reaction seems to be a good source for producing fast 

neutral atoms, required in some experiments (14) because of the high cross 

section of the present type of reaction. Por the present reaction of 01 in 

CI, the cross sections are even higher than those (13) for H in H for the 

same energy. Generally, for similar reactions involving positive ions, 

the cross sections increase with decreasing ionization potential (16) of 

the system. But it is otherwise for Cl~ in CI reaction which has a higher 

cross section value than H~ in H for the same energy, though the electron 

affinity for H is much lower than that of CI „ As regards the nature of 

the electrons forming negative ions, these results show departure from 

the nature of the binding of electrons in atoms, in general. More such 

data on negative ion-atom collisions will determine this difference in 

the nature of the binding of the electrons in the formation of the negative 

ions. 

However, for experimental verification of the reaction (4) the method 

used by Hummer et al (3) may be applied. More such experimental results 
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will evidently explain the general trend of the negative ions. 
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DISCUSSIONS 

A.K. Saha: Is not there a possibility of a real Cl~ molecule being formed? 

What is the Probability? 

S.B. Karmohapatro: Probability will be very very small. 

A.K. Saha: In the cross section calculations'ther^ is-a possibility that a 

intermidiate virtual state of Cl~ contributing. In that case molecular -wave 

-functions-with charge shielding will be necessary? 

S.B.Kl In the present two-state approximation method we have neglected it. 
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PROBE MEASUREMENTS OP A COLD CATHODE PENNING DISCHARGE 

- D.K. Bose, B. D. Nagchaudhuxi and S.N. Sen Gupta 
Saha Institute of Nuclear Physics, Calcutta. 

It has long beeh recognised that the usual langmuir probe when applied to 

a gas discharge plasma produces plasma disturbance which may affect the quanti-

ties intended to be measured with "the help of "the probe. In order to make probe 

measurements more dependable Johnson and Malter(l) have deviced a double probe 

technique in which two nearly identical langmuir-type probes are kept floating 

with respect to the discharge voltage and are fed by a separate voltage source. 

The double probe does not require to draw any part of the discharge current for 

its operation and hence it causes less plasma disturbance. By making use of 

the floating double probe technique we have studied the plasma parameters, 

electron temperature Te, electron and ion densities ne, ni, etc., in a cold 

cathode Penning discharge. The Penning tube was operated wiih argon at different 

pressures and in magnetic field of different strengths. In what follows we give 

a brief account of some of the results of our probe study. 

The double probe current voltage ( 1<L ^ ) characteristic curves 

for various values of gas pressure and magnetic field were obtained in the 

usual manner. Prom each characteristic curve a corresponding plot of 

»( -V)vs.V (where ZTL is the total ion current in the two probes and 
La. d y 

is the electron current in one probe for the voltage V^) was obtained. The 

slope of the semi logarithmic plot then gave the corresponding electron tem-

perature Te. Table I gives our experimental values of Te in different discharge 

conditions. It appears from the table that the electron temperature increases 

slowly with the increase of magnetic field and gas pressure. Using the measured 
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values of Te in the expressions for ion and electron currents ( 2 ) collected 

by the probe the values of ne, ni were then obtained. 

TABLE I 

Experimental values of electron temperature Te for different magnetic field 

and gas pressure 

Magnetic field (Gauss) 1000 1400 1700 

Electron Temp. Te (eV) 2.8 3.6 4.5 

Pressure of argon 

(x 104 mm.Hg) 

Electron Temp. Te (eV) 3.6 4.1 5.8 

(x 104 mm.Hg) 4 6 10 

In determining the plasma parameters, Te, ne and ni from the double 

probe data it was necessary to assume a Maxwellian form of energy distribution 

for the discharge electrons. This assumption may not be valid for the case of 

Penning discharge as in that case there may appear a radial electric field 

which together with the applied magnetic field may cause the electron distri-

bution to differ from the Maxwellian form. To determine "the nature of the 

electron distribution in the Penning discharge, we have carried out a 

Druyvesteyn-type analysis ( 3 ) of current voltage data obtained by means of 

a single Langmuir probe, ^ruyvesteyn has derived the following expression 

for the electron distribution function: 

f w ) = K v ^ (1) 
rl^i/1 

where j dJ\J is the second derivative of the current-voltage characteristic, 

V is the probe potential with respect to the plasma K is a constant depending 
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on the probe area. We have computed the values of ^ ^dj^j from the probe 

characteristic data1 by .a procedure of double graphical differentiation as given 

by Aisenberg (4). In Fig.1 is 'shown the electron energy distribution in the 

ease of Penning discharge. The points in Pig. 1 indicate the experimental 

distribution using Eq. (1) and the continuous curve gives the corresponding 

Maxwellian distribution . The experimental distribution agrees satisfactorily 

with the expected Maxwellian distribution. It appears, therefore, that in the 

ranges of gas pressure and magnetic field in which we have operated the Penning 

discharge the electron energy distribution is Maxwellian and our procedure of 

evaluation of the plasma parameters, Te, ne and ni, is satisfactory. 
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ON THE SET-UP OP DUOPLASMATRON POR AN INTENSE ION BEAM 

D.K.Bose, N.K. Majumdar and B.D. Nagchaudhnri 

INTRODUCTION 

Duoplasmatron is a sophisticated type of ion source (1-5) which 

can give a hundred milli-ampers of proton current or more from an emission 

aperture of 1-2 num. diameter, and reaching almost 100$ efficiency in gas 

ionisation. 

DESCRIPU ON 

It is essentially a low pressure arc discharge in a magnetic field 

t* 
parallel to the electric field. The extracted .ion current density ^JT 

r + 

follows the proportionality O ^ 'YV/ 

whereTv- is the ion density in plasma and in turn the rate of production 

of nri is given by ^ ^ ^ 

dx 

IJg, is electron.current density in the Spurce Chamber. Here the 

discharge burns between a large area filament and the water-cooled anode 

• * 

through a capillary - 4.m.m. diameter. There is an axial inhomogeneous 

magnetic field which not only traps the electrons but constrains them to 

oscillate back and forth in "the inter-anodic space. Recently this oscilla-

tion has been shown by Popov (6) to be the cause of the high degree ionisation 

as also high percentage of monatomic ions (40-80$) in this source. Extremely 

high density plasma, leaks through the emission aperture to the extraction 

chamber. 

EXTRACTION 

Por the extraction of 100 ma of proton current the discharge level 
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is maintained at7lgP£/101^ and a high extraction field given by-60 Kv across 

3 mm is prescribed according to conventional extraction principle. This 

high value is required to over-come space charge effects in the ionic beam, 

which has a natural dispersion in a field free space. Further, it expands 

the plasma emission surface by giving it a concave shape. This high poten-

tial gradient obviously limits the dimension of emission opening that can 

keep the difference of vacuum and hence the ultimate beam current obtainable. 

The conditions of extraction and focussing as adopted by Lamb et al 

( 7 ) , Gabovich ( 8 ) , Demikharnov (9) etc. are less stringent. Here the plasma 

is allowed to emerge out through a larger opening or a ring of openings aad 

ions are extracted from the expanded plasma surface by an application of a 

moderate value of electric field gradient and collimated by a magnetic lens 

system. 

We have used for extraction a voltage supply of -12 KV which would 

satisfy the field requirement of the latter method of extraction. But while 

** 14 

the source is operated at less than 10 , this value may be quite suffi-

cient to overcome the existing space charge dispersive forces. This has: been 

sampled by a series of runs with the source at different levels of arc current. 

The results are given in the following table. 

Gas : Argon 7 Pressure p = 5 x 10 ^or . 

Acceleration voltage = - 8 K.V. acc. 

3 m,m. gap. 
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TABLE 

Arc. Current Extractor current Extracted 

amps mA current 

mA 

0.5 0* 2.5 

1.0 3 2.5 

1.5 5 2.5 

2.0 6.5 2.5 

13 

We find that at arc current 0.5 amp ( T^^C^J 1 0 )» i-*16 extractor 

loss is negligible. But for increase of Ti^ with higher values of arc current, 

the extraction field is in-sufficient and extractor loss increases. We note 

that argon current of 2.5 ma is about equivalent to 15 ma of proton. 

DETERMINATION OP ELECTRON TEMPERATURE Te AND ELECTRON DENSITY; n AND ION e 

DENSITY n + . 

A probe has been inserted just below the emission opening. The 

current collected by the probe corresponding to its voltage applied is 

plotted (Pig ,1). 

Assuming Boltzmann distribution it is known that 

I t . =• 
% 

Cfc, = electron current collected by probe 

C-JlQ, = ran&oni electron current in plasma 

^ft s= .̂average electron temperature 

V = p.d. between the plasma and the probe 

= electronic charge. ijence Te can be calculated and from Te 

* Meter scale calibration 0 . 5 amp per division. 
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n and n + can be determined. We obtained, 
e 

12 + 12 
Te 10 a n d ft

e ££ 6 x 10 per cc. and n ^ 8 x 10 per cc. 

Probe method (lOyn) will be utilised to find further informations of the 

plasma. 
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