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FOREWORD 

This volume of Contributed Papers represents one of the 

two major components of the Symposium on Nuclear Spectroscopy with 

Direct Reactions. Its function is to present a representative cross 

section of the current work in this field, and at the same time it avoids 

the necessity of crowding the actual meetings w ith a large number of 

too-short papers. Only a very few will be presented orally; this volume 

is intended as a basis for numerous informal conversations . The six 

sessions of the Symposium will be devoted almost entirely to the invited 

papers and open discussions of them. These will be reported in a volume 

of proceedings, to be compiled and issued as soon as possible after the 

Symposium (hopefully by about 1 June 1964). 

The Symposium is sponsored by Argonne National Labora­

tory and has been accepted as a topical conference of the American 

Physical Society. It is being held on 9 -11 March 1964 at the Center 

for Continuing Education, University of Chicago, 1307 East 60 St., 

Chicago, Illinois . 

In preparing the papers for this volume, editorial dabbling 

was kept to a minimum. However, in the interest of a uniform format, 

some minor changes were made; and the pressure of time prevented 

checking th e se with the authors . If any meanings have been distorted 

thereby, the edito r offers his apologies . Any corrections brought 

promptly to his attention will be listed on a sheet of errata in the Pro­

ceedings. 

For their diligent efforts in preparing this volume in the 

short time allowed, thanks are due to the Physics Division secretaries: 

Miss Barbara Baldwin, Miss Jo Miller, Mrs. Judy Miller, Mrs. Kay 

P emble, Mrs. Jeanette Vendel, and Mrs. Cay Yack . We are also 
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A-1 . THE VALIDITY OF THE WKB APPROXIMATION FOR HIGH­

ENERGY DISTORTED-WAVE C A LCULATIONS * 

D a phne F . Jackson 

D epartment of Phys1cs, University of Washin g ton, 
S eattl e, Was hington 

The WKB approximation for distorted waves has been 

used in a lar ge number of caluclations in which the e nergy of the 

b o mbarding particle exc eed s about 9 0 M e V . Howeve r, the WKB 

approximation is essentia lly a small- angl e approximation which uses 

straight -line paths and is va lid only if r e fl ec tion and r e fraction e ffects 

are relative l y unimportant. Thu s th e use of this approximation may 

l ead to (i) misleading conclusions abo ut the localization o f th e r eaction, 

(ii) e rrors in the location of the m axima and minima in th e angul ar 

distributions , and (i ii) incorrect values for the magnitude of the diffe r­

e ntial cross se c tion- all of w h ich wi ll affect the accuracy of the 

information o n nucle a r structur e to b e draw n from the a nalyses of th e 

r eac tion. 

R ecentl y, part1al- wave methods for obtaining the 

disto rte d wave s have b een de ve l oped and applied to ine l astic scatteringl 

a nd s tripping r eac tions 2 at l ow and m e d1um e n e r gies, Comparison of 

th e results obtained from part.1 a l -wave and WKB c al c ulations ha ve now 

* Supporte d i n part by th e U . S . Ato m 1c E ne r gy Commission. 

l N . K . Glend e nning , Phys . R ev. 11 4, 1297 (1 959 ) ; E . R ost and N. 
Austern, Phys . R ev . 120, 13 7 5 ( 1960);R. H . B asse! , G . R . S atchl e r , 
R . M . Dr isko, and E .Ro st, Phys . R ev. 128, 269 3 ( 1962 ). 

2 W . T o boc m an, Phys . R ev. 11 5, 98 ( 1959) ; B . Buc k and P. E . 
Hodg son , Phil . M ag.!:_, 13 71 (1 96.1 ). 
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been made for the (p,p '), :3 (p, d),~ and (p, 2p)S reactions for incident­

proton energies in the range 90- 200 MeV. Each pair of calculations 

was carried out in conventional zero-range DWBA, the only difference 

being in the method of obtaining the distorted waves. 

(p,p'). The results of a comparison of partial-wave and 

WKB calculations for inelastic proton scattering from nuclei with A= 6 

and A= 58 have already been reported. :3 If energy loss can be neglected, 

it is possible to take some account of refraction in the WKB calculation 

by taking the integration path along ki + kf, where ki and kf are the momenta 

of the incoming and outgoing proton, respectively. 6 The cross section 

obtained from the partial-wave calculation falls off more rapidly at large 

angles than in WKB approximation and the maxima are shifted to slightly 

smaller angles and are generally slightly increased in magnitude. For 

incident proton energies abo ve 7 0 MeV the discrepancies between the two 

calculations are small. 

(p, d). Calculations using the partial-wave method have been 
----12 11 4 

carried out for the C (p, d)C reaction at 95 MeV and 145 MeV in 

order to compare with earlier calculations which used the WKB approxi­

mation. 7 As in the case of the (p, p') reaction, the partial-wave results 

3 L. R. B. Elton, Proceedings of the Conference on Direct Interactions 
and Nuclear Reaction Mechanisms, Padua, 1962, (Gordon and Breach 
Science Publishers, New York, 1963), p. 1093; D. F. Jackson and L. R. 
B. Elton, Nucl. Phys. 43, 136 ( 1963). 

4 D. F. Jackson, Nucl. Phys. (to be published). 

s T. Berggren and D. F. Jackson (to be published). 

6 R. J. Glauber; Lectures on Theoretical Physics (Interscience 
Publishers, Inc., New York, 1959), Vol. 1, p. 315. 

7 P. A. Benioff, Phys. Rev. 128, 740 ( 1962). 
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are larger than the WKB r esults at small angles and fall off much more 

rapidly at large angles, but the disagreement in magnitude is more 

ser i ous for this reaction. Also, for the pickup of a p-shell neutron 

whose angular distribution is represented by YT, the WKB results 

indicate a very small contribution from m = 0, i.e., a localization of 

the r eaction in the equatorial region of the nucleus, but this conclusion 

is not supported by the partial- wave results. 4 The reason for these 

discrepancies is that in the WKB treatment the product of the distortion 

functions for the incoming and outgoing particles has been approximated 

by a single integral along a straight-line path in the forward direction. 

Whi l e this procedure is reasonably successful for inelastic proton 

scattering with small energy loss, it is apparently not valid when the 

incoming a nd outgoing particles are different and are subject to ve ry 

different distortion effects, and w h e n the energy loss is not small. 8 

A- 1 

Thus it appears thatthe additional approximations are mainly responsible 

for the breakdown of the WKB approximation in this case. 

~· S eve ral calculations on the {p, 2p) r eaction have 

used the WKB approximation for the distorted waves. 9 In this case, 

the two outgoing protons have l e ss than half the energy of the incoming 

proton so that distortion effects for the incoming and outgoing protons 

a r e very different, and the distortion functions must of necessity be 

calculated separa te l y and without further approximation. Since accurate 

results at scattering angles around 45° are particul ar l y important, the 

forward-scattering approximation is not used. Thus better agreement 

between the WKB and partial-wave calculations can be expected for the 

12 11 8 The Q val ue for the r eaction C {p , d)C is -16. 5 M e V. 

9 T. Berggren and G. Jacob, Phys. Letters 1, 258 { 1962 ); Nucl. Phys. 
47, 481 { 196 3 ); A. Johannson andY. Sakamoto;-Nucl. Phys . 42, 625 { 1963) . 
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(p, 2p) reaction than for the (p, d) reaction; but as there are now three 

dis~orted waves, the small discrepancies seen in the comparison of 

the (p, p') calculations will be enhanced, This prediction is confirmed 

by a comparison made for the Li
6

(p, 2p) reaction at 185 MeV
5 

in which 

the two calculations differ by about 15o/o at the maxima and are in close 

agreement at large and small angles, (In the WKB approximation it is 

straightforward to use relativistic or nonrelativistic kinematics as 

appropriate, whereas the partial-wave method has been developed only 

for the non relativistic case; but the difference in kinematics introduces 

only a small displacement in the angular distribution, s, 10) 

It will be seen that the validity of the WKB approximation 

has been tested so far in reactions on light nuclei in which the absorption 

of the nucleons is not strong. The,re.flection coefficients / exp(2io P. ) /. 

where 6£ is the phase shift due to the distorting potential for the P. th 

partial wave, are given in Table I for two of these reactions. Except 

in the case of the outgoing deuteron from the (p, d) reaction, the reflection 

coefficients are not small, even for the low partial waves, Thus the fact 

that the WKB approximation is reasonably satisfactory for the (p, p') and 

(p, 2p) reactions seems to indicate that interpretations of these reactions 

which are based on localization effects due to reflection and refraction 

produced by the distorting potentialll are not relevant at energies above 

90 MeV, and confirms the conclusion that discrepancies between theory 

and experiment are mainly due to inadequate nuclear wave functions. 3, 9 

A similar conclusion for the (p, 2p) reaction has now been reached by 

McCarthy and LimlO as a result of a partial-wave calculation. For the 

101, E. McCarthy and K. L. Lim (preprint). 

11 See, for example, I. E. McCarthy, Proceedings of the Conference on 
Direct Interactions and Nuclear Reaction Mechanisms, Padua, 1962, 
(Gordon and Breach Science Publishers, New York, 1963), p. 94 and 
subsequent discussion; McCarthy and Lim, ibid,, p. 180, 

5 
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TABLE I. Reflection coeffi cients for the reactions C 1 2 (p , d ) 
and LiB (p. 2p). The energy of e a ch particl e i n the cent e r-of-mass system 

is given in MeV. 

12 c (p, d) 
6 

Li (p, 2p ) 

Proton D eut eron Proton Proton 

E 87.6 E 71 . 1 E 1 58 . 8 E 77 . 2 
c,m _ c.m. c.m. c.m. 

0 0. 394 0 . 046 o. 7 33 0. 57 0 

2 0 .424 0 . 05 1 0. 759 0.635 

4 o. 520 0.070 o. 8 10 0 . 765 

6 0. 745 o. 14 1 0.870 0.897 

8 0.939 0.43 7 0. 925 0.967 

10 0.987 o. 79 0 0.966 0. 992 

12 0.998 0 . 948 0.986 0.998 

(p , d) reaction a l one, there is some evidence for l ocalization in momentum 

s p ace whic h m ay be a resu l t o f the stron g abso rption of the deuteron. 12 

The contributio ns to the di ff erentia l cross section a t var i ous ang l es cor r e ­

sponding to the£ th parti a l wave fo r the incident proton a r e given in Table 

II. The contributions from the appropriate p artial waves for the deuteron, 

which are J. ± 1 for the pi ckup of a p - s h e ll neutron, have been summed to 

g i ve th e figures in the table. It can be seen that f or small angles ( 'S, 20° ) 

t her e is a fairly sha r p lo c alization in mom entum s pace. 

12N. Auste rn, Ann. Phys. ~. 299 (1 96 1). 
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TAB LE II . The contribution (in arbitrar y units) to the differential 
cross section for C l2(p, d ) from different par tial waves , Here m is the 
azimuthal quantum numb e r of the p -shell neutr on which is picked up, and 
the contribution labeled I m I = 1 is the sum for m = 1 and m = - 1, 

1 50 15° 25° 

m = 0 l m l m=O lml m = 0 lml 

0 0,03 0.02 0,01 

0 . 29 0.26 0,02 0 . .20 0,05 

2 1. 18 0.01 0, 9 3 0 . 11 0. 55 0 , 23 

3 2.86 0. 06 1.87 0. 38 0. 68 0, 59 

4 5, 38 0. 18 2 . 68 1. 05 0,32 1. 15 

5 8 . 14 0.46 2. 74 2.38 -0 . 15 1. 66 

6 9. 34 0 . 96 1. 74 4. 08 -0. 05 1. 50 

7 7 . 58 1. 45 0,47 5. 05 0,44 0 . 61 

8 4 . 16 1. 63 -0. 12 4, 54 0. 48 -0.22 

9 1. 47 1. 42 -0 . 12 3 0 11 0 . 14 -0.49 

10 0. 26 1. 01 - 0. 02 1. 69 -0 , 08 -0.40 

11 -0 . 05 0. 61 0. 01 0. 75 - 0 , 10 -0.24 

12 -0. 07 0.33 o. 01 0,26 -0 , 06 -0. 11 

7 
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A-2. 
16 3 15 16 3 3 16 

STUDIES OF THE 0 (He , u)O AND 0 (He , He )0 
,., 

REACTIONS' 

W. P . Alford, L. M. Blau, and D. Cline 

University of Rochester , Rochester, New York 

3 
The (He , u) reaction is the analogue of the (p, d) or ( d, t) 

reactions , and existing measurements indicate that this reaction pro­

ceeds to a large extent by a direct mode of intera c tion. In order to 
3 . 

investigate th e usefulness of the (He , u) reaction as a spectroscopic 
16 3 15 . 

probe, a careful study has been made of th e 0 (He , u)O reaction 
15 

l eading to the ground state of 0 , and the results have been analyzed 

using the distorted-wave Born app roximation program SALLY1 of the 
3 16 

Oak Ridge group. z The elastic scattering of He from 0 has been 

studied over the same ene r gy range in order to es tablish the optical­

model potentials for the DWBA calculation. 

A-2 

All measurements we r e made using the He
3 

b eam from 

the University of Rochester va riable - ene rgy cyclotron. For the reaction 
2 

data a target of 0. 60-mg/ em Mylar was used , whi l e a tar get of 
2 

0. 35-mg/cm NiO was used to measure the e lastic scattering. Solid-

s t ate detectors were used to record data a t angl es greater than 30°. 

At smaller angl es, a broad-range spectrograph w ith a position-indicating 

surface-barrier counter in the focal plane was us e d. At angles l ess than 

.,. 
Work performed under the auspices of the U.S. Atomic En ergy Com-

mission. 

1 R . H. Bass e l, R. M. Drisko , and G. R. Satchler , "The Distort ed ­
Wave Theo ry of Direct Nuclear Reac tions. I: 'Z e ro-Range' Formali sm 
w ithout Spin-Orbit Coupling and the Code SALLY," ORNL-3240 (un­
published). 

z We would like to acknowledge the ext ensive assistance of R. H. Bass e l 
and G. R. Satchl e r in carrying out the ca l cul a tions. 
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15 °, the elastic groups from nickel and oxygen could not be resolved 

and a subtraction procedure was used to extract the oxygen group, 

resulting in rather large errors for the elastic cross section at small 

angles. In each angular distribution, data points were normalized 

relative to the count in a fixed monitor counter. Absolute cross sections 

were determined using a shielded Faraday cup to integrate the beam 

current during measurements of the excitation functions, and are subject 

to an uncertainty of about 20%. 

The measured pickup reaction eros s sections are shown 

in Fig. 1. The general shape of the angular distribution does not change 

markedly as the energy is varied, but the magnitude of the peak cross 

section varies by a factor of about two between 8. 5 and 9. 5 MeV . 

Excitation functions measured at three different angles are shown in 

Fig. 2, and exhibit rather large changes as the energy is varied . By 

contrast, the excitation functions for the elastic scattering (Fig. 3) 
-2 

show little energy variation except for the E dependence expected for 

Rutherford scattering. Angular distributions of the elastic scattering 

were measured at energies of 8. 5 and 9. 42 MeV , and are shown as the 

data points in Fig. 4. 
3 16 

Optical-model parameters for the incoming He + 0 

channel were extracted from the elastic-scattering data using the least­

squares search program HUNTER of the Oak Ridge group. Both real 

and imaginary parts of the potential were chosen to have the Saxon-

Woods shape. In order to sample as much of parameter space as possible, 

searches were made from a large number of different starting points, but 

the same final set of parame t e rs was always obtained. It was soon 

determined that no choice of parameters provided a satisfactory fit to the 

entire angular range; in the final searches, data points beyond 120° were 

given zero weight in the search program. It was also found that the 

9 
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Fig. 1. Angular distributions of th e Ol 6 (He3 , u)Ol 5 ground - state r eac ti on 
b e t ween 8 and 10 MeV. Th e indi ca t e d er ror s are stati stical , and 
absolut e c ros s sections a re accu rat e to ZOo/o. 
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Fig. 3. Excitation functions for 
the elastic scattering of He3 
from Ol 6 at two angles. 
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Fig. 4. Cross section relative to Rutherford for the elastic scattering of 
He3 from 0 1 6 . The measured points are shown with experimental 
errors, and the solid curves show the results of the optical-model 
calculation for a Saxon- Woods potential with the following paramet e rs . 
8. 50 MeV: V = -104.2 MeV ; W 21.53 MeV; r 0 1. 51 3 fm ; 

a = 0. 681 fm. 
9.42 MeV: V = -104 . 9 MeV; W 

a= 0.640 fm. 
r

0 
1 . 30 fm for both energies. 

21.20 MeV; r
0 1. 568 fm; 
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introduction of a spin-orbit t e rm in th e potential had only a small effec t 

on the angular distributions , so that no spin-orbit t e rm was included 

in the final cal culations. The cal cul a t e d cross sections for th e best set 

of parameters are shown as th e solid curves in Fig. 4 , a nd it is seen 

that excellent agreement with th e data is obtained out to 140° using 

essentially the same parame t ers a t each energy. 

Optic a l parameters for the exit H e 
4 + 0

15 
channel we r e 

initially chosen to be those obtained by Carte r , Mitchell , and Davis
3 

4 12 16 
from a n analys i s of th e e lastic sca tte rmg of H e from C and 0 They 

found that it was necessary to use a r eal we ll depth of about 100 MeV , as 

h as also been found by R. H. Bassel. 4 With the entranc e - channel para -

m e t e rs fixed, the exit-channe l p a r a m e ters we r e then va ri e d over a 

r estricted r ange about these initia l values to obtain the best agr eement 

b e twee n the shap es of the m easu r ed and cal cul a t e d angula r di s tributions 

of th e pickup r eac tion. 

A Saxon-Woods potential w ith paramet e rs r
0 

= 1. 2 fm , 

a = 0. 65 fm was chosen to give the bound-stat e wave fun c ti on for th e 

picke d up n e utron. Th e s h a p e o f the angula r distributions was found t o b e 

e ff ectively ind e p e nd ent of these parameters a lthough th e absol ute magni­

tud e of the peak cross section a lte red by a factor of t wo on increasing 

th e radius parame t er from 1 . 2 t o 1 . 4 fm . 

Th e DWBA code used, whi c h empl oys th e zero - range 

a pprox imation , showed tha t th e nuclear int eri or contribut ed strongly to 

th e r eac tion . Howe v e r , it is generally believe d tha t th e effec t of th e 

nuclea r interior should b e considerably damp e d out in a mor e exac t 

ca l cul a tion including such eff ects as a finite range . It is thu s felt that 

3 E. B. Carter, G. E. Mitch e ll , and R. H . Davis (private communi ca ­
tion , to be published) . 

4 R. H. Bas sel {priva t e communi cation) . 
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it was more physically reasonable to presume that the dominant contri ­

bution to the interaction occurred in the region close to the nuclear 

surface. It was found from the calculations that in order to obtain even 

qualitative agreement with the measured cross section a radial cut-off 

of about a fermi inside the nuclear surface was necessary. With such a 

cut-off radius, it was found that the shape and magnitude of the calcu­

lated cross section at forward angles was quite insensitive to the precise 

value of the radius . The calculations for large angles do show a marked 

dependence on cutoff, but this may be due to the fact that a sharp cutoff 

was used. 

Quite reasonable agreement between theory and experiment 

was found for the shape of the angular distributions at all energies except 

8 . 5 MeV, using a constant cutoff radius of 4. 92 fm and making only small 

changes in the exit -channel optical parameters . The parameters used 

for best fit are given in Table I, and the calculated cross section at 

9 . 42 MeV is compared with the data in Fig . 5 . 

To provide some idea of the usefulness of such calculations 

for the extraction of 1 values and spectroscopi c factors, it should be 

noted that the shape of the forward peak was substantially unchanged by 

variations of about ± So/o in any of the exit-channel optical parameters or 

in the cutoff radius . The spectroscopic factors estimated from the 

analysis of these data were uncertain by a factor of about ±30o/o except 

for the data at 8 . 50 MeV which could only be fitted using a much smaller 

cut-off radius, giving a spectroscopic factor only about one - fifth as large 

as was found at other energies. 

It may be that these discrepancies could be explained by 

introducing a small compound-nucleus contribution to the cross section 

and further calculations are in progress to try to separate the reaction 

into direct-interaction and compound-nucleus contributions. In spite of 

13 



TABLE I. Opt ical -model parameters for t h e bes t ag r eement bet ween DW BA ca l cula -
tions and the m easur e d Ql 6 (H e 3, a)Ol 5 cross sect ion. 

Entrance c h a nnel Exi t channel 

EHe3 v w ro a v w r 
ro a c utoff 

Qual i t y of 
fi t 

8.00 104 . 0 2 1. 50 1. 500 0 . 700 11 0 0 0 5 . 0 1. 400 0. 750 4.92 Good 

8.50 104.2 2 1. 50 1. 5 13 0.6813 100.0 5.0 1. 400 0.699 3. 10 P oor 

9.00 104.5 2 1. 35 1.525 0 . 650 125.0 3.5 1.300 0 . 55 0 4.92 Good 

9.42 104.9 2 1.20 1. 568 0.640 110 0 0 8.0 1. 400 0.600 4.9 2 Good 

10. 00 105 . 0 20 . 50 1 .575 0 .636 100.0 10.0 1. 500 0.650 4 . 92 Good 

~ 
I 
N 
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Fig. 5. Comparison of the DWBA 
calculation with experiment at 

9 . 42 MeV . The parameters used 
in the calculation are listed in 

Table I, along with parameters 
for best fit at other energies. 
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this difficulty , it appears that DWBA calculations will be useful in inter-
3 

preting the a ngular distributions of {He , a.) reactions , and that thes e 

r eac tions w ill be able to y ield reliable spectroscopic information even a t 

relatively low e n e rgies such as were us e d here . 

15 
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A-3. MEASUREMENT OF THE NEUTRON POLARIZATION AND CROSS 
12 13 

SECTIONS FOR THE C (d,n}N REACTION 

BETWEEN 2 . 8 AND 4 MEV 

R . L . Walter , J . R. Sawers, and F. 0 . Purser 

Duke University, Durham, North Carolina 

One of the reactions that has been suggested as a possible 
12 13 

source of partially polarized n e utron beams is C (d,n}N . In the past 

its usefulness has been restricted because of the limited information 

available concerning the variation of the neutron polarization with 

energy and angle. The original intent of the present experiment was to 

investigate the polarization of these neutrons in order to supply this 

information. However , after an initial survey of the polarization, it was 

recognized that a complete study of both the cross section and the 

polarization would be useful in the attempts to separate the compound­

nucleus effects from the direct-int e raction contribution in this reaction . 
12 

Thus, a thorough study of the C (d, n) reaction was undertaken over a 

wide angular range for deuteron energies from 2. 8 to 4. 0 MeV. 

A 5° n e utron-yield curve was measured with time-of-

flight techniques and a pulsed deuteron beam from the Duke electrostatic 

1 Th o h • ll d • 12 13 acce erator. 1s tee n1que a owe easy separatlon of C (d , n}N 

neutrons from the neutrons that left N
13 

in the first excited state and 

also from neutrons that aros e from deuteron bombardment of the 1. 1% 

abundant c 13 
in th e target. The relative efficiency of th e (proton-r ecoil) 

liquid scintillator which was us e d in th e time-of-flight system was 

Work supported by th e U . S. Atomic Energy Commission. 
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calculated from the standard relation given by Swartz and Owen. 1 This 

calculated efficiency was checked by comparing the counting rate of the 

monoenergetic neutrons from the T(p, n) reaction in the liquid scintillator 

with the counting rate in a detector similar to the Hanson-McKibben long 

counter whose efficiency is known. z The two sets of values agreed to 

within 5o/o. Self-supporting carbon targets about 30 keV thick were em­

ployed. Use of such targets made possible an accurate determination of 

the amount of background from drive-in deuterons accumulated in the 

beam stop by counting with the carbon foil removed. The results of the 

yield curve are shown in Fig. 1 where they are compared to the previous 

Fig. 1. Yield curve 
for the C' z (d, n) re­
action. The data of 
Elwyn et al. were 
obtained at 0°. The 
other data correspond 
to a 5° reaction angle. 
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work of Elwyn et al. 3 and Verba. 4 These earlier results were normal­

ized to fit the data of the present measurement. Adjustments of the 

1 C. D. Swartz and G. E. Owen, in Fast Neutron Physics, Part I 
(Interscience Publishers, New York, 1959), Chap. II, B. 

zw. D. Allen, in Fast Neutron Physics, Part I (Interscience Publishers , 
Inc., NewYork, 1959), Chap. II,A. 

3A. Elwyn, J. V. Kane, S. Ofer, and D. H. Wilkinson, Phys. Rev. 

~' 1490 (1959) . 

4 J. W. Verba, A Study of the Resonant Contribution to the C' 2 (d , n)N1 3 
Reaction Near 4. 00 MeV, The sis, University of Rochester, Rochester, 
New York, 1962. 
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e n e rgy scales as indicat e d in th e inse t were a ppli e d. Nei the r of th e s e 

shift s was outside o f th e e nergy ca librations given in th e papers. Ab ­

so lut e d e t e rminatio ns of th e l a b o r a tor y cross sections h ave been r e porte d 

by Verba to be about 2 1 mb/s r a t 3.93 MeV and B e n e nson , J o n es, and 

McEllistrem5 to be th e same a t 3 . 26 MeV. Th e r a ti o of these va lues is 

in excell en t ag r eenoent with th e r a tio ca l c ulat e d fr om our va lues shown in 

Fig. 1. An absol ute 1neasurement was not ca rri e d out in th e pr esent 

exp e rimen t . 

Angular distributions we r e measu r e d a t those e nergies 

w h e r e it was exp ec t e d that compound - nuc l e u s e ffec ts would b e most evi-

d e nt a nd also at eve r y 100 keVi n the r e gion b e t w een p eaks in th e y i e ld 

cu r ve . These e n e r g i es a r e indi cat e d by the a rrows in Fig . 1 . The 

center - of - mass diffe r e nti a l - cross - secti on r es ults a r e g iv e n in Fig. 2. 

U1 
U1 
0 
a:: 
0 

...J 
<t 
1-
z 
w 
a:: 
w 
u.. 
u.. 
0 

w 
> 
1-
<t 
...J 
w 

25 

a:: 5 

30 
30 60 90 120 

REACTION ANGLE (C. M.) 

Fig. 2 . Re l ative differential c r oss 
section in the center - of - mass 
s y stem fo r the Cl Z (d , n} r eacti on . 
The val ues at 5° we r e no r malized 
to center -of - mass v alues obta ined 
f r om the cu r ve in Fig . 1. 

5 R. E . Benenson , K. W. J ones, a nd M . T . M c Ellistrem , Phys. R ev. 

J..QJ_ , 308 ( 1956). 
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The same time-of -flight apparatus, efficiency calculations, and 30 -keV 

target were employed in these determinations. The 2. 8 - and 3. 0-MeV 

distributions are in excellent agreement with the earlier work of Elwyn 

et al. 3 However, the present work is not entirely consistent with the 

differential cross sections reported by Verba4 for the 3. 8 - and 4. 1-MeV 

region. In general, relative to the forward maxima, we observe lower 

yields at the smallest angles, lower minima around 80°, and less back­

ward peaking than were seen by Verba. 

The method for measuring the neutron polarization is 

illustrated in Fig. 3. Deuterons were incident on self- supporting targets, 

Fig. 3. Experimental 
arrangement for 
polarization deter­
minations. 

either 30 or 100 keV thick, and were stopped in a silver end cap 5 em 

beyond the carbon foil. Neutrons emitted at the reaction angle e 
1 

were 

collimated to a 3° cone and were incident on h e lium gas contained in a 

thin-walled scintillation cell. Neutrons scattered from helium through 

an angle e
2 

= 132° (c. m.) were detected with plastic scintillators. Be­

fore counts were registered, coincidence and pulse-height requirements 

had to be satisfied. With this method, we were able to eliminate most of 

the counts arising from neutrons other than the monoenergetic (ground­

state) neutrons of interest. The remaining background contribution to 

the data, including chance coincidences, was generally less than 5o/o of 

the total counts. A solenoid, which also served as a neutron shield and 

collimator, was used to r otate the polarization vector of the neutrons. 

This technique, in addition to employing two neutron detectors , minimized 

19 
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the instrumental asymmet ri es inherent in p o lar i zat ion measur e m e nts. 

Th e helium anal yzing power was cal cul a t e d from the Dodd e r - G a mmel ­

Seagrave phase shift s 6 and ranged from 0. 60 to 0. 95 ove r th e n eutron 

energies invol ved . 

A preliminary check on t he variation of the polarization 

wi th e nergy was conduc t e d a r ound th e 3. 0 - MeV r esonance by u se of a 

30 - keV target. Th e r esult s for r eac tion angl es of 20°, 30°, a nd 40 ° (lab ) 

are displayed in Fig. 4 w h e r e they a r e compar e d wi th t he values obt ained 
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Fig . 4. Neutron polari z ation of 
the Cl Z(d , n) r eaction as a func­

tion of deut e ron e n e r gy at sev ­
e ral angl es . The va l ues repre­
sented by the circles and tri­
angl es are for tar gets 30 keV 

and 100 keV thick , r espectively . 
Th e data of Haeberli and Rolland 

a r e r e pr esented by the squares. 

with a 100 - keV -thi ck target. Some ea rlier da t a obtained b y H ae b e rli and 

Rolland, 7 which a r e a l so shown in this figure , agree we ll wi th th e pres e nt 

work. Since the 30 -keV data were cons ist ent with th e 100 - keV r es ults 

over this energy region whe r e th e narrowest s truc tur e in the y i e ld c ur ve 

6J. D. Seagrave , P hys . Rev.~' 1222 (195 3 ). 

7 W. Haebe rli , in Proceedings of th e I nt e rna tiona l Symp osium on 
Polarization Phenom e na of Nucleons , H e l v . Phys. Acta , Supp l ementum 
VI, 15 7 (1961); also see W. Haeberli and W. W . R olland , Bull. Am. Phys. 

Soc.~' 234 (1 957). 
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was observed, the 100-keV target was believed to be suitable for all the 

polarization measurements from 2. 8 to 4. 0 MeV. 

Eleven angular distributions of the polarization were 

obtained. The energies selected for these measurements correspond to 

some of the energies where differential cross sections were measured; 

they are indicated in Fig. 1 by the arrows labeled with the l e tter P. 

Figure 5 is a graph of the results. The sign convention is in accord with 

Fig . 5 . Neutron polarization of the 
Cl z (d , n) reaction as a function 
of reaction angle for the deuteron 
energies shown. 

3 72 e 

+0.2 :::~.8IMeV 
1 

-0.2 •0.6 . 
-0.4 +0.4 

-0.6 •0.2 

30 60 90 120 

ANGLE (CM) 

tha t adopted at the Basel symposium. Standard deviations associated with 

the counting statistics are represented by the error bars. The only 

known uncertainty that perhaps should have been included in these er rors 

is that associated with the analyzing power of h e lium. For our particular 

choice of analyzing angle ( 132° c . m.) this unc e rtainty could alter the 

back-angle data by as much as ±0 . 04. For forward angles, where the 

neutron energy is greater than 2 MeV, it is es timated that this uncertainty 

would not change the polarization by more than ± 0. 02 where th e magnitude 

21 
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of the polarization is large and by a proportionate l y smaller amount 

elsewhere , the amount obviously going to zero where th e polarization 

passes through zero . 

All of the data from Fig. 5 have b een combined to form 

the contour plot of th e polarization shown in Fig. 6. The impo rtanc e of 

A - 3 
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Fig . 6. Contour plot of the neutron 
polarization for the 0 Z (d , n) 
rea ction. The map was con­
structed by use of values read 
from the cu r ves in Fig . 5. The 
numbers given for the contour 
lines are the percent of polariza ­

tion. 

DEUTERON 

th e r esonanc es is gene r a lly more apparent when the data a r e pr esent e d 

in this fashion. R ecall tha t if th e direct int e raction predominates , on e 

expec ts th e contour lines to be n ea rly horizontal, as is th e tendency her e 

above 3 . 6 MeV . 

Th e pola r ization dis tri butions can be separated into thr ee 

set s: a 2. 8 - 3. 0-MeV g roup , a 3. 6 - 4. 0 - MeV group, a nd an int e r mediat e 

group. We have r e plotted th e higher ene r gy group in Fig. 7 where we 

. 12 8 
compare the data w1th the 12- MeV C (d ,n) data of Levintov and Tr os tin. 

A l so shown i s a dashed curve whic h r ep r esents th e trend of th e 6 -1 5 - M e V 

C 
12

(d , p) polariza tion r es ults9 of many r esea rch groups . Th e similarity 

8 1. I. L evintov and I. S. Trostin , J. Exptl. Th eo r e t. Phys . 40, 15 70 

(1961); Soviet Phys . -JETP ~' 102 (1962) . 

9 E. Boschitz, in Dir ec t Int erac tions and Nuclear Reaction M e chanisms 

(Gordon and Breach , Sci e nc e Publishers, New York, 1963) , p. 640. 
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Fig. 7. Comparison of C' 2 (d, n) 
neutron polarization with the 
Cl 2 (d, p) proton polarization. 
The dotted curve is taken from 
th e paper by Boschitz. The 
11. 8-MeV neutron data were 
obtained by Levintov and 
Trostin. The curves through 
the neutron data were drawn 
only to aid in visualization. 
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indicates that the same mechanism that produces the neutron polarization 

near a deuteron energy of 4 MeV probabl y is responsible for the higher 

energy neutron a nd proton polarizations. One should be able to separate 

out the resonant effects in th e present data , as i s being attempt ed for the 

3. 9-MeV region, 10 and end up with a determination of the contribution to 

both the c r o ss section and the polarization produced by the direct corn -

ponent of the interaction. 

1 o D . P. Saylor (private communication). See a ls o R ef. 4 . 
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ANALYSIS OF THE S C ATTERING OF PROTONS BY Ho I N 

TERMS OF THE COUPLED-CHAN NEL CALCULATION 
~:{ 

T a r o T amu r a 

Oak Ridg e Nati on a l L abora t o r y, Oa k Ridge, T e nnes see 

A-4 

I n t e r es t has been inc r eased r ecentl y in a n a l yzing th e d a t a 

of the e la s tic a nd ine las ti c scatt e ring of a pa rtic l es and nucl eons by 

nucl e i , b y using t he idea o f t he coupl e d- c h a nn e l cal c ula ti o n. Thus Buck1 

made a sy stematic a n a l y si s of the e xcit a tion of th e f ir s t 2+ s t a t e b y 

nucl e on s a nd t he fi rs t 2+ a nd 4+ s t a t es b y a pa rti c l es, w hil e t h e p r esent 

a uthorZ pr e par e d a cod e so as t o c ons ide r t he exci t a tion o f t he f i r st 2+ 

and the 0 + , 2 + , 4 + t wo -phonon tria d s t a t es a t th e sam e time a nd a n 

a n a l y si s w as mad e for th e scatt e r ing of p r o t ons by N i i sot o p es . 3 The 

purpos e of th e pre s e nt a rti cl e i s t o repo r t o n the e x t e n s i o n o f t he pr e ­

vi ous w ork2 so t hat the cases i n whi ch o d d - A n uclei a r e use d as t a r ge t 

could a l so b e tr eat e d . A n ac tua l numeri c a l cal cul a ti o n h as b e e n mad e 
165 

so f a r on th e scatte r i n g o f prot ons by H o a n d , as is seen i n F ig . 1 , 

f a irly s a ti s fac t o r y ag r e e m ent w ith e xper i m e nt 4 has b een obt a i ne d . 

A lthough our c ode could b e us e d both for spi n - 0 and s pin- i 

p r o j ectil e s , we e xpl a i n he r e our formul a ti on fo r t h e spin - i case. L e t th e 

s pin s of t he s tat e s o f th e t arg e t nucl e us whi c h ar e s trongly coupled 

On l e a ve fr om t h e Toky o Un i v e r si t y of Educati on , T oky o , J a p an . 

1 B . B uck , Phys . R ev. __!E, 940 (1 962 ) . 

z T. T amura (to be publi she d). 

3 J . K. Di c k e n s , F . G . P e r e y, R . J . Si l va , and T . T a m ura, P hys . 
L e tt e r s _§_, 5 3 ( 1963 ) . 

4 A . Liebe r and C. A . W h it t e n , P h y s . Rev.~' 2582 (1 96 3 ) . 
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Fig. 1. Comparison of the differ­
ential cross sections of the 
elastic and inelastic scattering 
of 17. 5-MeV protons by Hoi 6 s. 
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, · · · , IN' the s t a t e 1 b e ing t he g round s t ate, a nd l e t 

the e nergy of the nucleons corr e sponding to th e e x c ita tion of the ~th s t a t e 

be En ' n = 1 "'N. Next define a quantum numb e r J by 

(1) 

Then for a fixed valu e of J there are s e veral parti a l waves w ith qua ntum 

number jn for each energy En which satisfy the selec tion rul e 

(2 ) 

All these jn waves are coupled togeth e r, and whe n J b ec om es s uffi c i e ntly 

large, the total number Nc of such coupled wave s b ecom es 

N 
c 

2.: ( 2I + 1). 
n 

n 

( 3) 

25 
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Our code can conside r any nuclei, eve n or odd A and 

vibrational and rotational, so long as Nc ""30. Thus, for example , we 

+ + + 2+ 4+ can consider the coupling of 0 , 2 , 0 , , , and 3 s t ates in a 

vibrational even nu c leu s, of 0+ , 2+, 4+, and 6+ states in a rotational 

7± 9± 11 + 
even nucleus, a nd of_ , _ , and_- states of an odd - A d e form e d n u c l eus. 

2 2 2 
(Ho

165 
is an exampl e of the l as t case .) 

In e ither of the above - mentioned cases, the total wave 

function in th e asymptoti c r egion may be d esc ribed as 

a 
(i) 

m 
s 

b(Mi') ~ utom l jm )(ji
1

m M
1

1J M) 
1 jf J s s s 

- \' (k1 /kn )3/2 f ' /' (. n . \' n) CJ ('4 ® ) L 
nf7j' exp ur2' + 1 w2' J'j;n.e'j' {J''j' ~In JM5. 

~ .!. n 
I n Eq . (4) , J' = (2J' + 1) 2

, IJ is t he Coulomb phase shift for e n ergy E , 
\'n J' n 
L;, = (k r - 'l 2 (2k r) - t.err + tJ n), ~ is the wave funct i on of th e nth 

, n n n n 2 In 
state, and 1J.J' .m . = (x .!. ® Y ) . ·' w ith® d enoting th e vector coupling. 

(4) 

(i) (i'~ J J 2. J' Jm J . 
am and bM are amphtudes o f magnetlc subs t a t es b e l onging to respective 

s 1 
ensembles i and i'. 

The int eracti on assumed i s 

H 

with 
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g(r , e,4>; aR0 ) = exp([r- R(e,4Jl] la)/{ 1 + exp ([ r- R(e ,4J l] la)} 
2

. (6) 

Other notations in Eq. (5) would be obvious. 

The quantity R(e,4J) in Eq. (6) is expressed as 

(7) 

for v ibrational targets, while for rotational t a rge ts 

R(8 ,4J ) = R 0 [1 + l: f3 P (cos e)] 
),. ),. ),. 

(7') 

in the intrinsic coo rdinat e system. Whe n Eq. (7) o r (7') is inserted in (5) , 

th e latter may b e r ewritte n as 

H=V . +V , 
dtag coupl e 

(8) 

- -where Vd. means the part of H that i s diagonal with respect t o j and In. 
tag 

Corresponding to E q. (1) , th e t o tal wave function in th e 

interior region may b e written as 

(9) 

and with the interaction (8) , the coupled equation is given as 

{ 
2 2 2 ] - d I d p + £ (£ + 1) I p + Vd . IE - 1 

n n tag n 

\' (n') 
+ LJ (1IE )((~ .®q;I )JMjv 1 j('4.,,.,®q;I,)JM) RJin'£ ' J.,(r) =0. (10) 
I',., n dJ.J coupe d.x_J 
n J. J n n 
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If Eq. (10) is solved nume rically and the solution is matched to the 
0 J 

asymptotic form given by ( 1) , the scattering a mph tudes C . , . , , are £ J ;£ J n 

obtained and the e ros s sections are computed accordingly. 
165 

In the scattering of protons by Ho , the number N c of 

0 7 9 11 ld h d Eq. ( 3) becomes JUSt 30 1f all the 2 , 2 , T are coupe toget er an 

Eq . (10) becomes a second -orde r differential equation where thirty 

functions are coupled together . Thus it t akes about 7 hr on the CDC -1604 

computer at Oak Ridge in computing the thr ee differential cross sections 

for a given set of optical param et e rs. 

B e c a use of th e l e ngth of th e cal culational time, it was 

thought n ecessar y to fix th e p a r ametric values to thos e which a re known 

from othe r analyses. Rec e ntly P e r ey5 mad e a detailed ana lysis of th e 

e l as tic scatt e ring of protons by various nucl e i in th e mass r e gion A"' 200 

a nd gave a good set of optical parameters; thos e values are used in our 

ca lcula tion. (See th e ins e t of Fi g. 1) . On th e other hand , th e quadrupol e 

d h 1 f d
o 165 6 

moment a n t e spitting o the 1pole resona nc e of Ho indi cat e s 

[3 = 0 . 3 0 and this value is us e d in our calcula tion. 

Th e result of the ca l c ulation is c ompar e d w ith experime nt4 

in Fig . 1 , and th e ag r ee m e nt wi th exp e rim e nt i s ve r y good. 7 On e thing 

w hi c h is to be e mphas i ze d is tha t the e xp e riment a l fac t tha t d<T(~~-) / d<T(~.l-) 
2 2 

"' 2 . 0 is explained n a tur a lly in our calculation , which is predicted to be 

equal to 35 I 9 "' 4. 0 , if a n a i ve idea of th e splitting of the quadrupole 

s tr e ngth is appli e d . 4 Thi s fact would mean tha t the present t y p e of 

5 F. G. P e r ey (priva tecommunication). 

6 See, for exampl e, M . Damos and W. Gr e in e r (to b e publishe d). 

7 The disagr ee ment of th e diffe rential ine l as ti c c ross sections a t for wa rd 
angles may b e du e to a n insuffici e nt unfolding of the contribution of th e 
t ai l of the e las tic scatt e ring in th e analysi s of th e exp e rimenta l data 
(cf. R e f. 4). 
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calculation, albeit complicated, is worthwhile to be made for other cases 

too, and accumulation of experimental data is highly hoped. 

The author expresses his sincere thanks to Drs. G. R. 

Satchler and F. G. Perey for a number of helpful and stimulating 

discussions. 
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A-5. 
90 91 

DISTORTED-WAVE ANALYSIS OF THE Zr (d,p)Zr 

STRIPPING REACTION 

William R. Smith 

Oak Ridge National Laboratory , Oak Ridge , Tennessee 

I. Introduction 

Because of the ambiguities present in choosing e la s ti c ­

scattering parameters , we attempt to es timat e the sensitivity of the 

spec troscopic factors S t o diffe r e nt choic es of acceptabl e elas ti c para -
£ 

meters and also to det e rmin e if th e stripping data favor certain para-

A-5 

meters over othe rs. To assist in the l a tt er study, the polarization of the 

(d , p) protons is also investigated. 
90 9 1 

The 10 . 85 - MeV Z r (d , p)Z r r eactions1 leading to the 

d
512 

ground state, the s
112 

1. 22 - M e V stat e, and th e g
7 12 

2. 19 - M e V state 

were chosen for seve r al r eas ons. A previous investigationz indicated 

that the data could be fitted b y th e DWBA by use of e las tic - scatte rin g 

parameters; this nucleus has a closed neutron shell and a clos e d proton 
. 9 1 

sub shell so that the low -lymg s tates of Z r should be nearly single -

particle s t a t es and the spectroscopic factors should have values n ea r 

uni t y; data exi s t for elasti c scatt e ring of 11 . 8 - M e V d euterons on zirconium3 

Operated b y Union Carbide Corporation for th e U. S. Atomic Energy 
Commission. 

1 R . L. Pr es ton, H . J. Martin, and M. B. Sampson, Phy s. Re v. ~' 
1741 ( 19 6 1 ) . 

zw . R . Smith and E. V. I vas h , Phys. R ev. 128, 1175 (1 962). This 
work and th e r e f e renc es cont ai n e d therein form----;;:-background for th e 
pr esent work. 

3 G . Igo , W . Lor e nz , a nd U. Schmidt -Rohr , Phys. Rev . 124 , 832 (1 96 1). 
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and for 16. 2-MeV protons on niobium4 ; and proton polarization data for 

the Sr
88

(d, p)Sr
89 

reaction to the£ =0 first excited state has been obtained5 

for Ed= 10.85 MeV. 

II. Procedure 

The optical potentials are composed of a Woods-Saxon real 

potential form factor with radius RRA 
113 

and diffuseness aR' an imaginary 

potential with parameters RIA 
1 
I 3 

and a
1 

of either the volume Woods-

Saxon form or of the derivative Woods -Saxon form with surface peak unity, 

and the real and imaginary potential depths V and W. When a spin-orbit 

term is included, it is of the Thomas form using the pion mass and with 

a potential depth V so A homogeneous charge distribution with radius 

RR is included. 

Deuteron parameters were obtained by varying aR' V , and 

W with an automatic search code. This was done for a grid of RR, R
1

, 

and a
1 

values spaced by intervals of 0. 2 fm. The eros s -section deviation 

at each angle is weighted by the reciprocal of the experimental cross 

section , and the square root of the sum over angles of the squares of the 

weighted deviations, divided by the number of experimental points, is 

d enoted by X and is used as the fit criterion. The best fits over-all and 

those best for different RR have their parameters listed in Table I. 

all, 88 sets of parameters were obtained. 

In 

For the protons, the starting parameters for the search 

involving RR = 1. 25 fm had values obtained from an empirical prescription. 6 

4 C. B. Fulmer , Phys. Rev. 125 , 631 (1962). 

5 E. J. LudwigandD. W. Miller, Bull. Am . Phys . Soc.~' 60(1963). 

6F. P erey, Phys. Rev.~' 745 (1963). 

3 1 



TABLE I. Parame t e rs and spectroscopic factors . 
UJ 
N 

RR a R al Volume 
S e t R I v w 

So /Sz S4 I Sz (fm) or so Sz s4 (fm ) (fm ) (fm) 
surface 

(MeV) (Me V) 100X 

Deuteron 
a 

A 1. 3 0.567 1.1 1.0 v 85.0 17 .4 0.702 0.389 0.484 0.302 0.805 0.625 

B 1. 3 0.567 1. 3 1.0 v 83.9 12.7 0.601 0 . 411 0 . 522 0.348 0.787 0 . 666 

c 1. 3 0.599 1. 3 0.8 v 83.9 14 . 1 0.692 0.368 0 . 521 0.307 0.706 0.590 

D 1.3 0. 572 0.9 1.0 s 84 .6 15.5 0.601 0 .397 0.535 0.338 0 . 742 0.631 

E 1. 3 0.577 1.1 1.0 s 82.5 12 .5 0.510 0.524 0 . 627 0.398 0.8 3 5 0.635 

F 1. 3 0.533 1. 3 1.0 s 80.7 9.36 0 . 653 0.470 0.636 0.473 0.739 0.744 

G 1. 3 0.618 1.1 0.8 s 82.8 17 .6 0.520 0. 407 0.530 0.330 0 . 768 0 . 622 

H 1.1 0. 775 1. 3 0.8 s 105.2 12. 8 0.616 0 . 625 0.660 0.362 0.946 0.548 

1.3 0.677 1. 3 0.8 s 78.5 13. 5 0.694 0.420 0.651 0.405 0.645 0.622 

J 1.5 0.522 1. 1 0.4 s 62.3 44.5 0.840 0 .3 87 0. 672 0 . 443 0.575 0.659 

a 
Proton 

A 1. 25 0.678 1. 25 0.47 s 50.6 14 . 1 0.840 

B 1. 20 0. 723 1. 25 0 . 47 s 54.6 14. 8 0.872 0.455 0.698 0.473 0.651 0. 677 

c 1. 15 0.768 1. 25 0 . 47 s 59.0 15.2 1. 15 0.465 0 . 78 3 0.547 0.594 0 .699 

aln the s tripping cal c ula tions , se t (A) of the proton pa r ameters w a s us e d with each set of deuteron 
parameters; a nd set (E) of th e d eut e ron parameters was us e d with each s e t of proton parameters. 

> 
I 

<.11 
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Two other radii were considered and the results are presented in 

Table I. The calculation included a spin-orbit potential V = 8 MeV. 
so 

Sample fits to the proton and deuteron elastic-scattering data are shown 

in Fig. 1. 

Fig. 1. Ratio of calculated to 
Rutherford differential cross 
sections for (top) the elastic 
scattering of deuterons on zir- b 
conium for parameter set G of 6 
Table I and (bottom) the elastic 
scattering of protons on niobium 
for parameter set A of Table I. 

···~ ··. .. Zr(d,d)Zr 

Ed = 11.8 MeV 

The parameters in Table I were used to calculate 

Z 90(d )Z 91 . . l d. .b . . h r , p r stnpp1ng angu ar 1stn utlons w1t neutron - capture 

angular momenta J. = 0, 2, and 4. Representative stripping calculations 

are shown in Fig. 2. The neutron potential form factor is identical to the 

proton form factor in each case. These distributions were normalized to 

the £ =0 and £ =2 data, the former to the p eak at 33 ° and the latte r in an 

average way to the first and second peaks. The £=4 data a re not shown 

and the experimental cross section is assumed to have a value of 

0. 7 mb/ sr at the peak angle of the theoretical curves. With the above 

normalization, the cross-s ec tion ratios S were extract e d and are listed 
£ 

in Table I, along with their ratios to s
2

. Table II lists the average of 

33 



34 

b 

60 

40 

·60 

Zr9 'ld,p)Zr"' 
Ed ; 10.85 MeV 

0 20 40 60 80 100 120 160 180 
e,. 

A - 5 

Fig. 2. Top three curves: 
Zr90(d,p)Zr9 1 angular dis tribu ­

tions cor r esponding (from top· to 

bottom) to 2 =4 , 2, and 0. Dashed 

cur ve a nd bottom curve s: 
Angula r distribution a nd polari ­

z a tions for the Ed = 11 M e V 
Sr8 B (d , p)Sr 8 9 2 =0 reaction with 

(V solo = 8 M e V and (V so )d 
= 4 MeV. One of th e polar i za ­

tions cor r esponds to (V so)d = 0 . 
The p r o t on and d e ut e ron para ­

m e t e rs in a ll cases r e fer , 
respe ctively, to the proton set A 
and the deuteron s e t G in Table I. 

TABLE II. Av e rag e s p ec troscop ic fac t o r s . 

0 

2 

4 

Averag e 

s 
2 

0.443 

0.6 10 

0. 394 

Ave rage 
d evia tion 

( o/o ) 

12. 3 

11 . 6 

15. 9 

Maximu m 
d evia t io n 

(o/o ) 

41.0 

2 8 .4 

38 . 8 

Ave r age 

S / S2 2 

0. 72 6 

0 . 64 5 

A ve r age 

d evia t ion 

(o/o) 

11. 3 

5. 95 

M a ximum 
d evia tion 

( o/o ) 

29.4 

15.5 

thes e quanti ti es along with th e ave r ag e a b s olut e d evi a tion a nd th e maxi -

mum d e viation. 

Th e pa r a m e t e r s in T a ble III r e present th e o ptimum fits 

obtained from wid e l y va r y ing r egi o ns of th e pa r a m e t e r spa ce a nd , to-

gether with the cas e s pr e s e nt e d in T a bl e I , have b e en us e d to cal c ula t e 
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TABLE III. Additional deuteron parameters. 

RR aR RI a I Volume v w 
(fm) (fm) (fm) (fm) 

or 
(MeV) (MeV) 

100X 
surface 

1.3 0.561 0.9 0.4 v 85.9 26.5 0.951 

1.3 0.565 0.9 1.0 v 85.7 24.2 0 . 808 

1.3 0.560 1.3 0.4 v 86.9 15.8 0.970 

1.3 0.497 1.3 1.2 v 85.7 11 . 5 0. 775 

1.3 0.644 1.7 0.8 v 77.9 8.26 0.820 

1.3 0.548 0.3 0.8 s 87.5 47.0 1. 03 

1.3 0.550 0.7 0.4 s 86. 1 46.5 1. 02 

1.3 0.540 0.7 1.2 s 86.5 15.2 0 . 794 

1 =0 stripping polarizations employing deuteron and proton spin-orbit 

potentials of 4 and 8 MeV, respectively. Sample polarizations for the 

0 S 88 ) 8 9'~ · h'b' d. F' 2 f 1 1 . 1 = r (d, p Sr reachon are ex 1 1te 1n 1g. or ca cu ahons 

with and without a deuteron spin-orbit potential. 

III. Results and Discussion 

Initial efforts in studying the deuteron elastic scattering 

gave small values for X only with RR = 1. 3 fm ; therefore the majority 

of the calculations used this radius. There appears to be no sharp lower 

limit to R
1

, but its upper limit is 1. 9 fm for volume absorption and 

1. 5 fm for surface absorption. Similarly, a
1 

is limited below at 0 . 4 fm 

but does not appear to have a sharp upper limit . The values R
1 

= 1 . 3 

and 1.1 fm give the lowest X for volume and surface absorption, respec-

tively. 

35 
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All the stripping curves corresponding to deut e ron para ­

mete rs wi th X ;S 0. 0062 are rough l y similar except th e ones corresponding 

toRR = 1 . 1 fm . In fact , th e s tripping angular d is tributions are s trongly 

d ependent on RR for both the prot on and the d eut e r on . Furthe rmore, by 

extrapolation , th e best fit t o th e £ =0 data seems to be around RR (de uteron) 

= 1 . 0 fm and for th e f. =2 data around RR = 1 . 3 fm. Sinc e th e t = O case is 

more strongly a ff ec t ed, th e smalle r RR is pr efe r a ble ove r a ll. 

The polarizations ca l c ulat ed w ith the parameters of 

Tabl es I and III are all ve r y s imilar , diffe ring mainly in peak heights. 

An apparent cor r elation bet wee n polar ization and diff e r ential cross 

section may be expr essed as 

d P 

d e 

whe r e P , r:r, N, and e are, r espec tive l y, pola riza tion , differ ential cross 

sec t ion, n o rma li zati on, a nd angl e. An es tima t e o f w hat to expec t w h en 

o th e r s pin-orbit potentia l s a r e us e d may b e gained by noting that t he 

polanzah on 1s approx1ma t e l y hnearl y d e p e nde nt on th e V so Thus th e 

predi cted polarization is not ambigu ous and any se r ious disag r eement 

w ith experiment would indicat e a defect in the theor y. 

The spectroscopic f ac t o r s liste d in Table I may b e us e d 

to es tima t e th e r e liability one might expect when th ese quantiti es a r e 

d e du ced in ot h e r cases . s
2 

s h o uld be near unity and s
0 

and S 
4 

p e rhaps 

l ess b ecause of confi gur a tion mixing wi th higher s t a t es . T h i s latt e r 

behavior is exhibit e d in T a bl e II , but the fact tha t the S appear t o b e 
£ 

gen e r a ll y too small indicat es that the ir abso l ute magnitud es are not 

reliable. Th e av e ra ge d evia tions may be t aken as an indication of the 

av e rag e r e liability o f the spectroscopic - fac tor ra tios; thi s i s of the o rde r 

of ± 10o/o, wi th maximum d evi a ti ons of the o rder of ± 25o/o . 
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A-6. EXACT EXPRESSIONS FOR COULOMB-WAVE 

STRIPPING AMPLITUDES ··· 

Fe rnanco B . Morinigo 

California Institute of T echnology, Pasadena, California 

I. Introduction 

In this paper we deal with one possible exact treatment 

of pur e Coulomb distortions in stripping r eactions; we pr e s e nt analy­

tic expressions for first-ord e r s tripping amplitudes, calculated on 

the assumption tha t the r e lative motions of th e nuclear fra g m e nts 

in both i nitial and final states are d escr ibable as pur e Coulomb w a ves. 

The aim has been to d eve lop formula e which are near ly as convenient 

as plane - wa ve expressions for the preliminary evaluation of exp e ri­

mental r esults, yet have the e normous advantage of taking i nto account 

t he Coulomb distortions . For application among the light nuclei , our 

expre ssions should b e at l east as good as those of the s imple st plane­

wave theor i es in d e s cr ibing the angular di stributions of stripping 

reactions . 

T he amplitude s also contain a fa c tor which represents a 

general d escrease in the magnitud e of the cross sections b ecause of the 

C oul omb repulsions in both incident and exit channe ls ; thi s m e ans that 

the r e duced widths extracted from expe rime ntal data b y use of our 

formula e wi ll b e considerab ly larger than those extra c ted b y use of a 

plane -wa ve theory , in the direction of b e tter a g r ee m e nt with theoretical 

···supporte d by the Offi ce of Naval R esearch . 
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estimates of reduced widths. The true importance of these results may 

reside in the fact that Coulomb wa ves should be an excellent represen­

tation of the scattering states in the incident and exit channels at bom ­

barding energies well be low the Coulomb barrier, except in the vicinity 

of a resonance . T hus, information is in principle availab l e about the 

nuclear s t ructure of the product from experiments at low bombarding 

energies; also, the theory makes predictions for rates of nonresonant 

reactions proceeding by a stripping mechanism at low bombarding 

energies. 
1-s 

In previous papers we have presented results appro -

priate in various special cases, either restricting the distortion to 

one channel only or restricting the orbital angular momentum of the 

captured orbit to L = 0. These papers discuss the details of the 

various assumptions and approximations which lead to our particular 

analytic expressions; they also contain a full description of techni-

ques for handling the hyper geometric function. The projectile is 

assumed to have L = 0 and to be purely asymptotic, having a wave 

function e-ar /r; the final state is assumed to have a wave function 

YML (8," ) . rL-1 e-i3r £ d "' The reasons or choosing this form, an its 

suitability, are fully discussed in Ref. 3 . 

II. Differential Cross Sections in 

Coulomb-Wave and Plane-Wave Theories 

With the assumptions of our treatment, for experiments 

measuring no spin polarizations, the plane - wave approximation (PWBA) 

1 
F. B. Morinigo, Phys. Rev. m, B65 (1964). 

2 
F . B. Morinigo, Nucl. Phys. 50, 136 (1964). 

3 
F . B. Morinigo, Phys. Rev. (submitted Nov. 1963) . 
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yields 

[ 
L 2 2 Lt1 ] 2 

(da-/ d rl)PWBA = W o Q / (Q + f3 ) ' (2 . 1) 

w here W
0 

is a constant containing k i nematic factors and the r educ e d w idths , 

f3 is the decay parameter of our final - state w a ve function, and Q is a 

vector r e pr esenting the change in linear momentum of the targ e t particle. 

In the C oulomb-wave approximation (CWBA ) we find , aft er m anipula t ions 

similar to tho se of Ref. 3, using standa rd t echniques 

(da-/ d rl)CWBA = (dcr / d rl)PWBA D(n,k , K 1) · D(n 1,K 1, k) · R
0

, (2.2) 

w here D( n,k,K 1) and D(n 1, K 1 ,k ) are factors independent of ang les which 

d e scribe an over -all reduction in magnitude due to the Cou lomb repulsion, 

i.e. , 

D( n , k , K 1) = [2rrn/( e
2

rrn -1) ] ex p [2n arctan [2f3k / (K 12 - k
2 

t [3
2

) ] } (2 . 3) 

3 
whe r e ~ , ~ 1 ar e C oul omb parameters, and k, K 1 are wa ve vec t ors. 

The factor R 
0 

conta i n s the new angular d ependence. It 

is quite formidab le t o w rite out explicitly , although the form here is 

not necessari l y the simples t . It is convenient to d e fine it as a chain 

of symb o l s : 

M (2. 4a ) 

X L: L (L\ w fJ.[r( fJ.-in)r( l+ in ) / r(fJ.+1))F(-in 1, fl. -in , fJ.+1 , Z ) , (2.4b) 
fJ. =O fl.} 

W -G / (1+G) , 
( 2. 4c ) 
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Z = (GG' - E)/(1 +G) (1 + G'), 

G {-2ii3k- 2k 
- 2 2 
Q) I (Q + i3 ), 

G' = (-2ii3K' + 2K' 
- 2 2 
Q)/(Q + i3 ), 

E = ( - 2kK I - 2k 

X= Y
1 

[r(f!-in)r(in+2)/r(f!+2)] F(-in'+1, f!-in, f'-+2, Z) 

+ Y
2

[r(f!-in+1)r(in+2)/r(f!+3)] F(-in'+1, f!-in+1, f'-+3, Z), 

Y 
1 

= (1+G) [ 1+G' (L+in')/L], 

Y 
2 

=(E-GG') (L+in')/L, 

Ill. Discussion 

(2. 4d) 

(2. 4e) 

(2. 4f) 

(2.4g) 

(2. 4i) 

(2. 4j) 

(2. 4k) 

Our results (2.1)-(2.4) form the essential part of our 

theory; we have arrived at analytic expressions for first-order stripping 

amplitudes which include the effects of pure Coulomb distortions. For 

the special cases L = 0 or n = 0 or n' = 0, these expressions reduce to 
1-4 5 6 

those derived in earlier papers. Other authors ' have made com-

parisons with experiment of approximate expressions containing some 

4 
K. A. Ter-Martjrosian, Soviet Phys.-JETP ~ 620 (1956). 

5 

41 

A. Dar, A. de-Shalit, and A. B. Reiner, Phys. Rev. ~ 1732 (1963) . 
6 

L. C . Biedenharn, K. Boyer, andM. Goldstein, Phys. Rev.~' 
382 (1956) . 
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of the featur es o f our answer. T o the ext ent that we have a suitable 

d e scription o f the bound states , our answer corresponds to a limit 

to w h ich all s tripping amplitudes mus t t end a t very low bombarding 

energies not in the immediate vicinity of a r esonance. 

It may be that for many cases of interest the form of 

the bound - state wave function assumed in this paper wi ll b e a poor 

approximation. In this case , it may b e possible to r esort to linear 

combinations of t e rms of the same form as a suitable d escr iption ; 

unfortunately, in this way new parameters are introduce d w h ich could 

not r ea lly be experim entally determined wi th any substantial certainty. 

A d e tailed comparison of the pr e di ctions of our formula with a va r ie ty 

of experimental data will b e made in a pape r now in preparation . 
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A-7. EFFECT OF FINITE-RANGE n-p POTENTIAL IN 

COULOMB STRIPPING REACTIONs··· 

Arthur K. Kerman, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 

and 

Faison P . Gibson, Oak Ridge Institute of Nuclear Studies, 
Oak Ridge, Tennessee 

Introduction 

In recent years there have been a number of differential 

cross-section calculations 1 - 4 for (d ,p) stripping reactions b y use of 

DWBA methods. With rar e exceptionsS ,6 these methods include an 

assumption of zero range for th e neutron - proton potential and disregard 

th e pes sibility of deuteron s tretching during the stripping process. The 

present work is an attempt to r e move these deficiencies for the partie-

ular case of Coulomb stripping, i. e . , for those situations in which th e 

d eut e ron and proton energies are below the Coulomb barri e r. This 

energy region permits certain convenient approximations and allows 

one to obtain fairly accurate es timates of experimental reduced widths 

"'work is supported in part through AEC Contract AT(30-1)-2098. 

1 W. Tobocman, Phys. R ev. ~' 98 (1959) . 

z R . H . Basse!, R . M . Drisko , and G . R . Satchle r , AEC Report 
ORNL-3240 (1962). 

3 B . BuckandP. E. Hodgson, Phil. Mag . §_, 1371 (1 961). 

4 W. R. Smith, Phys. Rev.~' 304 (1 963) . 

5 A. Dar, A . de Shalit , and A. S. Reiner, Phys. Rev . .!2.!_, 17 32 (1963). 

6N. Austern , R. M . Drisko, E. C. Halbe rt, and G . R. Satchler, 
Phys. Rev. (to be published). 
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which do not rely strongly upon any assumptions regarding wave functions 

and potentials in and close to the target. This comes about from the 

circumstance that th e major contribution to the inte gral of the st ripping 

matrix element comes from the r e gion near the classical turning 

points while only a rather negligible contribution comes from th e region 

within the targe t nucleus. 

The Tobocman zero-range DWBA program has been 

modified to inco rporat e finite -range a nd polarization effects and a seri e s 

of runs has been made for th e differential cross sections on a Bi
209 

t a rg e t for a variety of incident ene rgi es, Q' s, and P. values of the captured 

neutron. T hese c r oss sections hav e been compar ed w ith those from the 

unmodified program . We not e tha t th e unmodified program has been 

r a ther successfully us e d by Erskine e t a l. 7 to fit th e s hape of expe ri­

mental angul a r distributions in thi s r egion . 

Approach 

Th e DWBA s tripping matrix e l ement e mploye d is 

T < 
( - ) - - - (+) - - -

Fp ( r ) u ( r , !; ) I V ( r) ll)Jd ( r , r ) v (!;)) 
p n n np p n 

( F (-l(;;.')c (-;J IV (rl ll)J (+\; ,-;)) 
p p n n np d p n 

= ( F ( - )(R + -
2
1

-;) G (R --
2
1 -;)IV (;lll)J (+ ) (R r )) 

p n np d ' n ' 

whe r e -; is th e radius vector from targ e t t o pr ot on r is th e r adius vec t or 
p ' n 

from target to neut r on, r is the collection of coordina t es for the targe t ---- 1-- () nucl eons ' r = r - r n' R = - ( r + r ) , F - is the scatter ing function 
p 2 p n p 

7 
J . R. Erskine, W . W . Buechner , and H . A E Ph R 2 . nge, ys. ev. ~' 

720 (1 962) . 
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for a proton, .1. (+) · the scattering function for a deuteron, V is the ~d lS np 

neutron-proton potential, u is the internal wave function of the target, 

J - >:< 
vis the internal wave function of the residual nucleus, Gn = ds u vis 

the "wave function of the captured neutron" (taken as a harmonic­

oscillator function within the target and a Hankel function times a 

spherical harmonic without), and lj!d(+) is an eigenfunction of the 

Hamiltonian HD = HR + Hr + Vs' where 

H T + V (r), 
r r np 

= Saxon - well optical potential, 

V V + V = polarizing potential, 
s cp op 

v 
cp 

Coulomb polarizing potential, 

45 

V op V opt (1 R + ~ ;1) -V opt(R) = optical polarizing potential. 

We neglect V but allow V (R), already present in the Tobocman 
op opt 

program, to remain. 

The eigenfunction lj!d(+)(R, ;) is handled by the adiabatic 

approximation. Thus 

(+)- - (+)- --
lj!d (R,r) = Fds (R) cjld(r,R), 
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where 

(H + V )cpd r cp 

Ed F ds' 

E being the ext ernal energy of th e incident d eut eron, e 0 the negative 
d 

of th e d e uteron binding e nergy, and e 
2 

(R} the perturbation to E 0 due to 

Coulomb polarization . 

To calculate "- and e (R} we use perturbation th eory, 
'*'d 2 

assuming the exc ited states of the deuteron to be fr e e-particle states. 

Th en 

where <Po is th e Hulthen wave function and q,
1 

and q,
2 

are the first- and 

second-order perturbations due to V which is approxima t ed by its 
cp 

dipole component cut off by a step function for r < 2R. The function 

cp
2

(R) is appr oximated by the second-order energy perturbation due to 

th e dipole . In the latter case, th e branch of the dipole expres sian valid 

for r < 2R is used for a ll values of r ; but a cutoff is imposed fo r 

R < R 0 , whe re R
0 

i s th e nucl ear radius . For Coulomb stripping these 

approximations appea r reasonable since the significant r egion of 

integration of th e T matrix is that for r << 2R and R > R
0

• 

F ds(R) is calculated numerically by ent ering the sub ­

routine of the Tobocman program which cal culat es F d(R) , the eigen ­

func tion of HR , and inserting th e a dditiona l potential e
2

(R} . 

The wave functions on the l e ft-hand side of th e matrix 
~ ~ 

e l ements are calculated to second order by Taylor series in r about R. 

F o r V we assume the Hulth e n potential . 
np 

A - 7 
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Calculating to second order, we can now express the T 

matrix as the sum of the following nonzero elements :8 

- {-) -where Vp acts only on F p , Vn acts only on Gn ' and <l>z 0 is the R. =0 

component of <l>z • 

Except for the inclusion of e 
2 

in computing F ds' T 
1 

would 

be the matrix element normally computed by Tobocman' s zero-range 

program. 

After the Tobocman program was modified to include all 

f f 
. 209 

o these elements, the series of computer runs or a B1 target was 

conducted. The shape of the proton angular distribution was only very 

slightly affected by the modifications while the change in peak magnitude 

ranged up to about 16%. The distributions were plotted on the picture 

tube of the MIT IBM-7090 and photographed ; a typical plot appears in 

Fig. 1. A summary of peak deviations obtained is shown in Table I. 

The Coulomb region was somewhat arbitrarily delimited by the barrier 

heights determined from reasonable optical potentials . Note that 

8 Other apparent elements vanish because of angular-momentum or 
parity considerations. 
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Fig. 1 . Typical display on the 
picture tube of the MIT 
IBM-7090 . It compares the 
differential cross sections from 
the modified program with that 
from th e unmodified program. 
This is th e case of Bi20 9 with 

i=O, Ed= 10 MeV, and 
q, = 0.2 MeV . The upper curve 
is the result of the modified 

program. 

numerical explorations we re conducted beyond th e Coulomb stripping 

r egio n a lthough our approximations are no long e r trustworthy there; but 

no unusual behavior was noted in that region. 

The expr ess ion for reduc e d wi dth as comput e d by th e 

Tobocman program is 

y 

where y is th e r educed width, n i s Planck's constant divid ed by 2rr, fJ-I N 

is the reduced mass of the ta rget and captured n e utron, R 0 is the nuclear 

radius, and u is the r adial portion of th e neutron wave function. 
i 

Outside the target r adius , th e tru e neutron wave function 

and the Tobocman one diffe r only by a constant fac tor. Thus for 

Coulomb stripping the "true reduc ed w idth" may be estimate d by 

where th e subsc ript "c" refers to numbers compu t e d by the program and 

"e" to expe rimenta l r esults. Th e effect of the program modifications on 

y e w ill thus be inverse to th e effec t on d<r e / d\1 ( since y c i s not chang ed ). 
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TABLE I. Percent deviation of peak of modified differential cross 
section from the peak of the Tobocman cross section. The region above 
the dashed line in each section of the table is the Coulomb stripping 
region (see text). 

J. 

0 

2 

4 

Q (MeV) Ed 

(MeV) -1. 8 -0.203 +2. 0 +4. 0 +6. 0 +8. 0 +14. 0 +20. 0 

I 

6 

8 

6.4 

6.7 

10.5 13.9 16.2: 17 . 1 

1.1 11.4 14 .3 16-:9 19.2 69 . 8 

10 -4.8 2.0 7.2 I 9.8 23.0 34.9 
-------------- ___ I 
12 -6.2 -1.1 2.6 10.5 14.5 22.8 

14 

16 

18 

6 

-6.2 -3. 6 3.7 

-3.7 

0.5 

6 . 6 

9.3 

9.2 

13. 8 

14. 1 18.2 

1 

I 
16.01 17.4 

8 2.3 7.2 11.7 ~4_:_~\ 17 . 0 19.2 

10 2.3 7.2 I 10.3 

----------------~ 12 -2 .0 0.8 11.3 31.0 

14 

6 

8 

10 

12 

7 . 1 

8.2 

2,7 

18 . 6 

101. 8 

aThe angular distribution is twin p eaked . The deviation for the other 
peak is 14 . 1o/o. 
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Thus, for example, for 8-MeV deuterons, ye:::: 0. 16 MeV for the 2. 57 -MeV 

level of Bi
210 

as obtained from the zero -range program and Erskine's 7 

data. The modified program r e duces this about 6. 7 o/o . 

Conclusions 

.209 
One concludes that in th e Coulomb stripping region for a B1 

t a rg e t th e finite-range and polarization effects usually increase th e 

differential cross section and reduc e the es timate of the physical r educed 

width by a variable amount of not more than about 16 %. This is, of 

cours e, evidence tha t the zero - range approximation is a rather good one 

in thi s r egion. Thes e conclusions are based on employment of a 

Hulthen potential and wave function . Other deuteron pot entia ls and wave 

functions will be tried in futur e work. 
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B-1. A STUDY OF THE REACTION u
238

(d, p)u
239 

B. E. F. Macefield 

Nuclear Physics Depa rtment, University of Oxford, England 

and 
... 

R. Middleton 

Atomic Wea pons Research Establishment, Aldermaston , England 

Information on the level structure of th e uranium isotopes has 

come almost completely from neutron capture and inelastic scattering, 

Coulomb excitation, and a - and 13-decay data. Reaction studies such as 

(d, p) or (t, p) are either nonexistent or have insufficient resolution to obtain 
1_3 

detailed l eve l positions. A study of the uranium isotopes is of interest 

since they are highly distorted nuc lei and a systematic study of stripping 

reactions on such nuclei has not been a ttempted. Th e correlation of the 

4 5 
experimental results with the Nilsson model and the work of Satchler 

should indicate any inadequacies in Nilsson's description of the odd- rna ss 

uranium isotopes. Little was known of the level scheme of u 239 before the 

~:~ 

Present address: Department of Physics , University of Pennsylvania, 
Philadelphia , Pennsylvania. 
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k 6 . ' h p 241 . d' h h d present wor . A companson w1t u m 1cates t at t e groun -state spin 

of u 239 should be 5/2 with positive parity since the only difference between 

the two nuclei is a pair of coupled protons. 
241 

The Pu ground state has also 

been identified with the [ 622] state of the Nilsson model. 

The reaction under study was examined with the Aldermaston 
7 

tandem generator and multigap spectrograph. The target consisted of nat-

ural u238
. The u238 

target was of thickness 600 flg/cm
2

. The total thick-

ness of the target was known to .±_10o/o but the uniformity was not determined. 

It is estimated to be not worse than .±_30o/o. A bombarding energy of 12 MeV 

was used for the reaction. 

Figure 1 shows a typical proton spectrum obtained from the 

u238
(d, p) reaction. The various proton groups have been labeled accord-

ing to the levels in the final nucleus as determined in this work. Twenty-

four groups have definitely been as signed to the above reaction. The energy 

Fig. 1. T ypical proton 
energy spectrum from 
the U2 38 (d,p)U2 39 

reaction; Ed= 12. 03 
MeV, e = 72t 0

. 

6 
Landolt-Bornstein , 1961. 

7 

PROTON ENER''f MeV 

R. Middleton and S. Hinds, Nucl. Phys . 34, 404 (1962). 

'" 
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resolution width is approximately 25 keV, mostly due to target thickness. 

Three strong groups due t o light-mass impurities are also to be seen on the 

spec trum. The angular distributions for the ground state and first e l even 

excited states are shown in Fig . 2. The error bars represent the uncertain -

ties due to counting statistics and resolution uncertainties. The significance 

of the curves shown in Fig. 2 wi ll be discussed below. The ground-state Q 

value for the u 238 (d, p)u 239 reaction was determined to be 2. 588 + 0. 020 

MeV, which compares with the value 2 . 537 ±_0 . 100 MeV obtained from the 

8 
mass tables of Everlin g et al. Table I shows the corresponding excitations 

TABLE I. Level excitations for states in u 239 obtained from the re­
action u238(d, p)u239 . 

Group Excitation Group Excitation 
number (MeV) number (M eV) 

0 0 

1 0 . 092±_0 . 005 13 0 . 96±_0.015 

2 0 . 131+0 . 005 14 0.99±_0 . 015 

3 0 . 138+0.005 15 1.06+0.015 

4 0.222+0.005 16 1.11+0.015 

5 0.301±_0 . 005 17 1. 15 +0. 015 

6 0.688±_0.005 18 1. 19±_0. 015 

7 0.738+0 . 010 19 1. 22±_0 . 015 
8 0.789.±_0 . 010 20 1. 25 +0 . 015 

9 0.809±_0.010 21 1.36+0.015 
10 0 . 848+0 . 010 22 0.43+0 . 015 
11 0 .883±_0.010 23 1. 49+0. 015 
12 0 . 93 3±_0.010 24 1. 52±_0 . 015 

8 

F. Eve rling, L. A. Konig , J. H . E. Mattauc h, and A. H . Wapstra, Nucl. 
Phys. ~. 529 (1 960 ) . 
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Fig. 2. Angular distributions of the first twelve observed proton groups 
from the u238(d, p)u239 reaction; Ed = 12.03 MeV. The curves are the 
result of DWBA calculations (see text). 

55 



56 B-1 

for the 24 groups la bel ed in Fig. 1. 

A direct comparison with previous det ermina tion s of t he 

leve ls in u 239 , mainly from the (n, y) reactions, 
9

'
10 

is difficult because 

the level density is high and there are s t rong selection rules pertaining 

to th e excitation o f co llective s t a tes. It is c lear, however , that the (n, y) 

results are compatible wi th the present interpretations of the (d, p) spectra. 

No states above approximately 1. 5 MeV excitation have 

been listed in Table I since the increasing densi ty of states and lack o f 

resolution makes pos itive identification of single states difficu lt . At-

t empts to determine band structure o r the energy separation of the various 

groups were unsuccessful. The information from the angular dis tributions 

was needed before a ny structure could be identified. 

The curves shown in Fi g . 2 are the result of DWBA strip-

ping calcu lations. The parameters used in these calculation s were de t e r-
11 

mined from 11-MeV deuteron sca ttering on gold and 17-MeV proton 
1 2 1 3 

scattering on gold. In principle, the elastic - scattering parameters 

should be determined by scattering deuterons from u238 
and protons from 

u 239
; but at the energies used in the present work the overriding effect 

is one du e to t he large Coulomb field, with the result that the optica l-IIDde l 

parameters wou ld be very poorly determined. 

9 
P. J. Campion , J. W . Knowles, G. Manning, and G. A. Bartholomew, 

Can. J. Phys . fl, 377 (1 959). 
10 

N . F. Fiebiger (private communication). 
11 

M . A. Melkanoff, T. Sawada, and N. C indro, Phys. Letters_£, 98 (1962). 

M. A. Melkanoff, J. S. Nodvik , D . S. Saxon, and R. D. Woods, Phys. 
Rev. 106, 793 {1 957 ). 

1 3 
B. E. F. Macefield, R. Middleton, and D. J. Pullen, Nucl. Phys. 

44 , 309 (1 963). 
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The parameters used in the initia l t rial are shown in Table II . 

TAB LE II. Optical-mode l parameters u s ed in DWBA calculations. 

Paramet e r -u -w r a 
(MeV) (MeV) (fm) (fm) 

Particle 

Deuteron 60 15 1.5 0.6 

Proton 48 8 1. 33 0.5 

Proton (II) 57 8 1.3 0 . 5 

A Saxon- Wood distribution was used for both the rea l and imaginary com-

ponents of the pot entia l. The second set of proton parameters (labeled II) 

were modified values that were found necessary to get an improved fit to 

the ground - state transition, assumed to be an 2 =2 capture. 

Using the parameters that fitted the ground state transition, 

calculations were made for other 2 va lues and attempts were made to fit 

the remaining angu lar distributions. This procedure has been previously 

76 77 l. 3 
used by the present authors in a study of the Se (d, p)Se reaction. 

It was i mmediate ly obvious that the shape of the calculated curves was 

fair ly insensitive to t he va lue of 2 . This is shown in Fig. 3 . The curves 

in Fig. 3 are shown on the correct re lative sca le for a reduced width of 

unity for each curve. It is evident that transitions with angular momentum 

exchanges as high as 2 = 8 shou ld be observable in stripping reactions on 

heavy nuc le i i f these states have an appreciable reduced width. 

In Fig. 4 we show a plot of the ratio of the peak calculated 

cross section to that calculated for 180° as a function of 2. This ratio is 
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Fig. 3. DWBA angular distribu­
tions for the r eac tion 
UZ38(d, p)UZ3 9; Ed= 12 .0 MeV , 
Q = 2. 59 MeV. A r e duc e d width 
of unity was assume d for each 

transi t ion. 

Fig . 4 . A comparison of th e 
th eor e ti cal (smooth cu r ve ) and 
exper i mental values (hatched 
areas ) for th e ratio of peak cross 
sec ti on to 180° c ross secti on as 
a func ti on of 1 . 
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including t he spect roscopic and DWBA fac tors, fo r tran sitions t o t he 

ground- s tate rotationa l band of u 239 . They a re shown for two different 

va lues of t he distortion parameters which bracket the uranium nuclei. It 

i s obvious t hat only the ground state and 92 - keV state can be expected t o 

show any reasonable t rans i tion strength. The experimental peak cross 

B - 1 

sections are a l so indicated. Only transitions involving angu lar momentum 

exchanges up to£ = 6 are shown since the momentum exchange must be less 

than or equal to the principal quantum number of the orbi t . This requirement 

holds provided that t he expansion of the collective state in terms of single-

particle states from one shell is valid. 

The s tates at 222 keV and 301 keV excitation can be identi -

fied with the 9/2 and 11/2 members of the [ 624] Ni l sson band. Table IV 

shows the exc itation s t ren gths expected from the Nilsson mode l for the 

TABLE IV. Comparison of experimenta l and theoretical cross sections 

for the reaction on u 238 (d, p)u
23

9. 

Excitation L CT( 8)a CT( f}) b 
(keV) (f.Lb) (f.Lb) 

(160) 4 7/2 5 8 

222 4 9/2 17 12 

301 6 11/2 39 41 

(395) 6 13/2 1.2 2 . 4 

a Predicted peak differential cross section, 11 =4. 
b Pred ic t ed peak differential cross section, 11 =6. 

c Experimenta l value from present work. 

See Ref. 4 . 

See Ref. 4. 
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(624) band. In Tables III and IV the excitation energies in brackets are 

those deduced from an [ I(I+1) = K(K+1) J dependence by use of the states 

definitely identified in the band. A comparison of Tables III and IV shows 

that the unresolved group at 135 keV (Fig. 1) contains components of the 

[ 622 J and [ 624 J ba nds . The c ombi ned angu la r distribution of the groups 

at 135 keV can be fitted with an ~ =1 distribution, but little significance 

can be attached to this until the angular distributions of the separate states 

have been obtained. A summary of the spins and band structure determined 

in the present work is found in Table V. 

TABLE V. Characteristics of states in u239 
determined from pre­

sent work. 

Excitation JTT K [ N ~ /\) 
(keV) 

0 5/ 2+ 5/ 2 622 

92 9/ 2+ 5/2 622 

222 9/ 2+ 7/2 642 

301 11 / 2+ 7/ 2 642 

The pronounced gap observed in the spectra between 

300 keV and 650 keV excitation in u 239 is probably due to two causes. 

The first is the angular- momentum cutoff in each band and the second is 

the semi-magic number at 152 neutrons indicated by the Nilsson model. 

No attempt to analyze the states above 650 keV excitation 

into rotational bands wa s made since the resolution is inadequate . 
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It can be seen that the combination of the Nilsson model 

and a DWBA ca lculation predictsangular distributions and absolute inten-

sities which are in fair agreement with experiment; probably to within a 

factor of 3. We can infer from this that the Nilsson configurations are a 

realistic estimate of the single - particle character of the collective state 

of the nuclei under consideration. This is particularly pleasing since for 

these heavy- mass nuclei the predictions of the model are not a sensitive 

function of the model parameters. 

239 
The data on the (622] and (624] bands of U indicate 

that the selection rules imposed by the Nilsson wave functions hold and 

in consequence there is no evidence for any shell mixing. 
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B-2. DISTORTED-WAVE ANALYSIS OF THE Cr
52

(d, p)Cr
53 

REACTION 

* USING MEASURED OPTICAL-MODEL PARAMETERS 

J. C. Legg, H. D. Scott, and M. K. Mehta 

Rice University, Houston, Texas 

In recent years, the use of fast large-memory computers 

has made it possible to develop a distorted-wave (DW) theory of deuteron 

stripping and use it in the analysis of the results of stripping experiments. 

There has been, in general, some difficulty in determining the optical-

model potentials which distort the incoming deuteron wave and the out-

going proton wave. The fact that deuteron elastic scattering may be 

fitted by a large number of different optical-model potentials which give 

different results when used in DW calculations has further complicated 

the analysis of stripping experiments . 

We have performed a series of experiments studying the 

Cr52 (d, p)Cr53 reaction to test the success of the DW theory in predicting 

the results of a stripping experiment when one uses optical-model poten-

tials which fit the elastic-scattering angular distributions. This paper 

presents a few of the results of these experiments. 

Angular distributions for the elastic scattering of deuterons 

52 52 53 . 
from Cr and for the proton groups resulting from the Cr (d, p)Cr reactwn 

were obtained at several deuteron bombarding energies. Also , corresponding 

*Work supported in part by the U.S. Atomic Energy Commission. 
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angular distributions for the elastic scattering of protons from Cr
53 

were 

obtained at EP(c. m.) = Ed(c. m.) + 5. 714 MeV, in which the 5. 714 MeV 

52 53 
is the ground-state Q value for the Cr (d, p)Cr reaction. 

The targets used were chromium enriched to 99. 9o/o isotopic 

abundance of the desired isotope evaporated onto thin carbon backings. 

Particles were detected by solid-state detectors capable of stopping the 

most energetic proton observed. Cross sections were determined by com-

parison with Rutherford scattering at 3, 3. 5, and 4 MeV. The probable 

error due to counting statistics was less than 2o/o at all angles for the 

elastica lly scattered particles and less than 4o/o at all angles for the 

ground-state protons from the (d, p) reaction. 

Optical-model fits were obtained for the elastic scatterings 

by use of the ABACUS -2 code. Saxon-Woods potentials of the form 

{ 1/ 3 -1 V(r) = V c (r) - (V + i W) 1 + exp [ (r -r 
0

A )/a J} were used to fit both 

proton and deuteron scattering. Here Vc(r) is the Coulomb potential due 

to a uniform charged sphere of radius 1. 25 A1/ 3fm, A is the atomic weight 

of the target nucleus, r0 was set equal to 1. 25 fm, and V, W, and a were 

varied to produce the best fit to the experimental data . The va lues of V, 

W, and a which produced the best fits are listed in Table I. 

The deuteron elastic -scattering angular distributions and 

their optical-model fits are shown in Fig. 1. Since the angular distributions 

exhibit very little structure, the optical -model potentials obtained are not 

as uniquely determined by the criterion of best fit as one would like. Two 

sets of potentials were studied: Type A with a real well depth of approxi ­

mately 50 MeV, and Type B with a real we ll depth of approximately 90 MeV. 
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TABLE I. Optical - model potentials. 

Deuteron 
Ty2e A Ty2e B Proton 

energy V(MeV) W(MeV) a(fm) V(MeV) W(MeV) a (fm) energy V(MeV) W (MeV) a (fm) 

4.39 53.99 8.02 0.548 89.91 15 . 05 0 . 518 10.13 54.23 9.16 0. 541 

4.93 53 . 69 8.10 0 . 520 90 . 10 15.06 0.518 10.66 54.32 9.16 0.484 

5. 41 56 . 99 8.17 0.523 90.27 15.01 0.546 11. 13 50 . 83 8.87 0.553 

5 . 72 51. 23 8.39 0 .447 87.75 15.66 0 . 430 11 .40 50 . 71 9.01 0 . 5 47 
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Fig. 1. Angula r di s tributions fo r 
the e l a sti c sca tter ing o f d e ut e r o n s 

fr om Cr5 2 • Th e s oli d c ur ves 
a r e opt i cal - mod e l fi t s to th e 
d a t a . T h e pa r a m e t e r s o f th e 
optica l pot enti a l s u sed a r e li s t ed 

in Table I. 

The optica l - mode l fit s us i ng t hese potentia l s a re i nd i s ti ngui shable o n a 

graph such as Fig . 1. 

The correspond i ng e las tic proto n angu lar d i s tri bution s and 

their optica l - mode l fit s are shown i n Fig. 2. The s e angu la r d i s tributions 

do have enough s tructure to un iqu e l y deter mine the optica l pot en tia l s . 

These fit s a re on ly s li ghtly better t han t hose obta i ned by use o f the pot e n -
1 

tia l fo r mu la of Perey . However , s ince t he DW code u sed in th i s work 

accepted only an optica l poten tia l of the fo r m shown above, these pot e ntia l s 

1 
F . Perey, Phys. Rev . .!1.!.. 745 (1 963 ) . 
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Fig. 2. Angular distribution for 
the elastic scattering of protons 
from Cr5 3 . The solid curves 
are optical-model fits to the 
data . The parameters of the 
optical potentials used are listed 
in Table I. 
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were obtained and used in the DW calculations . 

•o• eo• 
ec.m. 

The DW calculations for the (d, p) reaction were then per-

formed with the potentials obtained from fitting the associated elastic 

scatterings. These calculations were performed with the DW code of 

Tobocman and Gibbs. As shown in Fig. 3, calculations using Type A and 

Type B deuteron potentials and integrating from the o rigin yielded curves 

which differed appreciably from each other and the experimental results. 

Using a radial cutoff of 7. 6 fm in the integration improved the agreement 

between the DW curves and the experimental results considerably. The 
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Fig. 3. DW fits to th e angular dis­
tribution of ground - state protons 
from Cr5 Z (d , p)Cr5 3 at 
Ed= 5 . 72 MeV, obtaine d b y use 
of measu r ed optical - model 
parameters. Fits are shown for 
T y p e A a nd T ype B optical­
model parameters and for no 
r a dial cutoff on integration a nd 
7 . 6 fm r a dia l cutoff. All curves 
a r e a rbitra rily normalized to th e 
maximum exp e rimental c r oss 
s e cti on . 

7. 6- fm cutoff was c hosen becau s e thi s was approximately the radius at 

which Perey and Pe rey found tha t th e tai l s of d ifferent deuteron optica l-
2 

mode l absorption potentia l s co inc ided for copper. The radia l cutoff ca l-

cu lations placed the fir s t minimum in the angula r distribution correc tly a t 

2 
C. M. Perey and F. G. Pe rey, Phys. Rev. ~. 755 (1 963) . 
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all energies. However, the over-all agreement between calculated and 

experimental angular distributions improved as the deuteron bombarding 

energy was increased to 5. 72 MeV. Thus Fig . 3 is the best fit obtained at 

the energies we are discussing . 

The DW calculations with Type A or Type B potentials and 

with or without a radial cutoff on the integration reproduce quite nicely 

the variation of the experimental (d, p) maximum cross sections as a 

function of deuteron bombarding energy. 

These results indicate that a radial cutoff in the integration 

is a necessary part of a DW calculation if one uses the proper optical­

model potentials. If one uses a radial cutoff, the DW calculation is then 

in acceptable agreement with experimental results. 
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B-3. A STUDY OF STRIPPING AND PICKUP REACTIONS 
12 13 14 

ON C , C , AND C 

R. N. Glover, A. W. R. E. , Aldermaston 

and 

A. D. W. J ones, Nuclear Phys ics Laboratory, 
Univers ity of Oxford 

The data reported here on stripping and pickup reactions 

linking the carbon isotopes is part of a more genera l program being 

carried out on the Aldermaston tandem Van de Graaff. Briefly, 

the equipment consists of a solid-state counter t e lescop e in a 16-in. 

scattering chamber with pulse addition to preserve resolution and 

pulse multiplication to provide particle identification and to route an 

RIDL kicksorter. Up to four reactions can be studied simultaneously 

with a consequent saving in tim e and improvement in accuracy of 

relative cross-section measurements. 

The following reactions were studied: 
12 

{1) C (d,p)at 8and 12MeV, 
13 

(2) C (d ,p) and (d , t) at 8 and 12 MeV, 
13 

(3) C (p,d) at 8 and 12 M eV, 
14 

(4) C (d,p) and (d , t) at 12 M e V, 
14 

(5) C (p,d) at 12 MeV, 
12 

(6) C (t,d) at 12 M e V . 

R educed widths were ext racted using plane-wave theory 

B-3 

in the manner described by Macfarlane and F rench.
1 

Table I contains the 

1 

M. H . Macfarlane and J. B. F rench, Rev. Mod. Phys . ~' 567 (1 960 ). 



B-3 71 

results. Some comment is needed on our results for certain reactions 

in relation to earlier data. 

12 13 
1. C (d,p)C 

All our results are based on our measured value of 13mb 
12 13 

for the C (d,p)C ground-state transition at 12 MeV. This value and 

our value at 8 MeV agree with the absolute cross-section curve given 
2 3 4 

by the results of Zaika et al. and Morita et al. Hamburger's 

results lie parallel to this curve but 50o/o higher . Consequently for 

strict comparison with our data all the Pittsburgh cross sections and 

reduced widths based on a c 12
(d,p

0
) cross section of 15.5mb at 14.8 

MeV values should be reduced by one third. Then our results at 8 
5 

and 12 MeV, those of Green and Middleton (reduced as above) at 9 
6 

MeV, and the 14. 8-MeV data of McGruer et al. are in reasonable 

agreement. 

6 
The data of McGruer et al. at 14.8 MeV are in fair 

agreement with our 12-MeV data. Their reduced widths appear to be 
13 

larger than ours by a constant ratio. At 8 MeV our C (d,p
0

) cross 

2 
N. I. Zaika et ~·, Soviet Phys . JETP ~' 1 (1960). 

3 
S. Morita~ al., J. Phys. Soc. Japan~' 550 (1960) . 

4 
E. W. Hamburger, University of Pittsburgh, Ph.D. Thesis , 

NP-7531 (1959). 
5 
T. S. Green and R. Middleton, Proc . Phys. Soc. (London) 69A, 

28 (1956) . 
6 

J . N. McGruer, E. K . Warburton, andR. S. Bender , Phys . 
Rev . 100, 235 (1956). 
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TABLE!. Result s of (d , p) , (p,d ) , (d , t), and (t ,d ) rea c tions on carbon isotopes. 

82 2 2 2 b 
R eactio n E E Q J 1T J 1T r Relative Absolute 8 ).. 8 or >..8 IT 

X beam 0 f 0 2 from 
exp 

2 
(MeV) (MeV) or >..8 or >..8 pr evious data a (mb/sr) 

c
12

(d , p)c 13 
0 8 +2. 72 0+ 1/ 2 - 4.5 0.036 0 . 042 19.5 

3.09 1/ 2+ 0 5.0 3.3 0. 12 0. 19 112 * 
3.68 3/2- 0.013 

3.85 5 /2+ 2 5.5 1.2 0. 043 0. 073 64 

c12(d,p)C13 0 12 +2. 72 0+ 1/ 2- 4.5 0.026 0 . 031 13 

3.09 1/ 2+ 0 4.5 5 . 4 0. 14 0 . 15 58 * 
3.68 3/2- 4.5 0.3 0 . 007 0 . 006 12 "' 
3.85 5 /2+ 2 5 . 0 1.8 0.047 0.071 55 

c1 3(d , p)C14 0 8 +5 .94 1/2- 0+ 5.5 0.01 3 1.4 

6.09 0 5 . 0 4 . 4 0 . 057 46 * 
6.72 2 5.5 1.7 0. 022 15 

7 . 35 2 5.5 2. 1 0 . 027 14 

13 14 
C (d , p)C 0 12 +5 .94 1/2- a+ 5.0 0.028 0.063 2.7 

6.09 0 4 .5 2 . 9 0.082 0 . 20 29 * 
6. 72 3 2 5.5 1.0 0 . 027 0.07 19 

7. 35 2 2 5.5 1. 1 0.0 32 0.06 17 

14 15 
C (d , p)C 0 12 - 1.01 0+ 1/ 2+ 0 4.5 0. 11 0. 09 3 25 * 

0 . 66 5/2+ 2 5.5 0.4 0. 04 3 0 . 032 61 * 
Ol 
I 

w 
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13 12 
C (p,d)C a 8 -2.72 1/ 2- a+ 5.5 a .a 12 8.9 w 

c
13

(p,d}c
12 

a 12 -2.72 1/2- 0+ 4.5 o . a25 14.7 

4.43 2+ 4 . 5 0.9 0.022 4.4 

14 13 
C (p , d)C 0 12 -5.94 0+ 1/ 2- 5 . 5 0.026 9 . 3 

c
13

(d,t)c
12 

0 8 + 1. 31 1/2 - 0+ 5 . 5 3.68 307 c 17 . 7 

4 . 43 2+ 7.5 0.8 2 .88 102c 7.3 

c
13

(d,t)c
12 

0 12 +1. 31 1/2- a+ 5.5 4.05 162 5.89 12.6* 

4.43 2+ 5.5 0.8 3.25 148 4.47 5.6 

c
14

(d , t)c
13 

0 12 -1. 91 o+ 1/2 - 5.5 9 .90 396 6.20 29 

3.09 1/2+ a 5.5 0.0 3 0 .30 0. 17 !. 7* 

3.68 3/2 - 5.5 0.4 3.94 4 . 2 5.7 

3.85 5/2+ 2 d 0. 11 0.9 

12 13 
C (t ,d)C 0 12 - 1. 31 0+ 1/2 - 4 . 0 5.23 201 36 * 

3 . 09 1/2+ 0 4.0 13.9 72 :6 (52a) 12.3* 

3. 68 3/2- 5.5 1.1 5 .63 (800) 8. 3* 

3.85 5/ 2+ 2 5.0 0 .9 4.46 95 39 

a 
See Macfarlane and French (R ef. 1). All 14. 8-MeV data are from the P ittsburgh group , exce pt c

12
(d,p) at 8 MeV. 

bExperimental cross section at peak, or at 10° (lab ) if still increasing. The la tte r points are denote d by *. 

cAlternative values depend on whether the c
13

(p,d) or the c
12

(d,p) reduced width at 8 M eV was us ed . . 
d Angular distribution shows no stripping peak. 

_, 
w 



74 

section of 1. 4 mb i.s i.n reasonable agreement with the value of 2 mb 
7 

at 6 MeV from the excitation function of Lisle~ - al. 

13 12 
3 . C (d,t)C 

The r e du ce d w idths )..e 2 
agree we ll with the work of 

8 12 
Mayo and Hamburger when related to the same C (d,p) ground-

state cross section. 

4. 
14 15 

C (d,p)C 

The reduced widths agree with those reported by 
9 

Moore without reduction to normalize cross sections . 

2 . 1 
The values of )..e gwen by Macfarlane and French 

10 
are based on th e cross sections of Moor e ~ al. adjusted to the 

12 
value of 15.5mb for the C (d ,p

0
) cross section at 14 .8 M eV . In 

9 
his thesis , Moor e further reduces these cross sections-apparently 

7 
J. C . Lisle~ ~-, Nucl. Phys. _i! , 56 (1963) . 

8 
S. Mayo and A. I. Hamburger, Phys. Rev . .!._!2, 832 (1960) . 

9 
W. E . Moor e, Univers ity of Pittsburgh , Ph.D. Thes is, NP-

7570 (1959). 
10 

W . E. Moor e, J. N. M cGruer, and A . I. Hamburger, Phys . 
R ev. Letters~ ' 29 (1 958 ) . 

B-3 
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due to an amended figure for the C 
14 

enrichment. 
2 

The A.B values 

in Table I are smaller than our values if taken from Moore's thesis 

or similar if the amended enrichment figure is not used, but not 

larger by the expected amount. There is ther efo re some dis c r epancy 

between our C 
14 

data and those of the Pittsburgh group. 

It is of interest (Table I) that the reduced widths derived 

from (d,p) and (p , d) reactions at the same bombarding energy of 12 MeV 

are in agreement. The exception is the 8-MeV results linking the 
12 13 

C and C ground states. It has been suggested by other authors 
. . 12 

that compound-nucleus effects may be 1mportant m the C (d , p) 

reaction . 

Figure 1 presents plots of reduced widths versus 

b b d f ( ) ) . . c12 c13 om ar ing energy or d, p and (t, d reac tions llnk1ng the -
13 14 

and C - C ground states. Pickup-reaction data have been plotted 

at the equivalent energy for the inverse r eac tion . 
12 13 

C (d , p)C g. s. The two curves agree very well when 
. 12 

normallzed to the same C (d , p
0

) absolute cross section and confirm 

the increased reduced width around 8 MeV. 
13 14 

C (d ,p)C g . s. The value at 4 M e V is derive d from 

the angular distributions of Deshpande , 1 1 the upper and lower limits being 
7 

obtained by use of the c ross sections of Deshpande and of Lisl e et al., 

respectively . The reduced widths seem to cluster in the range 0 . 02-0 .03. 

The value of McGruer et al. 6 seems significantly higher (0 . 042) even 

if renormalized. 
2 

From these two graphs, e would appear to be equal for the 

II V. K. Deshpande, Nucl. Phys. 47, 257 (1963). 
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F ig . 1. e2 and t..8 2 vs bombarding energy for (d , p) and (t ,d) r e actions 
linking the C l2 _C l 3 and C l 3 _C l 4 ground s tates . Pickup r e acti on 
da ta hav e been plotted a t the e q u ivalent energy for the inv e rse 
r e ac ti on . The symbo l s denote: 

" Pr esent e xpe rim ents (stripping ). 
o Pr e s e nt expe ri m ent s (pickup) . 
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.<~ P i tt sburg h group , exce pt C l 2 (d , p) at 8 and 9 M eV (s ee Ref. 1). 
c Othe r da t a ( s e e Ref. 1) . 
• Ba rros e t ~- (R ef. 12). 
• D eshpande (R e f. 11) and Lisle e t ~. (R e f. 7). 

2 
t wo r e actions. Since w e rna y p re.sum e 80 ( 1 p ) is constant , this suggests 

tha t t h e spect roscopic factor S is the same for both react ions. However, 
12 1 3 

in jj coupling we expe c tS = 1 and 2 for C (d ,p
0

) and C (d , p
0

) , respect-

iv e ly . The ore ti ca l ca l cula tion of the variation of s p ec t roscopi c fac to r 

wi th the spin - orbi t par a m e t er for these two reactions wou ld be of interest, 
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especially since there is now some evidence for a/K ;::: 3. 
12 13 2 

C (t,d)C . The values of >..() seem independent of 

energy, although there are no data near 8 MeV, and suggest X. "' 4/0 . 025 

;::: 160 . 
13 14 2 l2 

C (t, d)C . Our >..() and that of Barros et al. agree. 

As discussed earlier, there is some doubt about the Pittsburgh value. 
2 

From these two graphs, X.() would appear to be in the ratio 2. 5: 1 
13 14 

which is either consistent with S :::: 2 for the C - C ground-state 

transition and inconsistent with the (d,p) data, or else implies that 
2 

X. varies by a factor of 2.5 for the two reactions, or else that ()
0 

does 

not have the same va lue for (d,p) and (d,t) reactions (or their inverse 

reactions). None of these explanations is particularly attractive. 
12 12 . 

Study of the C (d,p) and C (t,d) reactwns should 

enable values of X. to be extracted for transitions to excited states. 

There are few measurements of this nature, partly due to the 
2 

Valuesof>..() forthe adve rse Q values of the inverse reactions. 
12 

(t,d) and (d,t) transitions linking the C 
13 

- C ground states are in 
12 

reasonable agreement . Values from the C (t,d) reaction for 
13 . 2 

C states at 3. 68 and 3. 85 MeV agree wtth the ground -state >..() 

va lue . The theoretical angular distributions for the i. = 0 

transition to the 3 . 09-MeV c 13
1evel (Q = -4.4 MeV) is a very 

poor fit, behaving similar ly to certain (d,n) transitions wherein the 

binding energy of the captured proton is close to zero (s ee Macfarlane 
l 

and French ) . This suggests that Coulomb effects may be important 

in (t ,d) reactions. The l = 1 fit for the transition to the 3. 68-MeV 

l2 
F. deS . Barros, P. D . Forsyth, A. A . Jaffe, and I. J. Taylor, 

Proc. Phys. Soc . (London) 77A, 853 (1961). 
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state Q = -5.0 MeV has a secondary maximum several times greater 
2 

than the exper imental points . Value s of }.. e for these two transiti ons 

are the r e for e unreliable, particularly so in the J. = 0 case . C om par-
2 2 . . 

ing values of )1. e and e for transltlOns to the ground state and to 

the 3. 86-MeV stat e at 12 M e V incide nt e n ergy, we obtain value s of 

ll. diffe ring by a fac t or 2 . F or th e var ious (d ,t) and (t ,d) reactions 

. d . 2 llste m Table I , ll.e seems more constant than )1. itself. Clearly 

mor e data are re quir ed . 

B- 3 
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B-4. LOW-LYING LEVELS IN Ti.
48 

OBSERVED IN THE (d,p) 

REACTION~' 

P. D. Barnes and C. K. Bockelman, 
Yale University, New Haven, Connecticut, 

0. Hansen, University Institute for Theoretical Physics, 
Copenhagen, Denmark, 

and 

A. Sperduto, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 

I. Introduction 

An investigation of the level structure of the isotopes 

Ti.
47

-
51 

is presently in progress. The following is a preliminary report 

on the analysis of the reaction Ti.
47

(d,p)Ti.
48 

and is restricted to the low­

lying levels. 

II. Experimental Method 

Deuterons accelerated to 6 MeV in the M. I. T . -0. N. R. Van 

de Graaff accelerator were focussed into an area 0. 5 mm X 1 mm on a 
1 

stationary target mounted in the M. I. T . 24-gap broad-range spectrograph . 

The target, prepared in the magnetic isotope separator at the Institute for 
47 

Theoretical Physics in Copenhagen, consisted of a deposit of separated Ti. 

(99%) on a carbon backing 50 f.J. gm/ cm
2 

thick. Its chief contaminants were 
12 13 14 16 28 32 

C , C N 0 , and trace amounts of Si. and S 

1 

Work supported in part by the U . S. Atomic Energy Commission. 

H. A. Enge and W . W . Buechner, Rev. Sci.. Instr. 34, 155 (1 963). 
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The reaction products we re momentum analyzed in th e 

spectrograph and detecte d in Kodak NTA 50-micron nuclear emuls1ons . 

Trac k distributions we r e obtained b y scanmng with a microscope across 

th e deve loped plates in i -mm strips. Proton t racks were selec ted 

acco rding to their l e ngths , dir ec t10n, and grain density. The observed 

peaks in the track distributions had full widths at half maximum 

cor responding to 15 keV. This resulted from a 10-ke V spread in the 

deuteron be a m en e rgy, a 4-keV c ontribut10n to th e proton en e r gy spread 

d ue to ta r get th1 ckness, and an instrumental line -wi dth c ontribution of 

10 keV because the target was no t a line source. 

Thus energy spectra we re obtained at 23 angles (7. 5°-

B-4 

17 2 . 5°) . Th e residual m ass associated with the va rious particle g r oups 

was assigned by observing th e shift m group energy with angle. Th e 

a n g ular distribution o f each t1tamum l eve l wa s obtained by determining 

th e area under th e appropriate peak at each angle and making corrections 

for cont r ibutions from background , contaminants, and variations in 

so lid angl e a l ong th e plate. The magnitude of the corrections fo r 

contaminant peaks was obtained b y normalizing to the angular-distribution 

data in the lite ratur e for reac tions at s imilar beam ene r gies. 

This particular expe r i ment was made unde r conditions such 

that iron in t h e spectrog r aph could not b e prope rl y cyc led to r emove 

hysteresis and as a result a systematic variation in Q valu e s of the order 

o f 50 ke V was o bs e rved as a function of angle. 2 These flu c tuations in 

the data we r e removed by ass1gning to eac h of the twenty - four spectro­

graph gaps a n e ff ecti ve magnetic fi e ld whic h, in conjunction with the 
2 0 

ongmal P o a lpha - part1cle calibration an d the beam e nerg y, would 

2 

These problems have been dJscussed by A. Sperduto and W . w. 
Buechner 1n a paper ent1tl e d "Q Value M easurements at M I T " 
presented at the Second lnternat10nal Confe r e n ce o n Nuclid.ic. M·:sses 
Vienna , Aust r ia, 1963 . ' 
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give Q values equal to those reported in the literature for several easily 

recognized contaminant reactions, Although this process may not give 

accurate absolute Q values, it is capable of giving excitation energies 

with good precision. 

III. Res '.Ilts and Analysis 

The proton angular-distribution data obtained in this series 

of titanium experiments are being analyzed in terms of distorted-wave 

Born-approximation calculations made by Dr . G . R . Satchler at the Oak 

Ridge National Laboratory, D euteron elastic-scattering cross-section 

data on Ti isotopes obtained by the authors at 6 MeV and by other 

experimenters at different energies
3 

have been fitted by an optical 

potential of the Wood-Saxon type, viz, 

V(r} 
v 

X 
+ 4i w d W X

1 

e + e + 

plus a Coulomb term representing the interaction with a uniformly charged 

81 

1/3 1/ 3 
sphere of radius 1, 3 fm . Here x = (r- r

0
A }/a and x' = (r'- r

0 
'A )/a' . 

Table I lists the set of parameters that were used for the 

deuteron and proton optical potentials . In the DWBA cal culation, the 

neutron was considered to be bound in a Saxon well with binding energy 

B = Q + 2 . 23 MeV, r
0 

= 1. 25 fm and diffuseness a= 0, 65 fm. A zero 

lower cutoff w as used on the radial integrals as well as a zero-range 

interaction. The fits to the angular-distribution data were not very 

sensitive to the magnitude of the lower cutoff. Figures 1 and 2 show 

3 
See Table II in C . M . P e rey and F. G . Perey, Phys . Rev, 132, 

755 ( 1963} for a survey of the available elastic deuteron scattering 
data at energies greater than 10 MeV . 
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TABLE I. Opti cal-model paramete rs . 

D euteron 

10 3 M e V 

1. 0 fm 

0. 9 fm 

1.4 1 fm 

0. 65 fm 

10 0 M e V 

1. 3 fm 

Ti
47

1d . p) T i
48

(3.23) 

1 n • I 

P roton 

52 MeV 

1. 25 fm 

0. 65 fm 

1 . 25 fm 

0. 47 fm 

48 M e V 

1. 25 fm 

Fig. 1 . Angular distribu tion of th e 
T i47 {d ,p )Ti48 ( 3 . 2 3 ) r ea ction. 
Th e points a r e e xpe rimenta l data 
a nd t h e s m ooth curve is the fit of 
th e normali zed DWBA cal cul ation. 

.ol o;---'---L--:lgo:--..J..._-.....J. _ __J 
180 

Be., 
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Fig. 2. Angular distribution of the 
Ti47(d,p)Ti48(3. 33) reaction. 
The points are experimental data 
and the smooth curve is the fit 
of the normalized DWBA calcu­

lation. 
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'" 

47 41 
Ti (d,p) Ti ( 3.33) 

1·10 
~ 
b 
~ 

' 01 0~--~----~--~9~0----~--~----1~80 

BcM 

typicall n=1 and ln=3 angular distributions, respectively, together with 

the predictions of the DWBA calculations. 

Levels in Ti
48 

were observed up to 8 MeV in exci tation. 

However , this very preliminary report will be restricted to the first 

eight excited states. The observed level scheme is shown in Fig. 3 

together with the value of the orbital angular momentum ln of the 

captured neutron, suggested by the DWBA analysis. Since the target has 
s-

a z character, spins of 1 + through 4 + may be reached with ln = 1 or 3; 

in the present preliminary fits , only the dominant contributions have been 

indicated, The ground-state -to-ground-state transition , 
.~ .~ . . . 

T1 (d, p)T1 (0. 0). was only weakly observed and 1t 1s es t1mated that 
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2.43 
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J .... 

(1 .2 ,3,4 ) + 
(6+) 
( 1,2 ,3 ,4)+ 
6+ 
4 + 

(1 ,2)+ 
4+ 

o+ 

B-4 

F i g. 3 . The level scheme of the 
Ti4 s nuc l eus . The values of ln 
are those suggested by the DWBA 
calculation. The values of J+ are 
thos e listed in theN . D. S. which 
ar e consistent with the observed 

J!n v a lu e s. 

47 48 
.,- [ Ti (d , p)Ti (0. 0)) < o. 03 . 

47 48 
a- [ Ti (d, p)Ti (0 . 99)) 

Th e spins and pariti es of the Ti 48 l eve ls h ave b ee n s t u di e d i n a vari e t y of 

e xperim e nt s 
4 

and a r e li s t e d in the third co l um n o f F ig . 3 . The s pin o f 

th e 3 . 50 - MeV leve l ha s b een limit e d by the work of Hillman , 5 and K a shy 

e t al. 
6 

to 5, 6 , 7 . The pr esent work elimina t es th e p oss ibility of J = 7 

a nd suppo rt s the tenta ti ve a s s ignme nt of J = 6+ . The J!n = 1 assignm e nt 

4 
Nucl e ar Data Pr o j ec t, Nationa l R e searc h Counc il. 

5 M. Hillman , Phys. R ev. ~· 22 2.7 ( 196 3 ). 
6 

E. Kashy and T. W. Condon (to be publi s h e d) . 
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to the 3. 36-MeV and the 3. 61-MeV levels limits the spin to 1, 2, 3, 4 and 

p::J siti ve parity. 

It should be noted that the assignment of odd values of ln 

to the states observed precludes their identification with the 3- octupole 

states cited by McDaniels et al. 7 at 3, 5 MeV or by Matsuda
8 

at 3. 36 MeV. 

7 D. K . McDani els , J. S. Blair, S. W. Chen, and G. W. Farwell, 
Nucl. Phys. _!]_, 614 ( 1960). 

8 K. Mat suda, Nucl. Phys. ~' 536 ( 1962). 
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B-5 . A HIGH-RESOLUTION STUDY OF (d, p) REACTIONS ON 
182 184 186t 

TARGETS OF W , W , AND W 

John R. Erskine 

Argonne Na tional Labora tory, Argonne, Illinois 

Introduc tion 

The lowe r exc it e d s t a t es of w
18 3 

are known to b e we ll 

d escr ib e d b y the model of a rota tor plus an odd nucl eon. K e rman1 was 

able t o fit the exc ita ti on e n e r gies w ith a high degr ee o f accu ra cy by us e 

of this mod el. The l evels of w
185 

and w 187 
shou ld a lso b e describ e d 

by this same model. Howeve r , ce rta in r efinements provid e d by the 

quasi-particle picture a r e ne e d e d to und e rstand th e c hang es in the 
183 185 187 

intri nsic s tates b e t ween W , W , and W . Th e (d , p) r eaction 

provide s a t ool for exc iting th e e n e rgy l e v e ls in th e odd - A tungsten 

isotopes . H owever, th e high resolution of a magn e tic spect r og r aph is 

n eeded to obs e r ve th e v a rious s t a t e s indi v idua lly . 

B-5 

18 3 
Th e e n e rgy leve ls in W have b een s t udie d expe riment a ll y 

b y Mur r ay ~~., 2 who used a bent - cry sta l spectromete r . Th e ir informa ­

ti on, together wi th th e th eo r e ti cal a nalysis by K e rman, prov ides a c h ec k 
182 183 

on th e p r esent W (d , p)W r eac tion . Some incompl e t e info rmation i s 

availabl e 3 in the e n e rgy l eve ls of w 185 
but nothin g has pr e viously b ee n 

r eport e d on the l eve l s tructur e of w 18 7
. 

rwork p e rfo rme d under th e a uspic es of th e U . S . Atomi c En e rgy Com ­
mission . 

1 A . K . K erman, K g l. Danske Vi d enskab . Selska b , M a t. -fys . M edd . ~' 
No . 15 (1956) . 

2 J . J . Murray, F . Boehm, P. Marmi e r , a nd J . W . M . DuMond , Phy s . 
Rev . '[!_ , 1007 (1 95 5) . 

3 Nuclea r Data She e ts , Nat i ona l Aca d emy of Sciences, National R e sea r ch 
Council , 1962 (U . S . Gov e rnm e nt P ri ntin g O ffice, Washington , D . C.) . 
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Theoretical calculations of the proton spectra from the 

three reactions were made by use of a computer code4 which calculates 

the differential eros s sections and excitation energi es of the final- s tate 

nucl e us . This code uses the model of a rotator plus an odd nucleon and 

includes the effects of band mixing. Input parameters are the moments 

of inertia , quantum numbers, and wave functions of the various intrinsic 

states, as well as the relative position of the intrinsic states, th e mixing 

coefficient (J ) , and the d ecoupling parameter a . The differential cross 

sections are obtained by means of an .expression for the reduced-width 

amplitudes given by Satchler5 and a set of intrinsic single -particle 

differential cross sections . 

The Hamiltonian matrix used by the computer to calculate 

the energies and wave functions was 

{

A (J(J + 1)- K.(K. + 1) + cSK 1 a.(J + tH -1)J + t ) 
1 1 1 i2 1 

H . . 
11 

0 for J < K., 
1 

+ Eo 
i 

for J ~ K., 
1 

H .. =H .. = 
1J J1 

1 J 1 1 

1 

+ 1))2 (J ) .. 
- 1J 

{

-t (A. + A .)[ (J + K. )(J - K. 

0 for J < Ki , J < Kj, or I Ki - Kj I ,c 1, 

for J~K. and K =K + 1, 
1 i j 

where A. = h
2 /2~ is the unit of rotational energy, J is the total angular 

1 

momentum of the state, K. is the projection of Jon the symmetry axis, 
1 

a. is the decoupling coefficient, EO is the position of the intrinsic state, 
1 1 

4J. R . Erskine and W . W . Buechne r, Phys. Rev. 133, B370 (1964} . 

5G. R . Satchler, Ann . Phys . (N . Y . )~' 275 (1958) . 
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a nd ( J ) .. is a parameter which determines th e strength of the band 
- 1J 

mixing. 

Th e leve l structure of w
183

, w
185

, a nd w
187 

is some -

what complicated by th e band mixing b e tween the 
!- 3 -

[ 5 1 0 2 J and [ 5 12 2 ) 

intrinsic states. This band m ixing, however, is also helpful since the 

relative differential cross sections in the (d,p) reaction leading to th e 

two l eve ls which mix are great ly a lt e r e d by this band mixing and , con ­

sequentl y, th e prope r calculati on of the r e lative eros s section p r ovi des 

B-5 

a fairly sensitive t es t of the choice of parameters used in the calculation. 

Exper imental Proc edure and Result s 

Th e data we r e r ecorded with a broad-range magnetic 

spectrograph in conjunction w ith the Argonne tandem acce l erato r . A 

bombarding energy of 12 . 0 MeV was used . Angular - distribution data 

were t aken a t scattering angles from 7 . 5° to 90° . The targets were 

prepared by evaporating the separated isotopes of tungsten , in the form 

o f wo3, on self-supporting carbon backings . 
182 w 184 

Proton spectra r ecorded with t a rg e ts of W , , and 

W
186 

a r e shown in Fig . 1 . Excitation energi es and Q values observed 
183 185 187 

for the lower excited states of W , W , and W a r e listed in 

Table I. Also included are ass i gnments of i. for the levels near the 

ground state, which are based o n the angular distribution data . The i. 

1 f t •t• 1 d" 1 1 . 183 
va u es o rans1 10ns ea 1ng to e ve s 1n W are inferred from the 

known spins . The 1 va lues assigned to the transi tions which l ead to 

levels 1· n w
185 

and w
187 

we re obtained by comparing th e measured 

angular distribution of th e se levels w ith the angul a r distributions of th e 

known l evels in the w
182

(d,p}w
183 

reaction . I n addit i on, Table I 

includes va lu e s of J and K assigned in accordance with th e th e oretical 

ca l cu lations described b e low . 
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Fig . 1. Spectrum of protons ob­
served from t arget s of (a ) WI 82, 

(b) W1 8 4 , and ( c ) W1 8 6 bom­
barded with 12 . 0 - MeV d euterons . 
Only the groups n ea r the g r ound 
s tate a r e shown. 
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TABLE I. Excitation energies, Q values, 1n values, and 
suggested values of J and K for levels formed in the W1 8Z (d , p)W1 83, 

Wi84(d ,p)Wi85, and Wi86(d,p)Wi 87 reactions . 

a 
Level 

E 
X 

Qb 
1 J K 

(MeV} (MeV) 
n 

w 183 

oc (0 . 0) ( 3 . 967) 1/2 1/2 

0 . 046 3 . 92 1 3/2 1/2 

2 0 . 100 3 . 867 3 5/2 1/2 

3 0 . 209 3 . 758 3/2 3/2 

4 0 . 293 3 . 674 3 5/2 3/2 

5 0 . 412 3 . 555 3 7 /2 3/2 

6 0 . 453 3 . 5 14 3 7/2 7/2 

7 1. 156 2 . 8 11 

8 1 . 474 1. 493 

9 1 . 558 2 . 409 

10 1 . 636 2 . 33 1 

11 1. 689 2.278 

12 1. 73 1 2 . 236 

13 1. 789 2. 17 8 

14 1 . 820 2 . 147 

15 1 . 85 1 2 . 11 6 

W185 

0 0 . 0 3 . 524 (1) 3/2 3/2 

0 . 060 3 . 464 3 5/2 3/2 
2 0 . 085 3 . 439 3/2 1/2 

3 0 . 235 3 . 289 3 7/2 7/2 
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TABLE I (cont'do) 

a Qb 
Level 

E 
J K X £ 

(MeV) (MeV) 
n 

4 00327 3 0 197 3 7/2 1/2 

5 0 . 657 2 . 867 

6 Oo 721 2 0803 

7 0 . 996 2 . 528 

8 1 0 102 2 . 422 

9 1 . 136 2 0388 

10 1. 174 2 . 350 

11 1. 210 2 . 314 

12 1 o 279 20245 

13 1. 418 2 0 106 

w187 

0 0 00 3 0236 3/2 3/2 

0 . 079 3 0 157 3 5/2 3/2 

2 0 . 205 3 . 031 3/2 1/2 

3 0 . 304 2 . 932 3 5/2 1 /2 

4 0 . 351 2 . 885 3 7/2 7/2 

5 0 . 434 2 . 802 3 7/2 1/2 

6 0 0782 2 . 454 

7 0 . 813 2 . 423 

8 0 . 844 2 . 392 

9 0 . 889 2 . 347 

10 0 . 974 2 . 262 

a The estimated uncertainty is 3 keV for levels 1 - 6 in Wl83 and 
1-5 in wt 87 . The uncertainty for all other levels is 5 keVo 

b 
The estimated uncertainty is 5 keV for the ground-state transitions . 

cThis level was not observed . However, its position is known from 
the work of Murray et al. who give 46 . 48 keV as the energy of the first 
excited state in wt 8~-
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Discussion 

Calculated spect r a for th e thr ee different reac tio n s a r e 

shown in Fig . 2. For W 
183

, th e exac t parame t e r s g i ve n by K e rman1 

were used . For thi s nucleus as we ll as for th e o ther t w o, the Ni l sson 

wave funct ions for a d e formation 'l = 4 we r e a dopted s ince th e final 

r e sults are not sensitive to the d e formati on . As can be seen in Fig . 2 , 

B-5 

18 2 183 
th e exper i mental and th eor e ti ca l spec tra for th e W (d , p)W r eac tion s 

183 
are in fa irly clos e ag re ement. Th e g round - state g roup in W is 

pr e di c t e d to h ave only 1% of the int ens ity of th e group l eading to th e 

first exc it e d s tate . This ground - stat e group was not obs e r ved in a n y of 

th e data . th e other groups whi c h a ris e from the 
1 - r 

[ 510 2 ] , [5 1 2 2], 
and [503 intrinsic states a r e observed a nd are in good agreement in 

c ross section and in exc itation ene rgy . This ag r eem e nt confirms 

K e rman's cal cul a ti ons a nd sugg es ts that th e p r esent method should b e 
185 18 7 

able to identify th e var ious e n e rgy l e vels in W and W 
185 

Th e excitati on e nergies of th e obse r ve d l evels in W and 
18 7 

W we re fi tt e d as we ll as possibl e by a djusting the va rious param e t e r s 
183 

of th e same thr ee i ntrinsic s t a t e s r e qmred for W No explicit u se of 

th e quas i -part i cle picture was mad e a t t his point beyond r ecognizing tha t 

fil l e d pa rticl e states b e came hol e s t a t es. Si nce there are f ewe r 

observed leve ls than pa rame t e r s , a constra int was impos e d on the para­

meters b y keeping th e moments of in e rti a for th e K = _!_ and K = ~ s t a t es 
2 2 

in th e same proporti on as K e rman had found for W 183 . The fitting i s 

not as r e liabl e for w185 
as for w187 

s ince th e number of s tates obs e r ved 

is on e l es s in w
185

. The m is s ing s t a t e, pr e sumably the J = 5 / 2 , K = 1/2 

s t ate, probabl y i s too w eak to hav e b een obser ve d . As a consequenc e, 

185 
th e moments of ine rtia a nd d ecoupling p a r a m e t e r for W could not b e 

accu r a t e l y d e termine d . The a dopt e d valu e s of these quantiti es a re th e 
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Fig. 2. A comparison 
between the calcula­
ted and observed 
spectra of protons 
from the 
WI 82 (d,p)WI 83' 

WI 84 (d, p)WI 8 5 , and 
WI 86 (d, p)WI 8 7 

reactions. Each cal ­
culated state is labeled 
with a symbol J - K 
which specifies the 
total angular mom e ntum 
J and the projection of 
Jon the symmetry axis. 
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183 187 
averages of thos e fo r W and W Howeve r , th e r elative position of 

th e intrinsi c s t a t e s and the mixing coeffi c i e nt ( J _) we r e l e ft as fre e 

parame t e rs a nd we r e e mpiri cally a djust e d for the b es t fit. The para-
185 187 

met e r s of th e se b es t fits for W a nd W a r e given in T a bl e II a long 

TABLE II . The p rinc ipa l p a r amete r s used in th e calcula tion of 
the exci t a tion e n e rgi e s a nd diffe r enti a l c ross sec tion s . 

P a r ame t er w 183 w 
185 

w 
18 7 

0 

EK 112 
(MeV) 0 . 0 0 . 0 0 . 146 

0 

EK 31 2 
(Me V) 0 . 196 7 6 0 . 003 0 . 0 

0 

EK 7 / 2 (Me V) 0 . 4 504 1 0 . 227 0 . 35 05 

AK 112 
(Me V) 0 . 0 1585 0 . 0 17 13 0 . 01842 

AK 31 2 
(MeV ) 0 . 01405 0 . 015 18 0.01 63 2 

AK 7 12 
(MeV ) 0 . 0150 0 . 0162 1 0.0 17 42 

a K 1/2 0 . 1684 0 . 0717 - 0 . 025 

( J ) 1 . 45 3 7 1. 25 0 . 75 

w ith th e pa r amet ers found by K e rma n for w
183 

In T a bl e III a r e list e d 

th e exci t a tion e n e rgi es, wave func tions, a nd diffe r e ntial c r oss sections 

. . 183 185 18 7 
cal c ula t e d fo r the va nous l evel s 1n W , W , and W Th e d iffe r-

entia l c ross sec ti ons which one obt a in s w h e n th e band mixing i s turne d 

off a r e a l so included . By c ompa r ing the cross sections w ith and w ithout 

band mixing , the l a r ge e ff ec t s of th e mixing can b e seen , p a rti c ularly 

for w 185
. 
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TABLE III. Excitation energies and wave functions calculated for 
WI 8 3 , WI 8 s , and WI 8 7 together with the expected differential eros s 
sections for exciting these levels in the present (d,p) reactions . 

Wave function Relative dey I dQ 
J K E With Without 

(keV) aK=1 /2 aK=3/2 aK=7 /2 mixing mixing 

183 
w 

1/2 1/2 0 . 0 1. 00 0.0 0.0 0.006 0.006 

3/2 1/2 46 . 31 0 . 971 0.239 0 . 0 0.56 0.78 

3/2 3/2 208.68 0 . 239 -0 . 971 0.0 0 . 41 0. 19 

5/2 1/2 99 . 30 0 . 941 0.339 0.0 0.40 0. 19 

5/2 3/2 291. 86 0. 339 -0.941 0.0 0.20 0 . 41 

7/2 1/2 207. 11 0 . 886 0.464 0.0 0.02 0.08 

7/2 3/2 412.06 0 . 464 -0.886 0.0 0 . 11 0.05 

7/2 7/2 453 . 08 0.0 0. 0 1.0 0 . 55 0.55 

w185 

1/2 1/2 13 . 6 1. 00 0 . 0 0 . 0 0 . 006 0.006 

3/2 1/2 86 . 5 0.891 -0 . 454 0.0 0 . 97 0.78 

3/2 3/2 o. 0 0 . 454 0 . 891 0.0 0 . 00005 0 . 19 

5/2 1/2 184 . 2 0 . 846 -0 . 534 0.0 0.001 0 . 19 

5/2 3/2 57.7 0 . 534 0 . 846 0.0 0 . 60 0 . 41 

7/2 1/2 325.4 0.849 -0.529 0 . 0 0. 13 0.08 

7/2 3/2 151. 2 0.529 0 . 849 0.0 0.002 0 . 05 

7/2 7/2 235 . 0 0 . 0 0. 0 1.0 0.55 0.55 
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TABLE III (cont'd . ) 

Wave function Relative da- I d\1 
J K E With Without 

(k eV) aK= 1 /2 aK=3/2 aK=7 /2 mixing mixing 

w 187 

1/2 1/2 149 . 0 1.0 0 . 0 0 . 0 0 . 006 0 . 006 

3/2 1/2 205 . 4 0 . 994 -0 . 11 0 0 . 0 0 . 85 0 . 78 

3/2 3/2 0 . 0 0 . 110 0 . 994 0 . 0 0 . 12 0 . 19 

5/2 1/2 303 . 4 0 . 986 -0 . 165 0 . 0 0 . 11 0 . 19 

5/2 3/2 77 . 9 0 . 166 0 . 986 0 . 0 0 . 49 0 . 41 

7/2 1 / 2 433 . 8 0 . 978 - 0 . 209 0 . 0 0 . 11 0 . 08 

7 / 2 3/2 187 . 5 0 . 209 0 . 978 0 . 0 0 . 03 0 . 05 

7/2 7/2 351. 0 0 . 0 0 . 0 1.0 0 . 55 0 . 55 

185 187 . db f" . These fits toW and W have been ach1eve y 1tt1ng 

the observed exci tation ene rgi es without using the differential-cross­

section data . If now the theoretical and experimental cross sections are 

compa red, one has a test of the spin and orbital assignments . The agree-

184 185 ment between th e cal c u lated and experiment a l spectra for th e W (d , p)W 
186 187 

and W (d,p)W r eac tions is quite good, as can be seen in Fig . 2 . 

This is a strong indica tion that the spins and intrinsic states hav e been 

co rrec tly identified and tha t th e simple rotator -plus - odd-nucle on model 

. b l 1" d d . . f . f 18 5 18 7 1s a r eason a y va 1 escnptlon o the low-ly1ng states o W and W 

185 One int e r esting feature of the l e vel structure of W and 

w
187 

is th e behavior of th e J = 5/2 , K = 1 / 2 and J = 3/2, K = 3/2 states 

as th e degree of band mixing is incr ea s ed . These states appear with a 
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. . . 184 185 . 
smaller mtens1ty m the calculated spectrum of the W (d, p)W react10n 

. 186 187 
than 1n the calculated spectrum of the W (d , p)W reaction . (See 

Fig. 2.) This int ensity difference is produced by the greater amount of 

b d · · · w185 
d · h w187 

Th h f h k d a n m1x1ng 1n compare w1t e strengt o t e wea ene 

states is given to th e J = 5/2 , K = 3/2 and J = 3/2, K = 1/2 states with 

which they admix. This behavior is apparent in the observed spectra 
. . 186 187 . 

(F1g . 1) where levels 0 and 3 m th e W (d, p}W react10n spectra have 
184 185 . . 

counterparts in the W (d, p)W r eact1on spectra wh1ch are very weak 

or not obs e rvable . 

Some attempt was made to compare the r es ults of the 

present analysis and interpr e tation with the quasi-particle calculation 
183 185 187 . 

for low-lying levels of W , W , and W made by Yosh1da as 

reported by Isoya . 6 For w 185 
the r e l a tive positions of the [510 ~-], 

[512 ~-),and [50 3 '!....-)intrinsic states a re in agreement with Yoshida's 
2 2 187 7-

predictions, but not for W For th e latter isotope, the [ 503 2 J state 

is found to b e at a much high e r excitation than Yoshida's calculation 

predicts . 

6A. Isoya, Phys . R ev. 130, 234 {1963 ) . 
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A STUDY OF (d , n) REACTIONS ON Fe AND Ni 

D . S . Gemmell, L . L . Lee , Jr. , J. P . Schiffer , 
and A . B. Smith 

Argonne National Laboratory, Argonne, Illinoi s 

Introduction 

B-6 

Over th e years a gr eat deal of very useful nuclear­

structure information has been obtaine d from (d , p) r eac tions on light and 

m e dium-weight nuclei . The difficulties in detection and energy 

m eas ur e ment for neutrons has thu s far inhibited similar exploitation 

of the (d , n) r eaction . Except for the very light nuclei , which can be 

successfully s tudi ed with low- e nergy pulsed accelerators, almost no 

data exist. W e hav e th e r e for e started a s tudy, using th e puls e d deuteron 

beam from th e Argonne t andem Van d e Graaff , of (d , n) r eac tion s on 

targ e ts for which 40 ~A~ 64 . The present pape r reports pr e liminar y 

r esults from this program. 

The (d , n) r eac tion can , of course, be tr eat ed in e xactly 

th e sa m e manner as the (d , p) r eac tion, with the proton and n e utron 

int e rchanging roles . One may expect to extrac t proton r educed widths 

in th e same manne r as neutron widths a r e extra c t e d from (d , p} data. 

In a ddition , one ma y expect t o observe e ffects of i sobar i c - spin splitting 

in the states of th e final nucl eus . I 

t W ork performed under th e a u s pices of th e U . S . Atomic Energy Com ­
mission . 

1 J . B . Fr e n c h a nd M . H . Macfa rlane, Nucl. Phys . 26, 168 {19 6 1) . 
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Experiment 

The beam-pulsing techniquel on the Argonne tandem is 

similar to that described by Lefevre, Borchers, and Poppe . 3 The beam 

is bunched before acceleration and chopped at a frequency of 3 . 75 Me/sec 

aft er acceleration. Average currents of about 0. 05 1-1A are easily 

achieved with a pulse w idth of less than 2 nsec . Fast neutrons from 

the target are detected in a NE 213 liquid scintillator, 8 in . in diameter 

by 4 in . thick, mounted on a 58 AVP 5 -in . photomultiplier. The neutron 

flight time is converted into pulse height in a conventional converter4 

and fed into a multichannel analyzer. Pulse -shap e discrimination is 

employed to eliminate pulses due to gamma rays in the scintillator, 

and a high bias level is maintained on the neutron counte r so that only 

the high-energy neutrons of interest are counted . With these detectors, 

it is possible to get usable counting rates with flight paths of about 10 m . 

These path lengths can be used over an angular range from 5° to about 

135°, a lthough only measurements at ang l es less than 60° hav e thus far 

been made . 

Thin self - supporting isotopically enriched foils of Fe 
54 

and Ni 
58 

were bombarded with 7 -MeV deuterons. After passing through 

the targ et, the beam was stopped in a lead backing . This was found to 

produce fewer background neutrons than other available materials . In 

our early measurements we have been troubled by carbon contamination 
12 13 

of the targets and beam stopper; a strong peak from C (d , n)N was 
g. s. 

present in all of our spectra. Fortunately, this peak can easily b e 

99 

zF . J. Lynch, Argonne National Laboratory Report ANL-6720 (1963), p . 39 . 

3 H . W . Lefevre , R. R . Borchers , and C . H. Poppe, Rev . Sci . Instr . ~' 

12 3 1 (1962). 

4 Designed by the Argonne Electronics Division . 
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distinguished from the peaks of interest by vi rtu e of the mor e pronounced 

energy change as a function of a ngl e of observation . 

R e sults 

Th e spectrum of neutrons at 14.5° from bomba r dm e nt of 

th e Fe 54 target is shown in Fig. 1. The peaks m a rk e d by asterisks we r e 

(f) 
t­
z 
:::> 
0 
u 

1000 

500 

NEUTRON ENERGY ( MeV) 

6 8 9 10 

c" 

Fe'~d,n )Co'!J5 

14.5° 
I 1. 2 meters -

30 0 "c 
Ed" 7 MeV 

5 4 3 2 0 
EXCITATI ON ENERGY (M eV) 

Fig. 1. Neutron spec ­
t r um f r om th e Fe5 4 (d , n) 

reaction. 

54 55 
definite ly ass igned to the F e (d , n)Co r eaction and angular di s tribu -

tions were obtained for these neutron groups. These angular distribu ­

tions a re shown in Fig . 2. Compa rison w ith cal cul a ted DWBA angula r 

d istributi ons5 indicates f = 1 ass ignm e nts for th e states at exc itation 
p 

energi es of 2. 15 MeV and 2. 55 MeV a nd probably fo r the states at 

2. 92 MeV and 4. 15 MeV excita tions , although better data are certainly 

desirabl e. The angular distribution for the neutrons from the ground 

state of Co
55 

is consistent with th e exp ec t ed f =3. 
p 

Two of the angular distributions t ake n with the Ni 
58 

target 

are shown in Fi g . 3 . N e utrons to th e ground state a nd t o the s t ate at 

5 The authors are ind e bt e d to G. R . Satchler for p e rforming these cal­
culations. 
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Fig . 2 . Angular distributions for 
the neutron groups from the 
reaction Fe54 (d,n) . 

Fig. 3 . Angular distributions for 
neutrons emitted to the ground 
state and first excited state of 
CuS 9 in the reaction 
Ni58 (d,n)Cu5 9. 
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0 . 49 MeV excitation show the 1 =1 angular distribution expected from 
p 

simple shell-model considerations. 

Discussion 

d . c 55 d Our preliminary results on the levels observe 1n o an 

cu
59 

are listed in Table I. The uncertainty in the excitation energies 

TABLE I. L evels observed in the Fe54(d , n} and Ni5 8 (d , n} re­
actions, together with the probable valu es of the orbital angular momen ­
tum 1 for the captured protons. 

p 

Fe5 4 (d , n)Co5 5 Ni5 8 (d , n)Cu59 

Level in cos s 1 Level in Cu59 p_ 

(Me V) p (MeV ) 
p 

0.0 3 0.0 

2. 15 0.49 

2 .55 

2.92 ( 1) 

3.55 (3) 

4. 15 (1) 

listed is about 50 keV. 55 
The levels of Co have been studied by Kumabe 

~al. 6 who observed states a t excitations of 1.8 , 2.2, and 2.45 MeV 

(all ± 0. 2 MeV) in a study of the r eac tion Ni
58

(p,u)Co
55

. Of these, we do 

6 S. Kumabe, H. Ogata, T. K amatuzaki, N. Inoue, S. Tomita , Y. 
Yamada, T . Yamaki, and S. Matsumoto, Nucl. Phys. 46 , 437 (1 963 ). 
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not observe the level at 1. 8 MeV excitation which may be weakly excited 

in the {d, n) reaction . Our results for Cu 
59 

are consistent with the 

results of Butler and Gossett 7 who studied the reaction Ni
58

(p,y)Cu
59

. 

It must be emphasized that our results are preliminary and more work 

is necessary before we can fully understand the spectra and angular 

distributions observed. 

7 J . W . Butler and C . R . Gossett , Phys. R e v . 108, 1473 (1957) . 

10 3 
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26 27 26 27 

A NOTE ON THE RE AC TIO NS Mg (d, p)Mg AND Mg (t, d )M g 

R. N. Glover 

Atomic Weapons R esearch E stablishment, Aldermaston, Berkshire 

The various stripping and pickup reactions l inking the 

magnesium isotopes are being studied at severa l energies. This note 
26 27 

contains some prelimi nary data on the reactions Mg (d, p)Mg and 

26 27 . h "d f th Mg (t, d )M g at 6 and 10 MeV bombarding energy w1th t e a1 o e 

A ldermaston multichanne l spectrograph. Further experiment with the 

scattering chambe r and counter teles copes w ill be done short l y. The 

interest in the present experiment l ies in the extraction of va l ues of ll., 

the mass-3 form factor. An alignment telescope was used to check that 
26 

the beam hit the same spot on the Mg target for all exposures . 

The (d, p ) expe riment shows that, for the doublet at 3. 76 

and 3. 78 MeV, the 3. 78-MeV leve l (not the 3. 76 MeV level) has spin 

(%, %)+ The transition to the 3. 76-MeV state agre es we ll with an I. = 3 

pattern . An advantage of studying the (t , d) reaction with the spectrograph 

is that the resolving power is doub l ed. The 3. 47-3 . 48 MeV doubl et was 

therefore separated and th e I.= 0 transition shown to belong to the 3. 47 -

MeV leve l and not the 3. 48-MeV level. 

2 2 
Table I shows va lues of (2J t 1)8 and li.(2J t 1) 8 

extracted from the(d, p ) and (t , d ) reactions , respectivel y, and the result ­

ant va l ues of ll.. The va lues of ll. extracted for the ground-state rotational 

band (0 - , 0 . 98- , and 1.69-MeV l evels ) seem reasonably consistent and 

agree with va l ues obtained from the 
12 

and C (t , d 0 ) and (d, p 0 ) at 12 MeV. 

. 1 3 
react1ons C (d, t

0
, 

1
) and (p, dO , 

1
) 

The va lue of ll. for states from 3-4 

MeV excitation is about 100, in agreement with the va lue s obtained from 
. . 12 13 

c ompanng the react1ons C (t, d ) and (d , p) with the 3. 85 -MeV C l eve l s. 
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TABLE I. Comparison of Mg
26

(d,p) and (t,d) reactions. 

Bombarding L eve l (d,p) (t, d ) 
energy £ Relative Relative 
(MeV) (M eV ) ro ( 2J + 1)1:1 2 ro }J,2J t 1) 1:1 2 >.. 

10 0 0 5.5 37.2 5. 3 7977 214 

0.98 2 5.5 33.4 6. 0 5 0 20 15 0 

1. 69 2 4.5 18.9 5. 3 2527 134 

3.47 0 5 . 0 45.8 4. 0 4241 93 

3.56 a 5. 3 6860 

3. 76 3 6 . 0 83.3 6 . 5 8370 100 

3.78 2 5. 0 12. 7 5. 3 11 99 94 

4. 15 2 5 . 0 6. 1 

6 0 0 6.0 21.6 6. 0 4173 19 3 

0. 98 2 5.5 25. 2 5.5 2936 11 7 

1. 69 2 5.5 11. 6 5 . 5 115 7 100 

a Too strong to analyze. 

For the ground-state rotational band, the 6 -MeV data suggest smaller 

values of>.. tending towards the value of 100 observed at higher excita-

tion at 10 MeV. 

The data have been recently obtained so that as yet no 

serious thought has been given to their interpretation; but the y do seem 

to suggest that plane - wave theory may not g ive a description of (t, d ) and 

(d, t) reactions adequate for simple extraction of reduced widths. 
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C-1. 40 t PARTICLE-HOLE CALCULATION OF Ca (a,a' ) 

Nathan S. Wallf 

Laboratory for Nuclear Science, Massachusetts 
In s titute of T e chnology, Cambridge, Massachusetts 

C-1 

The usual distorte d-wave analysis of ine lastic scattering 

has been used to extract collective parame t e rs of the particular excite d 
1 

state . Thi s parame t e r is usually expressed in terms of a surface-

tension parame t e r C or a deformation parame t e r l3 . It is generally 
i 1 

t h e ob ject o f a microscopic the ory of vibrational or rotational nuclei 

to d educ e these parameters from an e ffectiv e nucleon-nucleon inte r -

ac t ion . For vibrational nucle i , one such d escription is G . E . 
3 

2 
Brown's 

particle - hole interaction . V . Gille t , in a ve r y d e tailed analys is , has 
12 16 40 

calculated the spectra of C , 0 , and Ca on this ba s is . Thes e and 

similar calculations have b ee n rath er widely used in the past year to 
4-S 

interpret inelastic e lec tron - scatt e ring exp e riments with quite some 

f This work suppor t ed in part through funds prov ided by the Atomi c 
E nergy Commis sion Contract Number A T(30-1) 2098 . 

fon l eav e from the Phys i cs D e partm ent a t the University of 
Maryland . 

1 

Ba sse l ~t~ . , P hys . R ev , ~' 2693 (1 962 ) . 
2 

Brown, Cas tille ja , and E vans, Nucl. Phys. 22, 1 (1 96 1) . 
3 

V . Gille t , Thes is, Paris, 1962 , 
4 

H . P . J o lly, Phys . Lette rs~ ' 289 (1 963 ) . 
5 

Lewis ~t ~· , Phys . R ev. L ett ers 10 , 493 (1 963 ) . 
6 -

V . G i lle t and M . M e lkanoff (to be pub li shed) . 
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7 B 
success. Prior to this Sanderson and Sanderson and Wall had attempted 

to analyze high-energy proton and inelastic alpha-particle scattering, 

respectively, in terms of particle-hole wave functions for the excited 

states. It is a more detailed analysis of this latter calculation which 

is described here. The earlier work of Ref. 8 had a number of short-

comings which necessitated a more correct description of the distortion 

of the incident and outgoing waves as well as the alpha-nucleon inter­

action. It is essentially these two modifications of the earlier calcu­

lation which have been built into the present calculation. 

In what follows we use the development and notation of 
1 

Bassel et al. to describe the inelastic scattering. We have used a 

modified version (JULIE) of their DWBA code to calculate the inelastic 

scattering. In the DWBA the transition matrix can be written as 

( 1) 

The matrix element of the effective interaction (v f IV I vi) 

can be described in the second quantization formalism as 

V £" = !: h a h (h kf IV I pk. ) ak+ ak 
l p p l f i 

(2) 

Here (h kf IV I pki) is a single-particle matrix element for an incident 

alpha particle with wave number ki to scatter to kf and a nucleon in a 

state h to be excited to state p. 

7 
E. Sanderson, Nucl. Phys. 35, 557 (1962) . 

B 
E. Sanderson and N. S. Wall, Phys. Letters~ 173 (1962). 
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The effective single-particle interaction can b e decomposed 

by the Wigner-Eckart theorem to a reduced matrix e lement which may be 

written as 

in the notation of Ref. 2. Using a Gaussian interaction of strength V 0 

and range b, w ith no spin or isotopic-spin dependence, the r educed 

matrix e l e m e nt can b e written as 

A, F (r ) 
L 1 0. 

( 3) 

In Eq. (3) , a is the amplitude of the particular particle-
ph 

hole configuration ~ = Zx + 1 , and 1 and j are the oribital angular morn-

enturn and total spin of the appropriate single-particle state u. The 

cur ly bracket is a 6j symbol and the round bracket a 3j symbol. The 

quantity j is the spherical Bessel function of order 1, r is the alpha -
£ a. 

particle coordinate, and r n the coordinate of the struck nucleon. The 

phase convention is that of Gillet and the amplitudes are thos e given by 

him. 

For th e reasons given in Ref . 8, we have used single­

particle wave functions appropriate to a Saxon well. These wave 
9 

functions were generat ed by the ABACUS program, and a subsidiary 

9 
We wish to thank E . Auerba ch of Brookhaven National Laboratory 

for the use of this program. 
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program performed the integration of Eq. (3). Also, as i.n Ref. 8, we 

have used only the T=O components of the excited-state wave functions. 

U si.ng the formalism described above, we have calculated 

the i.nelasti.c scattering to the various 3 - states of Ca
40

. In Fi.g. 1 we 

F 
!Rtl.l 

' ' ' ' ' ' 

R ( Ferrns) 

' 

Fi.g . 1. The form factors F for Gillet's first three 3 states of Ca40 
as a functi o n of radius. The r e lative amplitudes of the se three 
curves ar e to scale. Note the n egative b e havior of the 7. 73-MeV 

state . 

show the form factor for the first thr ee 3 - states of Ca 
40 

Notice that the 

one corresponding to the first 3 excited state has a form not too diffe ­

rent from the usual derivative of the optical potential except that i.t i.s 

asymme tric toward large radii.. Further, i.t should be noted that i.t 

peaks at a much smaller radius (about 4 fm) than would the usual type 

111 
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of form factor ra ther than at something more like 5. 4 fm . The form 

factor for the s econd excited state has much the same form but it is 

down in magnitude by a factor of about 7 and p e aks at a slightly 

larger radius. The form factor for the third excited state given by 

G illet has a radically differ e nt s h a pe, a c tually changing signs at 

la rge radii . These form factors ar e all shown for a range para-

m eter b of 2 . 3 fm . This value gives a good fit to the first 3 ine lastic -
l O 

scatte ring s tate in the Saclay exp er iments and gives similar angular 

distributions fo r the n ext two l eve l s. These angular distributions ar e 

shown in F ig . 2 where no att e mpt has been made to predict the 

ab solute cross sections because of lack of independent data on the 

str eng th of the alpha-nucleon interaction . The range b is, howev e r, 
ll 

consistent with that of Sack , Biedenharn , and Br e it. On the other 

hand , one can use th e exp e rimental cross section to deduc e a value 

for V 
0

; we find a value of the order of only 4 M e V. 
l2 

R e cent inelastic alpha scattering experiments at MIT 
l3 l4 

and Berke l ey as we ll as some proton experime nts at Colorado 

indicate that the relatively poo r resolution of the earlier Saclay expe ri­

m e nts l O greatly overstmphfted the co llecttve exc itation spectrum of Ca 40 

l O 
Saudinos et al. , Compt. R e nd . 252, 260 (1961) . 

ll -- --

Sack, Biedenharn, and Breit, Phys. R ev. 93 , 32 1 (1954) . 
l2 

Wall, Bauer, Bernstein, H eyman, and L i ppincott (private communi­
cation ) . 

l3 
E . Rive t (private communication) . 

l 4 

W . S . Gray, R . A. K e nefick, andJ . J. Kraushaar, Bull. Am. 
Phys . Soc . J.., 9 2 (1 964 ) . 
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dO" 
d!l 

tRel.l 

o• 10° 

7. 73 MeV a 10
2 

2d' 

Fig. 2. The angular distributions in relative units as a function of the 
cent er-of-mass angle for the same states. 

In the region of inte r es t for comparison with Gillet's calculation of 

excited states, and therefore p e rtine nt to the pr e s e nt calculations, at 

leas t four times the number o f l eve ls are seen. Thes e n ewer exp e ri-

ments at MIT and B erke ley are pr esently being analyzed. Pr e liminary 

analysis of a state at about 6. 3 M e V shows an intensity of 0. 04 relative 

113 

to the 3. 7 3-M e V one tha t is to be identifie d as the T =O, 3 - , giant-resonance 

one ( 3. 84 M e V according t o Gille t). This intensity is in very good 

agreem e rt with that calculated for the second excited state of Gillet a t 

7 . 15 M eV. 
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C-2. ANALYSIS OF ElASTIC SCATTERING OF 17-MEV PROTONS 

FROM HEAVY NUCLEI 

F. G. Perey 

Oak Ridge National Laboratory, Oak Ridge , Tennessee 
.,. 

Recent experiments on the elastic scattering of 17-MeV 
1 

protons from heavy nuclei have shown that the diffraction patterns of 

differential cross sections for Ta and W are damped relative to those ob-

C-2 

served for the heavier nuclei Pb and Bi. Data at the same energy on Pt and 
2 

Au show a situation intermediate between the above pairs of nuclei. On 

the basis of the known behavior of the differential cross section as a func-

tion of optical-model parameters, this would suggest that the imaginary 

part of the optical potential decreases as one approaches the shell c losure 

at Pb . It is the purpose of this paper to show that the data are consistent 

with a single set of optical-model parameters for all these nuclei, as 

determined by fitting the Pb and Bi angular distributions, provided one 

takes into account the permanent quadrupole deformations of the outer 

nuclei by means of a coupled-channel calculation . 

A preliminary analysis of the data showed some disagree-

ment between the normalization of the data and th e optical-model curves 

~:~ 

Operated by Union Carbide Corporation, Nuclear Division , for the 
U.S . Atomic Energy Commission . 

1 

G . Schrank and R. E. Pollock, Phys . Rev. 1 32 , 2200 (1963) . 
2 

I. E. Dayton and G. Schrank, Phys. Rev. 101, 1 358 (1956) . 
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for Ta and W. The data were therefore renormalized for the analysis by 

0. 92 for Ta and 0. 83 for W. In the case of W, this is larger than the esti- · 

mated error on the normalization. It was also found that the data for Au and 

Pt could be renormalized by 0. 9 to obtain a significant improvement in the 
3 

fit. This had not been noticed in a previous analysis of these data. 

In this paper, the definition of the optical model and the nota-

tion of Ref. 3 will be used. The first analysis of the data was made by vary-

ing only the real and imaginary we ll depths but keeping the geometrical para-
3 

meters as used in a recent survey (r0 = 1. 25 F, aS= 0. 65 F, and aD= 0. 47 F). 

Satisfactory fits could not be obtained, particularly for Pb and Bi, until a D 
3 

was increased to 0. 76 F. It had already been noticed that an increase in 

aD over the value used for medium-weight nuclei improved the fits for heavy 

nuclei at both 17 and 22. 2 MeV. It must be concluded, therefore, that for 

heavy nuclei aD must be larger than for medium-weight nuclei. The real well 
3 

depths which were obtained are in agreement with the known behavior which 

includes a symmetry term and a Coulomb correction term. As expected from 

the variation of the diffraction pattern, the imaginary potential-well depth 

decreased as the mass of the target nucleus increased. 

Since Pb and Bi are nearly doubly-closed shells, it is ex-

pected that they are spherically symmetric. This is not the case for the 

4 
other nuclei studied. From Coulomb excitations, it is known that nuclei 

in the region of Ta and W have quadrupole deformation parameters (3 :::: 0. 25 , 

whereas those in the region of Pt and Au have (3 :::: 0. 15. Using the parameters 

3 
F. G. Perey, Phys. Rev. 131, 745 (196 3). 

4 
P. H . Stelson (private communication). 
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determined from the fits on Pb a nd Bi (V
8

= 53.5 MeV, WD = 7 . 5 MeV) bu t 

a llowing for the symmetry term and Cou lomb correction t e rm in V S, a two ­
s 

channe l calcu lation was done us i ng a program previously described with 

C -2 

the quadrupole deformation pa rameters given above . The resu lt s are shown 

in Fig . 1. The agreement i s satisfac t ory and the damping of the diffraction 

pattern c learly reproduced . In e las tic scattering for the quadrupole exc ita -

tion of these nuclei is not avai lable for compari son. However, e la stic and 

. 1 . f 17 f 165 . 6 
. h me as tlc scattering o - MeV protons rom Ho a re m agreement w1t 

the parameters obtained in this s tudy . 

It should be conc luded that the observed behavior of the 

e las t ic scattering of 17-MeV protons from heavy nuc lei is consistent with 

their known quadrupole deformations and that t he increase in the imaginary 
3 

part of the potential as a function of A, obtained in a previous study, is 

probably due to t he effects o f quadrupole deformation. 

I wish t o express my thanks t o Dr. T. Tamura for he lpfu l 

discuss ions and t o Dr. B. Buck for use of his coup led - equation program. 

5 

B. Buck, Ph ys . Rev . .!l.Q., 712 (1963). 
6 

T. Tamu ra (pri vate communica tion) . 
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Fig. 1 . Elastic differ ential 
cross sections of 17-MeV 
protons compared with coupled­
channel calculations. 
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C-3 , THE PARITY RULE FOR INELASTIC SCATTERING 

AT SMALL ANGLES'~ 

I . E . McCarthy 

Department of Physics, Unive rsity of California, D avis, California 

l . . 
Th e parity rule states that for inelastic scattenng 1n 

which the Q value is fairly small compared with the incident e nergy, 

C-3 

the differential cross section decreases as the scattering angl e approaches 

zero if the p anty of the nuclear state is changed, and increases as the 

scattering angl e approaches ze ro if the parity of the nuclear state is 

unchanged. If the angular-momentum transfer Lis zero, the rule is 

slightly modifi ed by saying that ther e is an e n ergy for which the differ­

entia l cross section increases with decreasing scattering angl e. 

The first part of the ru l e for odd L arises from a selection 

rul e that is exact for forward scattering in the adiabatic limit, provided 

there is no space -exchange term in the direct- interaction potential . In 

realistic cases, the rule as stated is st i ll true . The second p art of the 

rul e for even Lis true if the e lastic-scattering phase shifts obey certain 

conditions . The forward differential cross section arises from interference 

between different partial matrix e l e ments IM P. P. , in the distorted-wave 
L, 

Born ap proximation due to large differences in the phase shifts in each 

channe l for successive values of 1' near the surface val ue :\ . The argu­

ment for the second p art of the rule, while n:Jt involving a rigid sel ecti on 
2 3 

rule, is roughly equivalent to the a rgument for the Blair phase rule 

for surface reactions . 

. ,. 
Supported by the U . S . A tomic Energy Commission. 

1 

A . J . Kromminga and I. E . M cCarth y, Phys. R ev. Letters.§_, 62 ( 196 1) . 
2 

See for e xample N. Austern, 1n Selected Topi cs in Nuclear Theory 
(International Atomic Energy Agency, Vienna, 1963) , p . 39. 

3 

J. S . Blan, in Pro c eedings of the Int e rnational Conference on Nuclear 
Structure , Kingston, 1960 (University of Toronto Pr ess, Toronto, 1960). 
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The differential cross section is given in the usual 

notation by 

d.,-( 1:1) 
dS1 

2 2 
(f.! /2rr'tl ) (k'/k):E 

av 

where, neglecting space exchange, 

M 2 17nL ! elI , 

We have the selection rule that 1 + 1 1 + Lis even and 

1, 1', L obey triangle inequalities. 

( 1) 

(2) 

If the optical-model wave functions for the entrance and 

exit channels are identical, we have 

( 3) 

For a zero- range interaction in the case of a two- body 

collision mechanism, the space-exchange term vanishes; and it is quite 

small compared with the nonexchange term in a realistic case . For a 

collective excitation mechanism, the problem does not arise. 
M 

For odd Lit is clear that ~nL (O) vanishes if Eq. (3) is 

true. 

For even L f. 0, the forward eros s section is zero if we 

approximate the optical-model wave functions by plane waves . For 

distorted waves, each partial wave has a phase which is approximately 

equal to the phase shift at values of the radius r where the wave function 

is large. (This phase is in addition to the phase 1 rr /2 due to the factor i 1 

in the partial-wave 

result, well-known 

4 

expansion.) For real potentials this is an exact 

. . 1 . h 4 M tn potenha -scattenng t eery . The phase of I 
1 L,H 

R. G. Newton, J. Math. Phys . .1_, 319 (1960) . 
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is therefore approximat e ly (1-£ ')rr/ 2 + 6 f + 6 £' If the phas e shift s for 

f < ;>,.are large, the t e rms in the sum (2) for f ,£' S, ;>,.do not cancel the 

t e rms for f ,£' :::::_ ;>,.as they do in the plane-wave case. In fact, the form er 

t e rms (r epresented by vectors on an Argand diagram) are rot ated by a 

l arge amount, thus reinforcing the la tte r t erms. 

The shape of the angular distribution a t sma ll angles can 

b e understood as follows. B e cause of phas e averaging for f < "and 

centrifuga l repulsion for f > "' only the t e rms with£,£':::: " contribute 
. 3 M M 

appreClabl y to 111L . The function Y£, (e, 0) is proportional to the Mth 

derivative of P ,(cos e) wi th r es pect to cos e. F orM f. 0 it is very small 
£ 

a t small angles and we n eed only consider Y~ , ( e, O) w hich is proportional 

top ( c os e ) . 
£' 

For L odd and cos e = 1 , the cross section is zero if Eq. 

(3) holds. It the refor e increases as 1 - cos e incr ea s es as long as the 

P ,(cos e ) for £ ':::: "r emain roughly in phas e. For protons at about 20 
f 

M e V incident e n e rgy , the differe ntial cross section usually in c r eases up 

to about 40°, s ince his about 4 or 5 for m e dium nuclei. For a particles 

of the sam e e n e rgy, "is about 8 to 10 and highe r L egendre polynomials 

(which d ec r ease mor e rapidly with increasing e) pr edominate. H e n ce the 

d ec rease of differential cross section can only be observed at sma ll 

ang l es . Thi s verifies the first part of the rule. F or eve n L f. 0 , th e 

main part of the forward c ross section comes from f':::: " · It d e cr e a se s 

lik e the average of p ,(cos e) for £ I:::: "as e increases. Thus the second 
£ 

par t of the pari ty rule is ver ifi e d . 

F o r L = 0 the forward cross section is large in the plane ­

wave approximation. For distorte d waves it fluctua t es with e n e r gy but 

there is a lways an e n ergy for w hich i t is large. 

It is of great i nt e r es t to do expe r i m ents a t very s m a ll 

ang les to see how well the parity rule is obeyed . Suc h exp e riments wi ll 

throw a lot of light on the reaction mechanism . 
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However the present interest is to look at the importance 

of the parity rule in spectroscopy, where it is a very practical way of 

determining the parity of an excited state when that of the ground state 

is known. 

It is interesting to compare the parity rule with the 

Blair phase rule which is another method of determining parities from 

inelastic scattering. The rules in fact give identical results at small 

angles for single- phonon excitations. 

The phase rule is more easily applied to the inelastic 

scattering of heavier ions such as a. particles because it requires the 

observation of several maxima and minima in the angular distribution and 

hence high surface values of J.. On the other hand, the parity rule is more 

easily applied to the inelastic scattering of lighter ions such as protons 

because in this case one does not need to observe very small angles to 

see the increase or decrease of the cross section. Typical calculations 

for 44-MeV alpha-particle inelastic scattering with L = 2 or 4 show a 

decrease of cross section with decreasing angle down to 5° The increase 

below 5° is quite pronounced but difficult to observe in practice. 

Two-phonon excitations have two main contributions . The 

direct two-phonon excitation term obeys the parity rule . The second -order 

Born-approximation term representing successive excitation of two one­

phonon states obeys the parity rule only if the intermediate state can be 

regarded as adiabatic. However, it is such a strong rule that it appears 

to hold in these cases, at least in numerical calculations. It would be 

very interesting to see how well it holds in experiments . 

The phase rule is not so easily applied to two-phonon 

excitations where interference between the two terms often results in a 

reversal of the phase of the angular distribution. For example a 4+ two-

phonon excitation can have the same phase as a 3 one- phonon excitation . 
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The parity rule can be used where the phas e rule fails to 

distinguish these cases. It has been sucessfully applied, for example 

by Stoval and Hintz , 
5 

to the 3 . 16-Me V excited state of F e 
56 

which it 

shows to be not a 3 one-phonon excitation- although its angular 

distribution is in phase with the e lastic scattering . 

A detailed quantitative study of the range of Q values for 

which the parity rule gives useful results has not yet b ee n made . How ever, 

in certain calculations for proton inelastic scattering with odd L , the 

cross s ection has b ee n noticed to d ecreas e with decreasing scattering 

angle for Q values at least as high as a quarter of the incident energy. 

This criterion might b e us e ful as a rough guide. For even -L inelastic 

scattering of a particles, existing calculations show that the cross section 

increases as the scattering angle approaches zero if the Q va lue is not 

mor e than about 1 /10 of the incident ene rgy . 

5 

T . Stovall and N. Hintz, Univers ity of M innesot a Linear Acce l erator 
L aboratory Annual Progress Report, Nov. 1962 (unpublished), p . 37 . 
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C-4 . THE DEUTERON-GAMMA ANGUlAR CORRElATION IN THE REACTION 

24 24+ 
Mg (d, d ''Y)Mg (1. 37 MeV) at 11. 8 MeV 

V. Jung and U. Schmidt-Rohr 

Max-Planck-Institut fur Kernphysik, Heidelberg, Germany 

The angular distribution of inelastically scattered deuterons 

from the reaction Mg24(d, d''{)Mg24 leading to the first excited state of 

Mg
24

(1. 37 MeV) was measured in coincidence with the 'Y rays on the normal 

to the reaction plane. The collimating aperture of the 'Y detector, a 3 x 3-in. 

Nai crystal, subtends an effective half angle of 20• , the deuteron detector 

a half angle of 2 . so. The deuteron detector was a 250-f.L-thick Csi 

crystal. The energy of the scattered deuterons was degraded by aluminum 

foils to the extent that the inelastic deuterons were just stopped in the 

crystal. The inelastic deuteron line appears in this way on the high-

energy side of the pulse-height spectrum of the detector and the low-

energy part of the pulses could be suppressed by cable clipping accord-

ing to their longer rise time. The coincidence circuit was a usual fast-

slow system. 

The result, the ratio of inelastic deuterons in coincidence with 

1. 37-MeV 'Y rays to noncoincident inelastic deuterons, is plotted in Fig . 1 

as a function of the scattering angle. The plotted errors are relative 

standard deviations. The additional absolute scale error is ±.10o/o. 
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Fig. 1. Ratio of inelastic deuterons 
in coincidence with y rays on the 
normal to the rea ction plane to 
noncoincident inelastic d e ute rons 
d<Y(d d'y)/d<Y(d d') normalized to 
dr2 ' dr2 ' 
tne efficiency of the y-ray detector. 
A ratio of unity would correspond 
to an isotropic y distribution. 

The measured angular distribution shows a marked structure, 

in which the number and sharpness of the maxima are similar to distribu-
1 

tions calcu lated by Satchler et al. for the p'y correla tion from inelastic 

scatteri ng of 16 - MeV protons on Mg
24

. From a comparison of th e dis -

tributions, it can be conc luded that the probability for spin-flip in in-

e lastic deuteron scattering is not very large. 

1 

G . R. Satchler, R. M. Drisko,and R. H. Basse!, Bull. Am. Phys. 
Soc . .£., 66 (1 961). 
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C-5. EXCITATION OFT= T + 2 STATES'' 
z 

G. T. Garvey and B. F. Bayman 

Princeton University, Princeton, New Jersey 

In view of the recent interest in isobaric-analogue states, 

it is pertinent to consider reactions that could lead to states with 

T = T z + 2 units of isobaric spin. To our knowledge, such states have 

never been observed. In heavier nuclei where the purity of isobaric 

spin is expected to decrease, these states can still be considered simply 

as analogues to the low-lying states of the isobar with T z' = T z + 2. 

Consider the (p, t) reaction in a case in which the T z of 

the target is greater than 1/2 and Ti = T z ' The isobaric spin of the 

ground state of the final nucleus will be Tf = Ti- 1. The 1/2 unit of 

isobaric spin both for the incoming proton and for the outgoing triton 

will allow us to reach final states of isobaric spins Tf = Ti + 1, Ti , T - 1 

The states with Tf = Ti + 1 are the ones of interest. Equivalent 

isobaric-spin selection rules hold for the (p , n) reaction . Howeve r, 
Ti 

if its mechanism is simple charge exchange (sending ljJ T into 
T· z 

T ljJT~ ). we only reach states with Tf = Ti. It appears to us that 

two-neutron pickup reactions are the only ones that will excite T = T z + 2 

states in a first-order process. 

Although these states may be expected to lie at rather 

high excitation energy, as is shown in Table I, they will probably not 

be particle unstable. This is illustrated in Fig. 1 for mass 16. The 

isobaric-spin -allowed one -particle decays of the T=2 states must 
15 15 

proceed through the T=3/2 states in 0 or N , which apparently 

* Work supported by the U.S. Atomic Energy Commision and the 
Higgins Scientific Trust Fund. 
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T A BLE I. (p . t) E xc itation o f the lowest T = T + 2 in s ome even -even 
n uc l ei . C olu m n 2 p re s e nts excitation ene rgie s d e ri ved fr o m d;ass diffe r e n ce s, cor­
r ec t e d for Coulomb ene rgy di ff e r en ce s . Columns 3, 4, and 5 w er e c al c ulated from th e 
wave functions of J . D . M c Cull e n , B. F . Bayman. and L . Z ami c k. Phys . R ev. (to b e 
pub li s h e d) . In c olu m n 4 S is the spec tros c opic fac tor for the excitation of the ground . gs 
sta t e. 

( 1) (2) (3) (4) (5) 

Final nucleus Energy o f T = T +2 Energy of T = T +2 s s 
(MeV) z (MeV) 

z gs T = T +2 
z 

( f rom Coulomb energy (from M. B. z. ) 

differences) 

01 6 23. 1 

Ne20 16 . 6 

Mg 
24 

15. 4 

44 
Ti 9. 8 8. 3 1. 02 0. 11 

Ti46 14. 02 12. 9 1. 16 0. 06 

Ti48 16. 8 16. 8 0 . 83 0 . 04 

Cr 
50 

13. 0 12. 9 0. 68 o. to 

Fe 
52 

8. 46 8. 3 0 . 58 0. 25 

(') 
I 

<.11 
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Fig. 1. (a) Lowest 
lying energy levels 
of specified T in the 
mass-16 system 
based on the energy 
of the ground state 
of the T=Tz member. 
(b) Lowest lying 
levels to be con­
sidered in the decay 
of the T=2 states of 
0 1 6. Note that all 
isotopic- spin­
allowed modes of 
particle decay re­
quire more energy 
than the lowest 
lying T=2 level. 

23.1Mev---O+,T•2 

20.4MIV---O<l;T=2 

18.43Mev--C-,.- o+,r=z 

(a) 

15,8Mev-F-16- 2-,r .. 1 

12.97---Z;T"'I 

MoV-N-10-z;T=l 10-

O. OOMeV~O+,T=O 

28.2Mev--- T = 312 

29.7MeV---T=3/ 2 

23.1MeV---O+T=2 

.{ r{ V 20.8Mell~ 

(b) 

IO MeV-

5 MeV-

15.6MeV--- T=1 / 2 
O"+h 

T= O 

---0+ 

lie at high enough energies to make these modes of decay improbable. 

Alpha-particle decay is also forbidden and the energetics of 2-particle 

emission are also unfavorable. 

If we wish to estimate the strengths of transitions to 

Tf = Ti + 1 states, we require the corresponding nuclear wave functions. 

We will consider the region 20.; Z, N.; 28, where wave functions have 
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40 
calculated, -• 2 on the assumptio:!l that the nucleons out side the C a. 

core remain in the 1f I shell and inte r act via the two-nucleon force 
7 2 42 

whose 1£ I matrix e lements are given by the spectrum of Sc On 
7 2 54 

this picture , for example , the F e ground state has the wave function 

52 
whereas states i n Fe with angular momentum L have wave functions 

52 
<j; (Fe u LM) = L_; 

J J 
p' n 

H d . . . h h d' ff 52 
ere u 1s t1ngu1s es t e 1 erent Fe states with total angular 

uL 
momentum L and the C J are th e eigenvec tor components cal culated 

' Jp :1 

by McCull e n, B ayman and Zamick. 2 Then we can write 

54 y; (F e 1=0 ) 

L: (7_-2 
L 2 

-2 
L · !_ 

' 2 

CuL 
OL 

1 
J . Gino.:: c h io and J . B. Fr e n ch, Phys . Letters'!_, 137 ( 1963 ). 

2 
J . D . McCull n, B . F . Baym a n, and L . Zamick, Phys . R ev. 

(to be p ubh shed) . 

C - 5 
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52. 
and the (p, t) spectroscopic factor for the excitation of tjJ (F e a. I) 

is accordingly 

8· 7 (7-
2 

7-
2 

-2- 2 I; 2 I 
8 )2 

I}~ o [ c~ J 2 

. [ a.IJ2 = ( 21+ 1 ) c OI . 

52 [ 10 J 
2 

For the ground state (a.= 1, I= 0) of Fe , c
00 

= 0. 58; for the 
. 52 

T = 2 state (a. = 3, L = 0) that 1s the analogue of the Cr ground state, 

[ 
30 l2 -c 00 J -0.25. Thus the spectroscopic factor for the excitation of the 

lowes t T=2 state is almost h<df that for the excitation of the T=O ground 

state. Table I summarizes our estimates of excitation energies and 

spect roscopic factors for the lowest T = T z t 2 = Ti t 1 states in even­

even nuclei. In all the cases we have considered, the spectroscopic 

facto r for the T = Ti + 1 state is sufficiently greater than that of 

adjacent states so that the T = Ti + 1 state should be det ec table. 

A study of the electromagnetic decay of T = Ti + 1 states 

should provide information about their isobaric-spin purity. The 

D.T = 0, ± 1 selection rule for electromagnetic transitions allows d ec ay 

to the T=Ti states, but forbids decay to the energetically favored 

T = Ti - 1 states. Thus the decays of the T = Tit 1 states would be 

ve ry sensitive to admixtures of components with lower isobaric spin. 

129 
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C-6. ANALYSIS OF ELASTIC AND INELASTIC SCATTERING OF 40-MeV PROTONS 
.,. 

Martin P. Fricke 

University of Minnesota, Minneapolis, Minnesota 

1 
Elastic-scattering angular distributions of 40-MeV protons 

54 56 .58 .60 208 from Fe , Fe , N1 , N1 , and Pb , over the angular range from 1 oo 

to 100 o, were analyzed in terms of an optical-model potential with the aid 
2 

of an automatic parameter-search routine using a least-squares criterion. 

Figure 1 shows a typical example of the fits obtained, and Table I lists 

the parameters for the potential 

~:! 

1 

2 

ze
2 

+ 
ze

2 

" 2Rc 

r- R 
x = - a- ' 

for r > Rc ' 

( 3 _ r: 2 J 
c 

, r- R' 
x = - a-,-

for r ~ Rc' 

R=rA1/ 3 
0 Ro = 'A1 /3 

ro ' 

Research supported in part by the U . S. Atomic Energy Commission . 

M . K. Brussel and J. H . Wi lliams, Phys. Rev . 114, 525 (1959) . 

R. M. Drisko (unpublished). 



TABLE I. Optical-model parameters and calcu lated reaction eros s s ections for 

elastic scattering of 40-MeV protons. 
() 
I 

0' 

Nucleus v w W' v w ro r ' r a , a ' crR(mb) s s 0 c 

Fe 54 44 . 8 8. 1 0 6.51 0 1. 169 1. 403 1.2 0. 7553 0.4405 938 

Fe 54 45.9 0 34.9 7.40 0 1. 164 1. 043 1.2 0.6935 0.6947 940 

Fe 56 43.5 6 . 5 0 6.37 0 1. 17 3 1. 451 1.2 0.7361 0.7582 1055 

Fe 56 44. 3 0 30 .4 7. 43 0 1. 180 1.028 1.2 0 . 7026 0.8045 1015 

Ni58 39.6 9.57 0 4.50 0 1. 251 1. 387 1.2 0.7604 0.2537 986 

Ni58 44; 5 0 43.2 10.3 0 1. 165 1. 027 1.2 0. 7471 0.6035 957 

Ni60 44 . 3 7.1 0 6 . 52 0 1. 165 1. 459 1.2 0.7545 0.5937 1067 

Ni60 44.7 0 39 . 6 7.54 0 1. 184 1. 056 1.2 0. 7074 0.6528 1021 

Cu 
65 44.4 6 . 3 0 7.90 0 1. 150 1. 535 1.2 0.7765 0.7794 

Cu 
65 

44.9 0 39 . 6 7.52 0 1. 163 0 .973 1.2 0.8059 0 . 8184 1165 

Pb208 51 8.0 0 6.6 0 1. 20 1. 428 1.2 0.65 0.704 

Pb208 49 0 72.4 5.7 0 1. 21 1.230 1.2 0.77 0.5 51 
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Ni 58 ELASTIC 

PURE VOLUME AND PURE 
SURFACE ABSORPTION 

• DATA 
---- CALCULATED WITH PURE 

VOLUME ABSORPTION 
- CALCULATED WITH PURE 

SURFACE ABSORPTION 

20 4 0 60 80 

BcM (deg) 

Fig. 1. Elast i c scattering from 
Nis 8. 

C-6 

where a ll energies a re in MeV and a ll lengt h s in fe rmi s. The e lastic scat-

t ering is best described using radii for the real po tentia l whose average for 

these nuc le i is 1. 18 X A 1/ 3 fm, as opposed to the va lue of 1. 25 X A 1/ 3 fm 
3 

used a t low energies. Both surface and volume forms of the i magina ry cen-

tra l potentia l a re found to describe these da ta with equa l s ucc ess . 

The inelas tic scattering from these nuclei was then calcu-

lated in d i s torted - wave Born approximation assuming collec tive exc ita tions 

to 2+ and 3- s ta tes , and transition s trength s were obta ined by comparison 

3 
F. G. Perey, Phys. Rev . ffi, 745 {1963 ). 
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4 
with the data. The inelastic-scattering calculations also are not appreci-

ably different for surface and volume forms of absorption in the distorting 

potential. 

While the elastic-scattering calculations agree excellently 

with experiment, calculations of the inelastic scattering using a real inter­
s 

action form factor based on the collective model show significant deviations 

from experiment. 54 208 . Agreement was restored for Fe and Pb by usmg a 

complex interaction, obtained by also allowing the imaginary central part 

of the optical-model potential to be nonspherical (with equal deformabilities 

for the real and imaginary parts). Typical examples of the fits to quadrupole 

and octupole inelastic scattering obtained with the real interaction are shown 
5 

in Figs. 2 and 3, and Table II lists the corresponding deformabilities J3~. 

Figure 4 shows the improvement obtained in scattering from Pb
208 

when the 

imaginary potential is also deformable. 

In the case of Ni58 , polarization measurements are also 

available. In Fig. 5 these are compared with the predictions of the optical 

model obtained by fitting the elastic-cross-section data alone. Corrections 

for the experimenta lly unresolved inelastic polarization were made but found 

to be quite small. 
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Q=-1.45MeV, L= 2 

• DATA 
--- CALCULATED 

COU LOMB 
-- CALCULATED 

COULOMB 

WITH 
EXCITATION 
WITHOUT 
EXCITATION 

I I l 

.I ~10---L---3~0~~--~50----L---7~0---L--~90 

Be,. (deg) 

Ia'.--.--.-----.--.--.--.--.---, 

::E 
u 

10 

~I 

10 

Ni58 1NELASTIC 

STANDARD FORM FACTOR 
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Fi g. 2. Quadrupole inelastic 
scattering from Ni5 8 using real 
interaction . 

C - 6 

Fig. 3. Octupol e in e las ti c scatter ­
ing f r om Ni5 8 using r ea l inter ­
ac tion. 
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TABLE II . Angu lar momenta and deformabilities det ermined from 

inelastic scatte r ing of 40 - MeV proton s. 

Nuc leus Q (MeV) ~ 13~ 

Fe 54 -1. 34 2 0.1 7 

Fe 54 -2 . 97 2 0 . 17 

Fe 54 - 4 . 72 3 0.12 

Fe 54 - 6 . 40 3 0.17 

Fe 56 - 3.16 2 0. 1 

Fe 56 - 4.66 3 0.2 

Ni5 8 - 1. 45 2 0 . 20 

Ni58 - 4.45 3 0 . 20 

Ni60 -1. 36 2 0 . 23 

Ni 60 - 2 .55 3 or 4 133=0 . 09 

134=0.07 

Ni60 - 4 . 05 3 0.18 

Ni60 - 5 . 13 2 or 4 13 2 =0.11 

134=0.11 

Pb208 - 2.62 3 0 . 14 
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Fig. 4 . Octupol e inelastic scatter ­
ing from Pb2 o 8 using re a l a nd 
complex int e r ac tions . 
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C-7. SPECTROSCOPIC DATA DEDUCED FROM INELASTIC SCATTERING 

OF 44-MEV ALPHA PARTICLES IN MEDIUM-WEIGHT NUCLEI 

H. Faraggi and J. Saudinos 

Centre d 'Etudes Nucleaires de Sac lay (Seine et Oise), France 

1 
In the last few years, our group in Saclay has been accumu-

lating experimental data on levels excited by (a, a') reactions in several 

isotopes of iron (54, 56, 58), nickel (58, 60, 62, 64), and zinc (64, 66, 68). 
2 

Assuming the validity of the Drozdov-Blair-Sharp-Wilets 

inelastic diffractional model, which fits the present results very well, it 

was possible to obtain the spins, parities, and reduced radiative width 

B(E£) of excited states up to 6 MeV. Those data show strong nuclear reg-

ularities, especially as to the variation with mass number of the position 

and B(E£) values, not only of the first quadrupole excitation, which is an 

already well known characteristic, but also of the first octupole state. 

However, the observed phase relationships of the second 2 + (2' states) 

and the first 4 + states exhibit some features difficult to understand in the 

two-phonon picture. 

1 
G. Bruge, J. C. Faivre, M. Barloutaud, H. Faraggi, and J. Saudinos, 

Phys. Letters]_, 203 (1963); .§., 222 (1963); M. Barloutaud et al., Proceedings 
of the Conference on Direct Interactions and Nuclear Reaction Mechanisms, 
Padua , Italy, September 3-8, 1962 (Gordon and Breach Science Publishers, 
New York, 1963), p. 765. 

2 
S. I. Drozdov, Soviet Phys. -JETP 36, 1875 (1959) ; J. S. Blair, Pro-

ceedings of the Conference on Direct Interac tions and Nuclear Reaction 
Mechanisms, Padua , Italy , September 3-8, 1962 (Gordon and Breach Science 
Publishers, New York , 1963), p. 669; J. S. Blair, D. Sharp, and L. Wilets , 
Phys. Rev. ill• 1625 (1962). 
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Basic experimental facts and assumptions used in interpre-

tation of the data are the following. The inelastic scattering of medium-

energy a particles leads to the strong excitation of only a small number of 

levels in the explored range of energies (below 6 MeV). The measured 

angular distributions exhibit the characteristic diffraction pattern , w ith 

well defined phase relations, often called the Blair Phase Rule. In fact , 

there are two different "Blair Phase Rules": (a) for the most strongly excited 

states, Blair Phase Rule No. 1 (BPRI) is obeyed, i.e., the oscillations of 

their angular-distribution curves are in phase or out of phase with the 

elastic one depending on whe ther they have negative or positive parity; 

and (b) on the other hand, for weakly excited states , sometimes BPRI is 

obeyed and sometimes the reverse of this phase rule is observed. This 

reversal of the phase rule for the 2' and first 4+ state is obtained by 
3 

Blair as a consequence of a double excitation process. We shall call 

it BPRII; in principle it should be observed for all two-phonon states. 

As a tes t of these assumptions , satisfactory agreement, 

within all approximations in volved, is obtained between B(EJ') values de-

duced from this type of (a, a ' ) analysis and va lues obtained e ither by 

Coulomb excitation or inelastic e lectron scattering (see Table I). 

The results so obtained are presented in Fig. 1. Positive -

parity excited states (labeled by triangles) and negative-parity excited 

states (labeled by straight lines) follow BPRI. Positive-parity excited states 

labe led by straight lines follow BPRII . For states obeying BPRI the enhance­

ment factor G of the B(EJ' ), in Weisskopf units, is given. 

3 

J. S. Blair, Proceedings of the Rutherford Jubilee Internationa l Con­
ference, Manchester , 1961 , edited by J. B. Birks (Heywood and Co., Ltd. , 
London, 1961) , p. 475. 
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TABLE I. Comparison of the different values obtained for the "de­
formation parameter" 13 ::::: ~by several experimental approaches . 

.e 

2' 

2' 

3 

2' 

3 

3 

2' 

3 

3 

3 

E 
(M e V) 

1. 39 

2 .94 

0.83 

2 .5 7 

4 . 37 

0.806 

1. 66 

3.8 

4 . 46 

1. 45 

2.94 

4. 39 

1. 33 

4. 1 

1. 17 

1. 34 

0.99 

2.93 

(a.,a.')a 

0. 14 

0. 12 

0.27 

0 . 07 

0 . 11 

0 .25 

0.06 

0.07 

0 . 07 

0 .3 1 

0.06 

0. 13 

0.28 

0. 13 

0 . 19 

0. 17 

0 .35 

0. 15 

(p,p') 

0. 14 

0. 13b 

(e,e') 

0. 15 
e 

0 . 11 

0. 19 

0 . 07e 

0 . 10 

0 . 16f 

0.09 

0 . 21 

0. 17 f 

0.25 

0 .22 

0. 187 

0.204 

0 . 190 

0 . 25 

aReference 1. bH. 0. Funsten~ . ~ (preprint). 

cp. Darriulat !e! al. , UCR L-11 054 . dSee Reference 5. 

eJ . B ellicard~~ , Nucl. Phys . 36, 476 (1962) . 

fH. Crannell~al., Phys . R ev. ~' 923 (1961) . 

gP. H . Ste lsonandF . K. MacGowan , Nucl. Phys.~ 652 (1962). 

139 



140 C-7 

E (MeV) 

Fig. 1 . Each excited l evel is placed a t its excitation e n e rgy and is 
followed by its spin a nd parity (pa r enth eses indicate J1T va lues deduced 
only from the present analysis ) , and by th e enhancement factor Gin 
Weisskopf units . F o r each nucl eus , st r ong lines and filled triangles 
indicate s trongly exc it e d l eve l s . Strai ght lines are c h a r ac t e ristic of 
angular-dis tribution oscillations in phase with that of th e g round state; 
lines of tri angles a r e charact e ri s ti c of a n gular -distribution oscilla tions 
out of phase with it. Th e levels label ed (a) hav e been taken from 
Argonn e experiments [H . W . Broek, Phys. Lette r s~' 1 32 (1963); Phys. 
Rev . .!2.2.' 19 14 (1 963 ] and a r e include d here t o make this survey more 
complet e. 

The first 2+ and 3- s t a t es exhibit large G va lues with smooth 

variation from nucleus to nucleus. In Fe 58 , it should be noticed tha t the 

oc tupole exc itation i s shared equa lly be tween two neighboring states. In 

Fe
54

, the first 2+ leve l is very weakly exc ited, while t he 2' state is as 

strongly excited as the first one; a lso, i n t hat nucleus, the 3- state has not 

been observed in the expect ed energy region in our experiments, so tha t 

54 
t he exc ited level scheme of Fe does not appear very similar to the others. 

Between the first 2+ and the 3- states, we usually found 3 

l eve l s less s trongly exc ited, the behavi or of which is part ic ularly inte re st-

ing because it appears somewhat li ke a puzzle i n the framework of the 
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vibrational model. A detailed discussion of this intermediate region has 
1 

already been given and we shall summarize its features. 

(1) The first 4+ state follows BPRI in Fe 54, Ni62 , and Ni64 

and follows BPRII in Fe
56

, Ni
58

, Ni
60

, and zn
64

. In BPRII the cross section 

of the 4+ state is entirely determined by that of the first 2+ state. This is 

141 

quite well verified by the present results. But it must also be concluded then 

that in Fe
54

, Ni
62

, and Ni
64

, where BPRI applies, the single one-phonon 

excitation is strongly predominant. 

(2) Looking now at the 2' levels, we see that BPRII is fol-

.60 64 66 . 54 56 lowed by N1 , Zn , and Zn , and that BPRI 1s followed by Fe , Fe , 

Ni58 , Ni 62 , and Ni64 (while in zn68 no strong oscillations are apparent). 

For these 2' states , an experimental correlation can be established between 

the two different observed phase rules and the experimentally measured 

ratios of cross-over to cascade for the de-excitation of these states; BPRII 

is observed when the cross-over is strongly forbidden (in accordance with 

the simplest harmonic-oscillator version of the vibrational picture) , while 

BPRI is observed when the cross-over is not too strongly forbidden (for Zn 
68

, 

an intermediate value of the ratio is observed). 

(3) The third observed state , if it is assumed to follow BPRI, 

is of negative parity in Fe56 and Ni58 and of positive parity (probably 2+) 

in all other nuclei. The G factor is of the order of unity. 

Above the octupole level, a few states are also excited . If 

one assumes the validity of BPRI, there is some evidence for a systematic 

4+ state around 5 MeV and of several 3- states between 6 and 7 MeV, with 

G factors of the order of unity. 
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There is usually good agreement between (a , a'), (e , e') and 

- 4 54 
(p , p') results except for the 3 leve l of Fe and the interpretation of the 

mode of excitation of the 2' and 4 + states of Ni 
62 

and Ni 
64

. 
5 

The present survey shows that the prediction of the two -

phonon picture for the phase reversal is not verified overall. This may 

not be very surprising since the validity of the adiabatic approximation 

and of the vibrational model is not firmly established in that nuclear region. 

As a matter of fact, a model of interaction quasi - particles is able to re ­

produce the positions of the observed 2+, 2', and 4+ states. 
6 

It seems of great interest to calculate cross sections and 

angular distributions by use of the more fundamental approach of the BCS 

and RPA theo r y. 

4 

J. Bellicard and P. Barreau, Nucl. Phys. 1£, 476 (1962). 
5 

J. K. Dickens, F. G. Perey, R. J. Silva, and T. Tamura, Phys. 
Letters.§., 53 (1 963 ). 

6 

Arvieu and Veneroni, Phys. Letters (to be published). 
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C-8. ISOBARIC ANALOGUE STATES AND 

INTERMEDIATE RESONANCES IN NUCLEI,~ 

S. Fallieros f 

Laboratory for Nuclear Science, Massachusetts 

Institute of Technology, Cambridge, Massachusetts 

Elastic proton-scattering experiments, as well as 

measurements of the associated (p:,:n) reaction cross sections were 
l 

recently performed by Fox.!:!· al. At incident-proton energies 
2 3 

corresponding to the excitation of the isobaric-analogue states ' 

in the compound system, characteristic resonance peaks were 

observed. A discussion of the mechanism responsible for the 

appearance of these resonances is the subject of this paper. The 
. 89 89 . 

exa-mple of the analogue 1n Y of the ground state of Sr w1ll be 

studied as an illustration. The simplified language of the pure shell 

model will be used in the following; complications due to additonal 

.,.Supported by AEC Contract AT( 30- 1) - 2098. 

fon leave from the Bartol Research Foundation,Swarthmore, 
Pennsylvania. 

l 
J. D. Fox, C. F. Moore,and D. Robson, preprint. See also 

recent reports in Bull. Am. Phys. Soc . .1..J. 106 and 107 (1964) . 
2 

The existence and properties of the isobaric-analogue states 
were originally established in (p,n) reaction experiments by Anderson 
et. al. See for example, J. D. Ander son, C . Wong, and J. W. 
McClure, Phys. Rev. ~' 2170 (1962). 

3 
Theoretical discussions on the properties of analogue states by 

Lane and Soper, French and Macfarlane, Ikeda, Fujii,and Fujita , and 
Pinkston are available in the literatur e . 
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corre lations have been considered largely irrelevant for the validity 
88 

of our argume nts . According ly, the ground state of Sr is assumed 

to contain filled proton and neutron l eve l s up t o and including the p 312 

subshell with the p and g leve ls occupied only by neutrons. 
' 89 1 /2 9/2 

The nucleus Sr then contains an additional d
5 

I 2 neutron bound by 

~ 6. 5 M e V. The Q value for the excitation of the analogue state in 

89 89 1 2 
Y by a (p,n) reaction on Sr is known' to be 11 .8 MeV, corre-

1 · · · y 89 f 12 5 M V I th spending to an excttatwn energy tn o . e . n e 
88 

e lastic proton scattering experim ent on Sr Fox et al. observed a 

peak at an incident energy of 5. 1 MeV. The following remarks are 

discussed. 

1 . A sing l e -particle inte rpr e tation is incompatible both 

with the widths (~ 10 keV) and the positions of the observe d resonances. 

Such an interpretation assumes that the difference in binding between 

the last neutron (the d
512 

neutron is Sr
89

) and a proton of the same 

. . (d . 89 ) . c 1 conftguratton 
512 

proton tn Y ts exactly equal to the ou omb 

energy difference between the two neighboring nuclei. The single­

proton l evel will then lie in the continuum and will be responsible for 

the observed resonance. 

In genera l , however, since a proton and a neutron interact 

quite differently with the (N - Z) neutrons in a nucleus (e.g. , the 

attractive triplet- eve n interaction is allowe d for the p roton but not for 

the neutron), one should expect the distance between corresponding 

proton and neutron levels to be smalle r than the Coulomb energy 

difference. In Y
89

, for example, the e nergy of the first excited state 

is 0 . 9 M e V and pre sumably characterizes the distance between the p 
1/2 

and g
912 

subshells. The abov e assignment would the n imply the d
512 

level , which is the n ext single- particle l eve l in order, lie s more than 

10 M e V highe r. This is an unreasonably high energy, in particular 
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when compared with the difference in binding (- 5 MeV) between a 

g
9 

I 
2 

and a d
5 

I 
2 

neutron in the same nucleus. 
2 3 

2. Already familiar properties of the analogue states ' 

imply that the observed resonant states contain only a small and 

nonresonant single-particle (single-proton) component and consist 

mainly of three-quasiparticle configurations (one proton, one neutron, 

and one neutron hole, relative to the ground state of the target nucleus). 

This follows the assumed similarity in the symmetry properties 

(isotopic spin) between the analogue and the ground state of a pair 

of neighboring nuclei. Writing, for example, 1 Sr 
88

) = IT, T 
3

) to 
88 1 .. 

represent the ground state of Sr with T = -T 
3 

= a-(N - Z) = 6 

I 88) I 1 1 ) 89 and d
512

(n) Sr = T + z 1 T
3

- a for the ground state of Sr , 

we obtain the analogue state in Y
89 

by direct application of the isotopic-

spin raising operator: 

T+ IT+ t, T3- t) = ..J2T+T IT+ t, T3 + t) 

-1 
where, for example,[g

912
(p) g

912
(n)]

0 
denotes a g

912 
proton and a 

g
912 

neutron hole coupled to angular momentum zero. The amplitudes 

>J1o and -J2 represent the number of excess neutrons available in each 

subshell. It is worth emphasizing the large amplitudes favouring the 

three-quasiparticle components as well as the fact that the energy 

of the resulting state is now equal to the Coulomb energy difference 

as is required by the charge independance of the nuclear interactions. 

This is reflected in the above wave function by the particular coherent 

mixing of the various configurations and does not impose any similar 

145 
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requirement on the single-particle energies of these configurati.ons. 

3. The thre e -quasiparticle interpretation of the analogue­

state r esonanc e s appears to provide a particularly simple example of an 
4 5 

interme diate type of resonance proposed r ecently by K e rman et al. ' 

The thr ee -quasiparticle states then corr es pond exactly to the doorway 
6 

states suggested by Feshbach and Block. It follows from arguments 

essentia lly identical to those given by the above mentioned authors 

that the widths for nucleon emission of the analogue states will be 

significantly narrower than the corresponding sing l e -particle widths . 

On the othe r hand, the coupling of these states to more complicated 
4 6 

compound states of the syste m ' should, in our cas e, be considerably 
3 

inhibited since it can b e caused only b y the isotopic-spin-violating 

Coulomb int e ractions. 

The author wishes to express his gratitude to Professor 

Arthur K e rman for severa l stimulating dis c ussions . Thanks are also 

du e to Dr . S . Shafroth for conversations on the proper ti e s of the 

analogue states as we ll as for providing a pr e print of the work b y Fox 

et al. Di scussions with P rofessor H . F eshba ch on the p rop erties of 

doorway states are also gratefully acknowle dg e d . 

4 

A. K . K e rman, L. S . Rodberg , and J . E . Young , Phys. R ev. 
L e tters22 422 (1963). 

5 

A diffe r e nt description of intermediate res onances has b een 
given b y K . Izumo , Progr. Theore t . Phys . (Kyoto ) 26 , 807 (1961) . 

6 --

B . Block and H . F eshba ch , Ann. P hys. {N . Y . ) ~' 47 (196 3 ) . 
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C- 9. ANGULAR MOMENTUM SELECTION AND ANGULAR 

CORRELATIONS IN DIRECT REACTIONS WITH 

* STRONGLY ABSORBED PARTICLES 

J. G. Wills and J. G. Cramer, Jr. 

Physics Department, Indiana University 

Bloomington, Indiana 

It is known that in the inelastic scattering of alpha 

particles from nuclei, only a few angular momentum values in the 

region .£ ::::: kR, where k is the particle wave number and R is the 
l 

nuclear radius, play an important role in determining the cross section. 

This effect is due, in large part, to the strong absorption of alpha 

particles in the nucleus. 

In the scattering of alpha particles from an even-even 

nucleus, the angular correlation between an inelastically scattered 

+ 
alpha particle which leaves the nucleus in a 2 state and the successive 

2 
de-excitation gamma ray is known to have, in the plane of the reaction, 

the form 

( 1) 

where <j> is the angle of emission of the gamma ray and A, B, and <j>
0 

are functions of the alpha-particle scattering angle <j>a.,· (It is the 

quantity -<j>
0 

that has usually been associated with some recoil direction 

':'supported by the National Science Foundation. 
l 
E. Rest, Phys. Rev. 128, 2708 (1962) . 

2 
J . G. Cramer, Jr., and W . W, Eidson, Nucl. Phys. (submitted 

for publication). 
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a nd plotted as a function of <j>a.,·) R ecent experiments have shown that 

th e behavior of the symmetry ang l e <j>
0 

behaves in a way w hich is 

qua lita tive ly different from the predictions of plane-wave and adiabatic 
3 - 5 6 

calculations. The adiabatic approximation pr e dicts that 
0 0 

-q,
0 

= i (n- q,a.,)' a linear function that goes from -<j>
0 

= 90 to - <j>
0 

= 0 

C-9 

as q, , varies from 0° to 180°. The plane-wave pr e diction is very much 
a. 6 7 

like the adiabati c except at small angles. ' In contrast, the exp e ri-
o 

mental r e sults show a -<j>
0 

which goes repeatedl y through 90 sweeps as 

<j> v ari es b e tween 0° and 180° . 
a.' 

It is inte r es ting to see if one can corre late these two 

facts, the contribution of onl y a few 1 va lues to the scatter ing amplitude 

and the "strang e " b e hav ior of the corre lation symmetry ang l e q,
0

• We 

make the simplifying assumption that only one incoming angular 

momentum value L and onl y one outgoing angular mome ntum value 1 

participate in the inelastic scatt e ring . The n the scattering amplitude 

to the 2+ state has the simpl e form 

T
2

m a: C(l 2L ;m , -m) Y (<j> , O) 
1m a.' 

(2) 

with the z axi s a l ong the b eam direction . C(l2L ;m , -m) is a Clebsch-
6 

Gordan coefficient, using the notation of Ros e. All fa c tors w hi c h are 

3 

K . K . M cD aniels, D . L . H endrie, R . H . Bass e l , and G . R . 
Sa t chl er, Phys . L e tte rs_!_ , 295 (1962) . 

4 

W . W. Eid son, J . G. Cramer, Jr. , D . E . Blatchl ey, andR . D . 
B ent, Nucl. Phys. (submitted for pub l ication). 

5 

6 

J . G. Cramer, Jr., W. W . Eidson , and D. E . Blatchley, pape r 
on p.153 of thi s vo lum e . 

J. S . Blair and L . Wi lets, Phys . R e v . ~ 1493 (1 96 1) . 
7 

G . R. Satchl e r , Proc. Phys . Soc . (London) 68, 1 306 (1955) . 
6 --

M . E . Rose, Elementary Theory of Angular M omentum (Jo hn 
Wiley & Sons, Inc., New Y ork, 1957 ) . 
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the same for all values of m, and hence will not influence the angula r 

correlation, have been ignored. In Eq. (2), angular momentum 

conservation implies that I L- 1.1.::; 2..::; L + l. and parity conservation 

requires that L - 1. be even only. Thus there are only three cases : 

L = 1. and L = l. ± 2. With this simplification, the gamma-ray symmetry 

angle is given by 

First we examine the case where l. = L- 2. This should 

be the case of interest in inelastic scattering since the outgoing particle 

has a smaller energy and will select a smaller 1. value. Evaluating the 

Clebsch-Gordan coefficient, we have 

- <l>o .!. tan - 1 
2 

2[ "'J.(l. + 2) Y 1(q, I' 0)] 
J. a 

Now if we assume that 1. >> m , the approximate formulas for spherical 
0 0 

harmonics can be used9 (for-" not close to 0 or 180 ): 
'~'a' 

e rr 
y

10
(e)"' -cos [( 21. + 1) 2- 4l , 

. e rr 
sm[(2l. + 1)2-4], 

e rr 
cos [ (21. + 1) 2 - 4]. 

Substituting these relations into Eq. (4) , we have 

-1 q,a' rr 
-q,0 "' + i tan {tan [(21. + 1) 2 - 4] } 

or 

-q,o "' t [ ( 21. + 1) q, a' - ¥ ] . 

9 E. Jahnke and F. Emde, Tables of Functions (Dover Publica tions , 
New York, 1945). 
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( 3) 

(4) 

(5) 

(6) 
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This result for J. = 9 is shown as the top drawing in 

Fig . 1 and displays the same type of behavior as is seen experimentally . 

One therefore concludes that such behavior is a result of only a small 

number of contributing angular momenta. Thi s behavior can be ob­

tained by either a surface direct reaction or by an isolated-resonance 

compound-nucleus reaction in which the resonating leve l has a spin 

of 2 or more. 

The case J. = L corresponds to the adiabatic approxi­

mation where the incoming and outgoing particles have the same energy 

and thus select the same J. value. H ere we have 

1 
- 1 --;::::::==;::;::::;:=

2

~y;::J.~1~( _<1>-=-a -:') --:----;::;=:::::;::;:--=-:-~-~· ( 7) -<j>
0 

= 2 tan 
..JJ. - 1) u + 2) Y 

2 
(<J> ,) + ..JJ.U + 1) Y 

0
(<J> ,) 

9 
By using the recursion relation 

J. a J. a 

we have -<j>0 = -i<J>a'' or -<j>
0 

= in - i<J>a'' since any multiple of n/2 

can be adde d, the corr e lation function having a p e riod of n/2. This 

r e sult agrees with the pre dictions of the adiabatic approximation 

and is shown in the middle drawing of Fi g. 1. 

The third case, J. = L + 2, provide s an interesting pr e ­

diction. The selection of a higher outgoing J. value would onl y occur for 

a positive-Q reaction. In this cas e 

1 
- 1 ..J(J. - 1) (J. + 1) y (<j> ) 

n 1 a' 
2 tan -~~~~;=~=-=~~--~--~x~~~;;;=~~~~--~ 

~ ..J(J. + 1 ) (J. + 2) y (<j> ) - 1. ..J J. (J. - 1) y (<j> ) 
1.2 a' z 1.0 a' 

(9) 

If we again use the approximate formulas (5), we obtain 
1 -1 <l>a' 

-<j>0 = - 2 tan {tan[(2J. + 1) ~- ~ ] }, 
2 

or 

-i- [ ( 2 J. + 1) <j> 
a ' 

TT 

2 ], 

( 10) 
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Fig. 1. The correlation symmetry angle q,
0 

as a function of the inelas­
tic alpha-particle scatt ering angle¢ , for the case where l = 9. 
Upper, middle, and lower sections ibow the cases where 1 = L- 2, 
1 = L, and 1 = L + 2, respectively. 
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a result similar to the first cas e,l = L- 2, except that -<j>
0 

is a 

decreasing function of <j>a ' instead of an i ncreasing function as before . 

Thus, if one were to examine the angular correlation in a positive-Q 
14 12 

reaction , p erhaps N (d , ay)C , one would expect the symmetry angle 

to vary in the manner shown in the bottom drawing of Fig . 1. 

It i s felt that this calculation prov ides a simple explan­

ati on for th e behavior of the symmetry angle as observed in the in­

elasti c scattering of strongly absorb e d particles where fairly large 

angular- momentum v alues ar e involved, as is the case in (a , a'y) 

C-9 

reactions. As a final point , it can b e seen from Eq . (6) that an experi­

mental cor relation function of this type tells one the dominant 1 value 

of the reaction. Further work is now in progress to investigate 

effects arising from including mor e than one angular- momentum 

value. 
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C-10. ANGULAR-CORRELATION STUDIES OF THE INELASTIC 

SCATTERING OF ALPHA PARTICLES FROM c 12
, 

Si
28

, AND Fe
5q 

24 
Mg , 

J. G. Cramer, Jr., W. W, Eidson, and D. E. Blatchleyf 

Department of Physics, Indiana University , Bloomington, Indiana 

When alpha particles are inelastically scattered from an 

even-even nucleus to excite a J1T = 2+ state, all of the particles in the 

reaction except the final nucleus are spinless. When the excited state, 

which has b ee n polarized by the nuclear reaction , gamma-decays 

dir ec tly back to the ground state, the angular correlation function of the 

reaction-plane gamma rays has a particularly simple and transparent 

form . 1 Th erefore, it is possible through the measurement of angular 

correlations to obtain a great deal of information on the way in which 

the excited nucleus was polarized by the nuclear reaction, and thus on th e 

relative phases and amplitudes of the scattering amplitudes of the 

reaction process. Such information cannot be obtained from differential­

eros s- section measurements, since the latter are det e rmine d only by the 

over -all magnitude of the scattering amplitudes. 

Although complete information can b e obtained on th e 

relative phases and magnitudes of these scattering amplitudes, as has 

been shown e lsewhere , 1 by measuring correlation functions both in and 

out of the reaction plane, the discussion pres e nted h ere will be confined 

t Supported by the National Science Foundation. 

tPresent address: Department of Physics , State University of I owa, 

Iowa City, Iowa. 

1 J. G. Cramer, Jr. , and W. W. Eidson , Nucl. Phys. (s ubmitted for 
publication). 
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C -1 0 

to th e b e havior of q,
0 

, the symmetr y angl e of the r e action -plane corre l a ­

tion function 

W(rr / 2 ,<j> ) 
. 2 

A+ B ·s m 2( <j> - <j> 0 ) . ( 1) 

H ere q, i s the angl e of gamma emission , and A and Bare empiri cal 

parameters; a ll a r e functions of t he alpha - particle sca tt e ring angl e <j> u, . 

A l pha - gamma a ngular co rr e l at i ons have been measured a t 
12 

man y scattering angl es for each of th e r eac tions C (u , u'y) , 

24 ' . 2 8 ' 56 ' M g (u , u '1 1. 
37

) , S1 (u , u '1 1. 
77

) , and F e (u , u "o. 84 ). The cor r e la -

ti on fun c ti o ns were d e t e rmin e d a t eac h a l pha-particl e scatt e ring angl e 

by measuring th e co incide nc e gamma - r ay y ield a t e l even o r more 

diffe r e nt gamma - ray d e t ection angles. Th e func tions t hus me a su r e d we r e 

cor r ec t e d for angular -r esolution e ff e cts and l eas t - squares fitt e d t o 

Eq . ( 1) through th e u se of an I BM - 709 comput e r. 2 Howeve r , the 
56 

co rr e lation results for F e are very recent and have n o t ye t been 

analyzed in this manner but by rather superfic ial hand analysis. The r e ­

for e, t hey shoul d be considered onl y as preliminary r es ult s whic h se r ve 

as a general indi ca ti on of the b e havior of th e corr e lation func t ion for 

56 ( ' ) F e u ,u y . 

T a rg e t s of natural ca r bon, magnesium, sili con, and 

iron were bombarded w ith 22 . 5 - MeV alpha particles from th e Indiana 

University cyc l otron. Scatt e r ed a l pha p articl es we r e detected with a 

s ili con surface - barri e r de t ec tor a nd the ir e n e r gy spec trum di spla yed 

in o n e quad r an t of a 1024 - c h annel ana lyze r whic h was ga t ed w ith fast 

(2T = 20 f.Lsec) coinc idence c ircuitr y . Th e coincide n ce e l ec troni cs 

supplied a gating pulse onl y when a scatt e r ed a l pha p a rticl e in the prope r 

2 W. W . Eidson, J . G. C r ame r , J r., D . E . B l a t c hl ey, and R. D . 
B e nt , Nucl. Ph ys. ( submitt ed f o r publicat ion) . 
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energy range was in coincidence with a gamma ray (also of the proper 

energy) detect e d with a 3 X 3 -in Nal(Tl} crystal located in the r eaction 

plane. 

In Fig. 1, the correlation - symmetry angl e -<j>0 as a 
12 24 

function of scattering a ngl e is shown for C and Mg The diagonal 

100 

80 ,f C11(a ,a'r. . ..., l 
... .... 

I 
Fig. 1. Plot of the corr e lation 90 

60 I I 

symmetry angle <j>
0 

as a function ·<I>, f ···. •• f 
40 - 180 

of the center-of-mass a ngle of 
th e inelastically scattered alpha 20 270 

particles, for the reactions 
0 r 

360 
Cil (a. ,a.'y) and Mgl4(a. ,a. 'y). 20 40 60 80 100 120 140 160 

Straight lines in both plots indi - 100 

cate the prediction of the 80 ,I Mg,.(a,a'Y..nl 

adiabatic theor y. Carets indi- I 90 
60 

8, 

cate maxima in th e inelastic ·<I>, 
' ! a. 

differential eros s section, 40 I 
180 

while inverted carets indicate 20 
i 270 

minima. 
20 40 60 80 100 120 140 160 360 

t/Ja.(C:MJ 

lines in these drawings r epresent the pr edic tion of the adiabatic approxi ­

mation,3 and the carets and invert e d carets on thes e lines mark the 

respec tive positions of maxima and minima in the inelastic scattering 

cross section. 4 There is an excellent correlation between the minima 

of the eros s section and th e breaks in th e corre lation - symmetry angl e . 

Somewhat less well correlated are the maxima of th e cross section and 

the points at which the symmetry angl e agrees with the adiabatic pre­

diction. 

3 J. S. Blair and L. Wilets , Phys. R ev . ~' 1493 (1 96 1) . 

4 J. G. Cramer, Jr., and W. W. Eidson , Bull. Am . Phys. Soc. ~' 
317 (1963). 
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Fig. 2. Plot of the correlation 
symmetry angle <Po as a function 
of the scattering angle of the 
inelas tically scattered alpha 
particles, for the reactions 
Si28 (a,a'y) and Fe56(a,a'y). In 
the Si2 8 data, th e straight line 
indicates th e prediction of the 
a diabatic theory, carets indicate 
maxima in the inelastic differ­
ential cross section, and invert­
ed carets indicate minima. The 
solid line represents the pre­
diction of a DWBA fit to the data 
as described in th e text. It must 
be noted that the results for F e5 6 
are preliminary and the symmetry 
angle is plotted as a function of 
l ab scattering angle. 

Figure 2 shows the behavior of the symmetry angle for 
28 56 

Si and Fe . The silicon data behave much like those of magnesium, 

and aga in the correlati on between the cross section m inima and the 

sweeps of symmetry angl e is apparent. The curve through th e data 

points is th e r esult of a DWBA ca l culation which will be discussed 
56 

below. The Fe results a r e, as stated above, only preliminary and 

se rv e principally to indicate tha t h e r e too the striking sweeps of th e 

symmetry angle are present, just as in the lighter nuclei. 

Very recent work in th e theory of angul a r corr e lations5 

indicates that the rapid va ri ation of the symmetry angle with scattering 

angle, as illus trated in these data, is assoc i ated with the selection of a 

particular angular momentum value in the partial-wave expansion of the 

scattering amplitudes. These data, when interpreted in this way, indi-

cate that th e amplitudes have a st r ong component for which the incoming 

angular momentum L exceeds the outgoing angular momentum 1 by 2 

5 J. G. Wills and J . G. Cramer, Jr. , paper C - 9 of this volume . 
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units, and 1 "' 6 for carbon, 1 ::: 8 for magnesium, and 1 "' 9 for silicon . 

The tendency of the symmetry angle -<j>0 to follow the adiabatic prediction 

in the region b e tween these sweeps is an indication that there is also a 

sizable L = 1 contribution to th e scattering amplitudes of th e reaction. 

Figure 3 shows the DWBA fits to th e e lastic and inelastic 

scattering differential cross sections4 of Si 
28 

which give rise to th e 

Fig. 3. Measured elastic and in ­
elastic differential cross sections 
for the reaction Si2 8 + a.. The 
solid and dashed lines are the 
predicted cross sections obtained 
from a DWBA fit as described in 
the text. 

to' 

V ; -23 MeV 
W : -7 MeV 

;o~ ~:~~ ~= 

I (\ 

\.:' 

.. ... 
.. · .. 

... 

lo·l L~~,.,-, --~~---:,~, -~,:-',:-, ~---1-;-!-_1...­

~ -·<e.m.) 

symmetry-angle pr e di c tions shown in Fig . 2. Thi s calculation was per­

formed with the DWBA coupled-equations cod e of J. G . Wills, using a 

harmonic-vibrator model to d esc ribe th e first excited state of Si
28 

The 

optimum parame t e r s for fitting th e e la s tic c ross sec tion in this region 
1/3 

we r e V = -23 MeV, W = -7 M e V , R = 1. 77 fm X A and d = 0. 65 fm, 

where V and W a r e the r ea l and imaginary parts of a volume - absorption 

optical potentia l , R is the nuclear radius, and d is the Wood-Saxon 

diffus eness parame ter. This was one of thre e fits which gave a r ea son­

able approximation to th e e lastic a nd inelastic cross sections, but only 
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this set of parameters reproduced (with any degr ee of accuracy) the 

behavior of the correlation symmetry axis . Thus the simultaneous fitting 

of e l as tic, inelastic , and angular- cor r e lation data6 seems to be an 

effecti ve way of resolving th e ambiguities in th e optical potential 7 which 

have r ecentl y been noted . P erhaps of more ser i ous concern is the fact 

that no set of param eters could accurately predict the behavior simultan­

eously of a ll data sets at all angles, and coupled-equation fits showed no 

indication of improving this situation . This failure might be attributed 

to the fact that compound-nucl eus and Coulomb-excitation e ffects were 

not included in the ca lculation , and to th e fact that the excited state 

requires a mo r e detai l ed description than that employed in the calculat ion . 

Work is now in progress to include these e ffects in such calculations as 

that described above . Experimenta l work recentl y completed will 

d etermine c orrelation functions both in and out of the rea c tion plane, 

thereby providing additional information about th e scattering amplitudes 

and the reaction process . 

6
K . K . McDaniels, D . L . Hendrie, R . H . Bassel, and G . R . Satchl er, 

Phys . L e tt e rs_!_ , 295 ( 1962) . 

7
R . M . Drisko , G . R . Satchler, and R . H . Bassel, Phys. Letters~' 

347 ( 196 3) . 
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D-1. NEUTRON REDUCED WIDTHS DETERMINED BY THE 

N 14(N 14 , N
13

)N
15 

TRANSFER REACTION':' 

J . A. Mcintyre 

Physics Department, T exas A and M University, 
Colleg e Station, T exas 

l 
Since the initial work of Breit and Ebel, it has been 

D - 1 

clear that neutron reduced widths might possibly be determined through 

the study of neutron-transfer reactions. The program outlined eight 

years ago by these authors has not been carried out, however, because 
2 

of subsequent doubts that the neutron-transfer "tunne ling" mech-

anism studied in their paper was the correct one for d esc ribing the 

transfer process. The purpose of this report is to present data 
14 14 13 15 

which show that for at least one reaction [the N (N , N )N reaction] 

the t unneling description is very likely the correct one. The experi­

mental data and th e tunneling theory will then b e combined to y ield a 

reduced width for nitrogen (on the a ssumption that the reduced widths 
14 15 

for N and N are the same). Finally the reduced width obtained 

will be compared with reduced widths obtained from deuteron- stripping 

Supported by the U. S. A t omi c Energy Commission. 
l 
G . Breit and M. E . Ebel, Phys. Rev.~' 679 (1956) . 

2 
A review of the difficulti e s encounter ed in analyzing the experi-

mental data with the "tunne ling" the ory is given b y G. Breit, in 
Handbuch der Physik, edi t ed by S . Flugge (Spring er-Verlag, B er lin , 
1959 ) , Vol. XLI, Part 1, Sect. 48. 



D-1 161 

3 4 
eros s sections and shell-model calculations . 

5 6 13 
The experimental angular distribution ' of the N 

nucleus in the 
14 14 13 15 

N (N , N )N reaction at 6. 15 MeV is shown in 

Fig. 1. The theoretical angular -distribution curve has been derived 

140,--,,--,---,---,---,---,---,---,---,---,--,-, 

120 
E(c.m.)• 6.15 MeV 

s 60 

~ 40 

20 

10 
9 lc.m.l Dear .. • 

Fig. 1. Differential cross sections for neutron transfer at 6. 15 MeV, 
plotted in the center-of-mass system . The experimental points 
are from Ref. 6, the do-/ drl solid curve is the tunneling calculation 
of Ref. 8. The two dashed curves show the va lues of the absolute 
squares of the scattering amplitudes of the projectile and recoil 
nuclei. 

3 
M. H . MacfarlaneandJ. B. French , Rev. Mod. Phys.~ 567 

( 1960) 0 

4 
R. M . Drisko, R. H. Bassel , and E. C. Halbert (Oak Ridge 

JULIE Program). 
5 

L. C . Becker, F. C. Jobes, and J. A. Mcintyr e, Third Conference 
on Reactions between Complex Nuclei, Asilomar, April 1963 (to be 
published) . 

6 
L. C. Becker, Yale University , Thesis (to be published). 
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7 8 
independently by Breit and co llaborator s and b y Gr eider. The small 

dis c repancy between their results is not indicated on the curve. Also 

shown i n the figure are the absolute - square values of the a mplitudes 

for the projectile and recoil N
13 

nuclei. Because of the identical 

natur e of the projectile and targ e t nucle i , the diffe r ential- eros s ­

s ection curve shows interfe r e nce max ima and minima. 

D-1 

The point of inter es t in Fig. 1 is th e clos e agreement 

between the calculated and experim ental cross se c tions . It is impor­

t ant to note here that there are~ adju s table parame t e rs in the cal cu­

lation exce pt for a normalization factor which can be used to d e t ermine 

the reduce d widths . The physical reason for the absence of parameters , 

of course, is t hat the interacting nitroge n nuclei do not get close 

enough t o one another t o inte ra c t through the nuclear forces. F or the 

6 . 15-Me V s ituation s tudied here, t he distance of c loses t approach R 

b e tw ee n the ni trogen nucle i is 11 . 5 F corres ponding to r 
0 

= 2 . 4 F , 
1 / 3 1 / 3 

w h e r e R = r 
0 

(A 
1 

+ A
2 

) . Thu s, th e motion of the nitrogen 

nucle i is d e t ermined only by t h e C oul omb f ie ld . 

The r eason for the fai lur e o f the tunneling t heory a t 
2 9 

highe r e n e rgies ' (8 . 15 M e V) can be seen from F igs. Z and 3 where 
1 0 7 8 

t h e experimental and th e ore ti ca l ' angular distributions for th e 

re a c ti on a t 7 . Z and 8 . 0 M e V ar e shown. A t these higher energies 

7 

G. Breit, K. W. Chun, and H. G . Wahsweiler ( submitted t o 
t h e Physica l R e view ) . 

8 

K. R. G r e ider , T hird Confe r e nc e on R e act ions betw e en C om p lex 
Nucle i , Asi lomar, Apri l 1963 (to b e published); K . R. G r e ider, "Nucleus 
R earrange m ent Scatte ring I" (to b e publi s hed) . 

9 
H. L . Reyno ld s and A. Zu ck e r, P hys . Rev.~ ' 166 (1 956 ) . 

1 0 
J . C. H i e bert and J . A . M cintyre, Bull. Am . P hys. Soc. J...J. 67 

(1 964 ) . 
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10 

E (c.mJ"' 7. 2 MeV 
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/ .... / 
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/ 

IHSW ,...... ..... >-, , lf( .... -8)1 1 
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w ~ ~ ~ ~ ro ~ ~ ~ ~ 

8 (c.m.) Oeorees 

Fig. 2 . Differe ntial eros s sections for n e utron transfe r at 7. 2 M e V, 
plotte d in the center-of-mass system. The exp e rime ntal points 
are from Ref. 10, the do- /dlt curve is the tunne ling ca l c ulation of 
R e f. 8. 

.. 

c: 
1 
~ 20 . . .. 
a: 

10 

E (c.m.) = 8.0 MeV 

X Reynolds a Zucker Data at 8.15 MeV 

0
o 10 20 30 40 so 60 70 80 90 100 110 

8 (c.m.) Oeqrees 

Fig . 3. Same as Fig. 2 except that the c e nter-of-mass energy is 8. 0 
MeV. Earli e r data of Reynolds and Zucker (R e f. 9) are also 
shown for comparison . 

16 3 
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the distanc e of closest a pproach betwe e n the nitrogen nuclei is reduced 

and the recoi l nu c lei begin t o b e absorb ed out of the beam b eginning at 

0° w h e r e the internuclear distance is at a minimum. 

As a l ready m e ntioned, the o nly adjustable parameters 

in the tunne ling the ory are the redu ce d width s for the transfe rr e d n e utron . 

The s e appea r as normalizing fac t ors in the differential a nd tota l c ross 

sec tions. In addi tion t o the a n gular-distribution pr e diction, the tunnel­

ing theo r y y ields a lso an e n e rgy d e p e nde nce for the t o t a l c ross sections 

<r(E). T he tota l cross se c ti on has b ee n m ea sured there for e ov e r a range 

of e n e rgies to ve rify the ene rgy d e p e ndenc e for th e t ransfer reaction 

and a l so t o obtain an accurate cross sec t ion for the d e termination of 
6 

the reduced widths. The exp e rimenta l resu lts ar e shown in F ig . 4. 

F or com par ison , the tunn e ling theory of Br e it, Chun , a nd 

c( -u 
>- 10 

Fi g. 4. Total c ross secti ons for 
n eutron tra ns fer. The exp e ri­
mental point s a r e from R e f. 6. 
Th e c r oss -ha t c h e d band rep r e ­
sent s ea rli e r e xper ime nta l data 
of R eynolds and Zucker (Ref. 9). 
Th e c urve is the tunn e ling calcu­
lation of Br e it , Chun, and 
Wa h sweil e r (R e f. 7) normalized 
to the high- e nergy exp e rim ental 
points. 

g 
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7 
and Wahsweiler is also shown , normalized to the experime ntal data at 

the higher ·energy points where the angular-distribution measurements 

(Fig . 1) have verified the validity of the theory. Also included (as 

indicated by the broad band) are the earlier experimental results of 
9 

Reynolds and Zucker. 

It is seen that in the range of energies between 5 . 5 and 

6 . 5 MeV the tunneling theory and the experimental data are in good 

agreemert . At the lower energies, the theory drops below the e x peri-
2 

mental values, but, as Breit has pointed out , such an effect should 

occur at sufficiently low energies because of the virtual Coulomb 

excitation process . At energies above those covered in Fig . 4, it 

has already been shown that the tunneling theory no longer describes 

the transfe r process (see Figs. 2 and 3) . Thus , ther e is a r e lati v e ly 
14 14 13 15 

narrow ene rgy rang e [at least for theN (N , N )N r e action] 

w here the tunne ling theory applies , However, if car e is taken to 

work in this region , reliable values of the reduce d w idth should be 

obtainable from the tunneling theory. 

Finally then , the value s of the reduce d width ar e obtaine d 

from the total-cross-section m e asureme nt by using the normalization 

of the curve in Fig . 4, the product of the r e duced widths (1/>-.
14

) (1/>-.
15

) 
l l 

being obtained . By asuming that the se reduc e d widths ar e e qual, whi c h 
3 

is not unreasonable , 1 / A. = 1 / >-.
14 

= 1 / >-.
15 

can b e dete rmine d. 

This value of the reduced width can b e compared with the 
3 l 

usual single-particle r e duced width in the following way. B y d e finiti on, 

l l 

2 2 
1 / A. = r R (r), 

The equations used in this calculation are Eq. (25. 2) in R e f. 1 
and Eq. (4. 3) in Ref. 7 . 
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3 
wher e R(r) is the radial wave function of the neutron . Also, by d efinition, 

2 
the single-particle reduced width e

0 
can be expressed 

2 3 2 
eo - r R (r) /3. 

Thus, 

eo 
2 

- r / 3>, . (1) 

B y inserting the value of >, (as determined above from the transfer 
2 

of e = 0 . 08 ± 0 . 01 has been found for 
0 2 

reaction) into Eq . ( 1) , a value 
14 15 

N and N The uncertainty in the transfer- reaction value for e 
0 

quoted here is an exp erim enta l one only . Howev er a comparab l e 
12 

uncertainty should also be attached to the theore tical va l ue with which 

the exper im ent was compared . T he transfer result is there fore quoted 

in Table I as 0 . 080 ± 0 . 015 , the uncerta inty b eing obtained by folding 

2 
TABLE I. Comparison of single·-parti.cle reduced widths 

e
0 

(SF) . 

Reference 

Macfarlane and F rench 

Oak Ridg e (JULIE) 

Neutron transfer 

12 
G . B reit (pnvat e c ommunic ation) . 

0 . 040 ± 0 . 010 

o. 052 ± 0 . 025 

0 . 080 ± 0 . 015 
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togethe r the experimental and theoretical values. 
2 . 

Values for e
0 

have also been obtatned by othe r m e thods 

and are listed in Table I. Using Butler stripping theory and a compre-
3 

hensive analysis of (d,p) experimental results, Macfarlane and French 
2 2 

hav e found a value e
0 

= 0 . 040 ± 0. 010. A value e
0 

= 0 . 052 ± 0 . 025 
4 

has also been obtained from a shell-model calculation at Oak Ridg e . 

Inspection of Table 1 indicates that the neutron-transfer value for 
2 e 0 is significantly larger than that obtained from the (d' p) analysis 0 

The reason for this discrepancy is not known at the pr e sent time . 
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48 * D-2. SE L EC TION R ULES IN 
22

Ti
26

(p , p ' ) INE LA STIC S CATT ERING 

G. T . Gar v e y, G . M. C r a w l ey, H . 0 . F unsten, 

N. R . Rob e r s on , and L . Zamick 

P a l m e r P hysical L abo rator y, P rinceton Univ ersity 

T ·48 . h l " . f W e conside r the nucle u s 
22 

1
26 

m t e 1m1t o a pur e 
40 

s h e ll- mode l c onfiguration - a Ca c or e p l u s 2 p r otons and 6 n e utrons 

l T T .48 h . f h . h in the f? / Z she l . hus , 1 ha s t e umque prope rty o a v m g t e sam e 

numb e r of protons and n e utron hol es in the f I she ll . Under the inte r -
4 8 7 2 

change of protons and n e utr o n h o l es, Ti goes into it se lf . Unde r this 

s am e ope ration the w a ve func tion s of Ti
4 8 

e ithe r c hange s ign (odd 

s i g na t ur e ) or r e main t h e sam e (eve n signature ) . This is now i llustrated 
48 

b y wr i ting down the wav e function s for the first two spin-2 s tate s inTi 

at 0. 99 and 2. 43 M e V, a s calc u lat e d b y McCulle n , Bay man , and Zamick. 
- 1 

L e ttin g L p and L N be the a ngu la r mom e nta of the 2 proto n s and 2 

ne ut ro n h o l e s , r e spective l y, we have 

E = 0. 9 9 M eV: ..p :::: 0. 6 9 ( LP 

- 1 J = 2 - 1 
- 0. 6 9 [ Lp = 2, L N = 0] + 0 [ Lp = 2 , L N 

E 2. 43 M e V : 
- 1 

..p :::: 0. 56 (L p = 0 , LN 

- 1 
t 0. 56 [Lp = 2, L N 

J = 2 
0] + 0 . 52 (L p 

The firs t s tat e above ha s o dd s i gna tu re a nd the sec ond s tat e ha s eve n 

signa tu re . 

J=2 
2] . 

Wo rk s upporte d by th e U. S . Atom i c En e r gy Commis s i o n and the Hig gins 
Scient ifi c Trus t F und . 
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. f T · 48 d This un1que property o 1 lea s to some interesting 

selection rules, In particular, the matrix element of an even tensor 

operator between states of the same signature vanishes, This can be 
48 

applied to the inelastic scattering from the J=O state of Ti to an excited 

state of J = 2, 4, or 6. We make the assumption that the inelastic 

scattering process proceeds by means of a direct reaction, and that the 

part of the interaction operator which excites the Ti
48 

target to a state 

of angular momentum L(2, 4, or 6) is of the form L gL (ri) Y L (rli), 

where the sum extends over all the neutrons and pr&tons in the f
7 12 

shell, 

The calculation of the authors mentioned above assigns 
. .48 

the signatures shown in Table I to the vanous states of T1 , Thus , the 

excitation of the first spin-4 state, the second spin-2 state, and the second 

spin-6 state should be inhibited if the above assumptions are correct, 

TABLE I. 

E 

0 

0. 99 

2,43 

2. 30 

3, 24 

3, 36a 

3 , 49a 

a 
Theoretical, 

S f T
.48 

ignatures of the states o 1 , 

J Signature 

0 EVEN 

2 ODD 

2 EVEN 

4 EVEN 

4 ODD 

6 ODD 

6 EVEN 
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To t e st the s e se l ection rul e s, i n e lastic scattering experi-

m e nts (p , p' ) w e r e p e rfo rm e d with the P rince ton c y clotron using 1 7. 5 -M e V 

proton s . The exp e rim e nt s we r e p erfo rm e d fir s t w ith an ove r-a ll 

r e s o l uti on w idth of 80 k e Y and la t e r w ith an impro ved r es o l ution wi d th of 

about 25 k eY. L ithium - d r ifte d j u n c tion c ount e rs w e r e us e d to d e t e ct the 

s ca t t e r e d partic l e s. 

The exp e rim e nts s ee m to ve rify th e se lec tion rul e s quit e 

s trikingl y . Th e spin - 2 s tate at 2. 4 3 M eV is d ow n in c ross s e cti o n b y a 

fac tor of at l e a s t 15 from the stat e at 0 . 99 M e V . The s pin - 4 state at 

2. 30 M e V is dow n b y a facto r of 5 from th e spin - 4 s tat e at 3 . 24 M eV. The 

s pin - 6 states ha ve not ye t bee n e xamine d . Sinc e the inhibite d spin - 4 

s tate lie s l owe r than the e nhanced one , an a llowanc e fo r 0 - v a l ue d e p e nde n c e 

of the r e a c tion wi ll make th e inhibition eve n gr e ater. 

Can the s h e ll- mode l exp lanati o n of th e inhibition b e tru s t e d ? 

Altho ugh the she ll mod e l w orks w e ll for many things, i t i s at it s wo rst in 

tr y in g to p redic t quadrupol e mom e nts o r , more ge n erally, matri x e l e m en ts 
L L 

of op e rator s L r i Yi • But th e ine lasti c- s catte ring o p e rator i s jus t 

thi s typ e . 
1 

In a v ib r ati o nal picture , the s pin - 2 s tate at 0 . 99 M e V co ul d b e 

r egarde d a s a o ne - qua n tum exc itati on wh ereas the s e cond s pin-2 at 

2. 4 3 M eV and the fir s t s pin - 4 at 2. 3 0 M eV (w hi c h a re alm os t d ege n e rate ) 

woul d b e 2-qua n tum exc ita t i o ns . ( The s p in- 0 part of thi s trip l e t is miss­

in g . ) Since, in a direc t reac tion , onl y on e quantum c an b e exc i t e d b y 

in e lastic s catte ring, the l a t ter tw o states c oul d not b e rea c h e d . The 

s t r on g l y exc it e d s pin - 4 s tate at 3 . 24 M eV c oul d b e r egarde d as a h exa ­

d ecap o l e v i b r at ion . 

M e tho d s of diffe r e ntiatin g b e t ween th e s h e ll- mode l and th e 

v i b r at ional-m od e l pi c t u r es ha v e no t ye t bee n c a r r ie d o ut , b u t som e 

pr o p os a l s ar e h e r e pres e nte d. If T i
4 8 

is a v ib r at ion a l nucle u s , then 

. l T . 4 6 l d l 4 8 
ce rta1 n y 1 wo u a so b e v i b rati o n a l - eve n mo r e so than T i s ince 
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it lies closer to the middle of the open f
7 12 

shell. Then the inhibitions 

l . T ·48 d . d . h would occur not on y 1n 1 , as pre 1cte 1n t e shell model , but also in 
46 46 

Ti The experimental data on Ti (p, p') have been taken but, at the 

time this paper was written, had not yet been analyzed. Another method 

of choosing between the two models would be to do a Coulomb-excitation 
48 

experiment to the excited states of Ti . The C oulomb-excitation operator 

is very similar to the inelastic-scattering operator , differing only in the 
.,.., L L 

fact that the sum [; r . Y . extends only o ver the protons. On the 
. l l 

shell-model pictu~e , excitation of the spin-2 state at 2. 43 MeV and the 

spin-4 state at 2. 30 MeV would not be inhibited. On the vibrational 

model , the inhibition would still be present b e cause , as before, it is not 

possible to excite two quanta in a direct reaction. 
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41 49 
D-3. DIRECT-REACTION STUDY OF THECa AND Ca 

SHELL -MODEL LEVELS 

T. A. Belote, E . Kashy, fA. Sperduto , H. A. Enge, 
and W. W . Buechner 

Physics Department and Laborator y for Nuclear S c i ence 
Massachusetts Institute of Technology 

Cambridge 39, Massachusetts 

40 41 . I d 
The deuteron-stripping Ca (d, p)Ca reaction an the 

Ca 
48

(d, p)Ca 
49 

reaction2 have been used for an investigation of the 

shell - model l eve ls of Ca 
41 

and Ca 
49

. The analysis of the stripping 

angular - distribution data allows one to determine the angular momentum 

of the captured n eutron and to extrac t spectroscopic factors . In these 

expe riment s the DWBA direct-reaction code JULIE (originat ed by 

Satchler !.!_ al. at Oak Ridge National Laboratory) was used t o extract 

thi s information from the angular - distribution measurements . The 

recent results of Lee and Schiffer , 3 who have found a J dependence in 

1 = 1 stripping angular distributions , allows one also to us e these data 
n . 1- 3-

to determ1ne J valu es for the case of 2 and 2 states. 
41 

In th e case of Ca , a 1f
7 

/Z configuration is expected for 

the ground state, wi th the next two single-particle l eve ls having the 

.,. 
This work has been supported in part t hrough an AEC contrac t , with 

funds provided by th e U. S. A t omic Energy Commission, b y the Office of 
Naval Research, and by the Air Force Offic e of Sci e ntific Research. 

rN p · u · · p · ow at nnceton n1vers1ty, nnceton, New J e rs ey. 

1 T. A. Belote, J . Rapaport, andW. W . Buechner, Bull. Am . Phys. 
Soc. 1, 79 (1964). 

z E. Kashy, A. Sperduto, H . A. Enge, and W. W. Buechner (to be pub­
lishe d) . 

3 L . L . Lee and J. P. Schiffer, Phys. Rev. Lett e rs~' 108 (1964) . 
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shell-model configurations 2p
3 

I 
2 

and 2p 
112

; whereas in Ca 49 the 

ground state should be 2p
3 
I 

2 
with the next single -particle level 2p 

1 
I 

2
. 

41 
InCa , there are two £n =1 levels near Ex= 2 MeV and a group of five 

levels with £n =1 stripping angular distributions near Ex= 4 MeV. The 

two levels near 2 MeV are the fragmented components of the 2p
312 

single-particle state, and the five levels near 4. 0 MeV are the major 

fragments of the 2p 
112 

single -particle state. The assignments of 
3- 1-

JTT = 2 and 2 for these levels are consistent with the resu~ts of Ref. 3. 

The ground state and first excited state (Ex = 2. 026 MeV) of Ca 
49 

have 

b . . f TT 3 - d 1- . 1 h unam tguous asstgnments o J = 2 an 2 , respective y. T e centers 

of gravity and sums of spectroscopic factors for these states are given 
49 

in Table I and are also shown in Fig. 1, where the ground state of Ca 

is shown plotted at the center of gravity of the 2p
312 

single-particle state 

inCa 
41 

at 2. 08 MeV. Only the single-particle levels are shown in the 

figure. Below 6. 825 MeV, a total of 120 levels was observed inCa 
41

, 

and eleven levels were seen inCa 
49 

below 6. 1 MeV. 

Using th e observed value of 2. 04 MeV for the splitting 

of the 2p
312 

and 2p
1 12 

levels inCa 
41

, one expects the 1£
512 

single-
41 

particle l evel to be at 4. 9 MeV in Ca Three £n =3 levels are seen 

in this region of excitation w ith a cent er of g ravity at 5. 50 MeV and 

\' 49 
LJS=0.47. InCa , three£ =3 l evels are also seen w ith a cent er of 

n 

gravity at 3. 95 MeV and ~S = 0. 89. We have assumed that these levels 

have JTT = ~- which would be the case if the ground-state wave functions 

of the targe t nuclei were described by the lowest possible shell-model 

orbitals. 

A rather strong £ =4 l evel is observed in Ca 
49 

at 
n 

E = 4. 020 MeV with S = 0. 31, and one£ =4 level inCa 
41 

is observed 
x n 

atE = 4. 977 MeV with S = 0. 08. These l evels are believed t o be 
X 

sizable fragments of the 1g 
12 

single-particle states. Because of the 
41 9 

high level density inCa , many £n =4 levels may be masked by nearby 

leve ls. 

173 
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TABLE I. Summary of single - particle level positions cl.nd s tr engths 
in Ca41 and Ca49. 

Nucl e i C onfi gurati on E xc ita ti o n Numb e r of .Q. E 

~s 
X 

en e r gy Ex l eve ls 
Ca4r - Ca 49 

(Me V) (Me V) 

4 1 
1£7 I 2 0.0 Ca 

C a 
49 

Ca 
4 1 

2 . 08 2 1. 22 

2
P3 / 2 2 . 08 

Ca 49 0 . 0 1. 03 

Ca 
41 

4. 12 5 1. 16 

2p1/2 2 . 09 

Ca 49 2 . 0 3 1. 33 

C a 4 1 5 .5 0 3 0.47 

1£5 / 2 1. 55 

Ca 4 9 3 . 95 3 0 . 8 9 

C a 
4 1 

4 .98 0.08 

1g 9/2 > 0. 96 

Ca 49 4 . 02 0 . 31 
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Ex Co41 (MeV) Ex Co41 (MeV) 

6.0 

5.0 

4.0 

3.0 

2.0 

LO 

0.0 

~{lg,..,)----- ------f-' ~-----J /- J --- ' /( lf!l/2) ---
' ' I' --,-J 

I 

' ' ' ' I ---------

) 

=J 

Co 41 

2Pvr 

(2p.,z)---

---(lfm) 

l_j___J 

o.o o~ r.o 
IS 

~ 

4.0 

3.0 

2.0 

1.0 

0.0 

Fig. 1. The shell-model levels of Ca41 and Ca4 9 showing the presumed 
components of these levels, and sums of spectroscopic factors are 
shown with the Ca4 9 ground state displaced to the center of gravity of 
the 2p3 /z level in Ca41

• 
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In additi on to th e s t ripping r e action where t he neutr on is left 

in a higher shell- mode l orbital , it is possible that th e stripping takes place 

by l ower shell - mode l orbitals- for example, by 1d
312

. This wou ld be th e 

case w here the ground - stat e wave functions are not d esc ribed as simply 
-2 

the lowest possible shell-model orbitals. Evidence of a (1d
312

) com -

pone nt in Ti
46 

has been pointed out in a recent experiment by Kashy and 

C l 4 . .48( d) . 47 . d. on on w1th the T1 p, T1 r eac t1on an 1n conjunction with the r esults 
46 47 . 

of Rapaport 5 on the Ti (d , p)Ti react10n. Such appea r s to be the case 
4 1 

for th e 2.017 - M e V, £n =2 level inCa and has been discussed by 

Macfarlane and French . 6 In view of the recent results of L ee and 

Schiffer ,3 it is interesting to note that the angula r distribution of this 

£n =2 l eve l differs considerably from other £n =2 angular distributions for 

angles grea t er than 60° . 

The sum of spectroscopic fac t ors for a ll £ =2 l evels below 
. 4 1 . n . 

6. 825 MeV, except for th e 2. 017-MeV le ve l , m Ca 1s 0 . 16 and 1s 0. 08 

for a ll £ =0 l eve l s a l so be l ow 6. 825 MeV. This indicates t hat both th e 
n 

2d
5 12 

and 3s
112 

single-particl e levels lie above 6. 825 MeV inCa 
41

. 

4 E. Kashy and T. W. Conlon (to be published). 

5 J. Rapaport, Ph. D. Thes i s, M. I. T., June 1963; Phys. Rev. (to be 
published). 

6 M. H . Macfa rlan e a nd J. B . Fr e nch, R ev . Mod. Phys. E , 567 (19 60 ). 
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D-4. NUCLEON CAPTURE REACTIONS NEAR A= 40 t 
J. L. Yntema, Argonne National Laboratory, Argonne, Illinois 

and 

G. R. Satchler, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

3 40 
The (d,He ) reaction on Ca and isotopically enriched 

.46 47 48 49 d T.50 
targets of T1 , Ti , Ti Ti , an 1 has been investigated. 

Absolute differential cross sections for a number of transitions were 

obtained over an angular range from 11° to 33°. The angular distribu­

tions are compared with distorted-wave calculations which use the 

optical-model-potential parameters derived from the elastic scattering 
40 3 39 

of 21-MeV deuterons on the same target materials. TheCa (d,He )K 

reaction was used to obtain the normalization coefficients n ece ssary to 

extract spectroscopic factors from the comparison of the m easured and 

calculated differential eros s sections. 

The results show that the excitation energies of the d
312 

and s
112 

hole states are surprisingly low and increase with the number of 

f
7 
I 

2 
neutrons in the nucleus . R es ults obtained from the (d, t) reaction on 

the Ca isotopes indicate 1~at the f
7 

I 
2 

- d
3 
I 

2 
gap decreases to a minimum 

of about 0. 96 M e V in Ca The d
312

- s 
112 

gap appears to decrease 
41 47 . 3 42 

from Ca to Ca The d 
12

- s
112 

gap m the (d,He ) reaction on Ca 
43 44 

3 
40 

Ca , and Ca is much smaller than the one observed in Ca . 

t Work performed under the auspices of the U.S. Atomic Energy 
Commission. 
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E-1. THE SINGLE T Dl-NUCLEON STATE 

IN NUCLEAR REACTIONs:' 

G. M. T emm e r 

Rutgers, The State Uni.v e r si.ty 

E-1 

The final- state interaction of t wo neutrons, two protons, 

and neutron plus proton i.n the singlet state has be en demonstrated 
J. 

previous ly, but most b eautifully i.n the reaction p + d- p + p + n. 

The pos si.bi.li.ty of singlet - state deuteron pickup from nuclei. i.s being 
13 ~, 1Z>!< 

investigated for the special case C (p,d )C (4. 43 MeV) at tandem 

energies, using coincidences. The production of these "resonances" 

will be strongly p eak ed forward, and i.n fact needs to be looked for 

near 0°. This i.s not possible for charged particles without a special 

magnet. H owever, the breakup n e utrons which, like the protons, would 

carry approximate ly half the outgoing di.-nucleon energy, could be de-
o 

t ect ed at 0 . Dr. J. D. Anderson (Livermor e ) kindly sent us hi.s 

. f . 13( 1 3 0 0 tlme-o - fhght spectra for C p,n)N at 0 and 40 which revealed 

an unexplained peak at Z. 8 MeV (at 0°) which disappeared at 40° 

(pr o ton energy 10.6 M e V). We ca lculate the position of the half - energy 

neutron peak from singlet deuteron breakup to be Z. 8Z M eV. The ob­

served width i.s a bout 500 keY and the cross section i.s about 3mb/ 

t d Th II II d . h f. • d 1 z sera . e group correspon 1ng tot e nst exClte state of C 

lies energetica lly too low to be observable. Fortunately ther e ar e no 

:~ 

Supported i.n part by the National Science Foundation. 
J. 
P. F . Donovan, J. V. Kane, et . al. (private communication) . 
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states of N
13 

in the crucial region, although the appropriate states 

were seen to shift properly with angle. The target was c 13o
2

, and 
12 

the background check with C 0
2 

revealed no peaks. We are encour-

aged to continue our search for the breakup protons. The general 

usefulness of reactions such as (p,d'~ ), (p,2p), and (a.,d* ) in nuclear 

spectroscopy will be discussed. 
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E-2. THE FORMATIO N OF STRONGLY POPULATED LEVELS OF 

( d 5 /2)~ AND (f 7 / 2 )~ CONFIGURATION I N THE (a, d ) REACTION':' 

B. G. H arvey, E. Rivet, J . C e rny , R. H. P ehl, and J. Haagt 

D epartment of Chemist r y and Law r ence Rad iat ion L aborator y 
U nive rsity of California, B erkele y, Cal i f orni a 

I nt roduct io n 

The preferent i al exc itation of certain nuclear l evels in 

E-2 

(a, d ) reactions was f irst observed b y use of th e 48-M eV h e l ium ion bea m 
14 16 

of th e 6 0-i n. cyclotron. T he spectra from the pr oduct nucleiN 0 , 
17 18 

0 , and F showed one or more very large p eaks. 
l 

These strong l y exci t e d l eve l s were reported t o be the 

J =5 l eve l s 
2 

of the (d
512

) confi gu ration . The ta rget c or e i s unchanged 

during th e reaction whi l e the captur ed proton and neutron each ent e r the 

d
5 12 

she ll . It w as shown that in such cases the s tate of highes t allowable 

total angul ar momentum wi ll be pr efere ntiall y populated. The investiga-
2 

tion of these strong l y excited (d
512

)
5 

l evel s has been continued and a 

s imilar investigation has been started in the region w h e re the f
712 

shell 

should be populated . 

Work performed under the auspices of th e U.S. Atomic E nergy 
Commission. 

t P ermanent addres s: P urdu e , I ndianapol is , I ndiana 
l 

B . G . Harv e y, J. C erny, R. H. P ehl, and E . R ivet, Nucl. Phy s . 
~. 16 0 (19 6 2). 
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24 
Mg A 

40 
r ' 

183 

Experimental Results 

C 
12, 20 The (a, d) reaction was observed from Ne , 

40 
and Ca target nuclei. The preparation of the carbon 

2 
target has been described previously. The natural magnesium tar-

2 
get 2.6 mg/cm thick was prepared by evaporation. Rolling chips of 

natural calcium in an inert atmosphere provided calcium foils about 
2 40 20 

1 mg/cm thick. Ar and Ne gases were bombarded in a 3-in.-

diameter gas holder equipped with 0. 001-in. -thick Dural windows. 

External beams of 45- or 50-MeV helium ions from the 

88-in. cyclotron were used. The outgoing particles were identified 

by a semiconductor counter telescope feeding a pulse multiplier. 

Pulses from a 0. 050-in. -thick lithium-drifted silicon transmission 

counter were added to the pulses from a 0. 090-in. lithium-drifted 

stopping detector and the sum was analyzed by a 400-channel RIDL 

pulse-height analyzer. The experimental conditions allowed a deuteron 

energy resolution width of about 230 keV from a solid target. 

Results and Discussion 

Energ y spectra and angular distributions of deuterons 
22 26 42 42 

were measured for the product nuclei Na , Al , K and Sc • Figure 

1 shows typical deuteron energy spectra for each reaction. The deuteron 

energy scale was established by measuring deuteron spectra from 
12 14 40 24 

C (a, d)N • Enough oxygen was present in theCa and Mg targets 
16 18 

to identify the strong deuteron line from 0 (a,d)F (1.1 MeV), thus pro-

viding an additional energy calibration point. 

2 
R. H. Pehl, Studies in Nuclear Spectres copy by Two-Nucleon 

Transfer Reactions, (Ph.D. thesis, Lawrence Radiation Laboratory 
Report UCRL-10993, August 1963 (unpublished). 
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l 
~ 
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Fig. 1. Deuteron energy spectra 
from the Ar40 (u,d)K4 Z, the 

E-2 

MgZ 4 (u , d)AlZ6 , the Nezo (u ,d)Nazz, 
and th e Ca4 o (u , d)Sc4 z reactions. 

At l east one , and in some ca ses t wo, l eve l s of the produc t 

nucleus were very highly populated, as Fig. 1 shows . Severa l of the 

angular distributions of deuterons cor responding to the strong levels a re 

show n in Fig. 2; they a re a ll very simil ar to one a nother . 

The Q v a lues for the formation of the highly populated 

le ve ls are shown in T a ble I. The r e sults of previously reported experi­

ments a re a lso included. Figur e 3 shows tha t the Q values for form a tio n 
22 26 

of th e 1. 53 -M e V l evel of Na and the ground state of A l fa ll on a 
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Fig. 2. Angular distribution of the 
strongly populated levels in the 
K42, Na22 , and Sc42 nuclei. 

Fig . 3. Dependence of Q on mass 
number A for the (u , d) reaction 

to the (d5 jz )~ and (f7 jz ) ~ levels. 
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TABLE I. The Q va lues for the formation of the highl y 
populated l eve l s . Th e other information is from previous experi­
ments . 

Nucleus E nergy Q val ues JTT T Configuration 
l eve l 

N14 9 . 0 - 22 . 6 5 + 0 (d5 / 2) 
2 

01 6 a 2 
14. 7 -17. 8 (4 )+ 0 (d5/2) 

2 
16 . 2 -1 9. 3 (5, 6 )+ 0 (d5 / 2) 

2 
( 17. 2 ) (- 20 . 3 ) (5, 6 )+ 0 (d5/2) 

0
17 a 2 

7 . 6 -17. 4 11/ 2 - 0 (d5 / 2) 
2 

9 . 0 -1 8 . 8 9 / 2 - 0 (d5 / 2) 

F 18 1. 1 -17. 4 5+ 0 (d5/2) 
2 

22 2 
Na 1. 53 -14 . 1 (5 +) 0 (d5/2) 

Al26 0. 0 -1 2 . 4 5+ 0 (d5/2) 
2 

Na 
22 

7 . 45 -19 . 9 (7+ ) 0 (f7/2) 
2 

Al26 6 . 9 1 -19. 3 (7+) 0 (£7/2) 
2 

C l 34 b 5. 2 -17. 4 ( 7+ )0 (f7 / 2) 
2 

K42 1. 87 -1 2. 7 (7+) 0 (f7 / 2) 
2 

Sc 
42 

L 6 0 -1 3. 9 7+ 0 (f7/2) 
2 

aTh e angu lar momentum of the captu r ed deuteron is coupled to the 
angular momentum of th e co r e, producing mul tip l e peaks in the case of 
the 1+ N 14 and the t- NlS cores . 

bFrom an unpublished S32 (a., d )C l34 investigation using the 48 -M e V 
a l pha beam of the 6 0-i n . cyclotron . 
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smooth line with the Q values for excitation of the previously reported 
2 

(d
512

} J=5 levels when plotted as a function of mass number. It is 

therefore very probable that these two levels have also the configura-
26 2 

tion (d
512

} J=5. 

known to be 5+, and the strongly excited level is either the ground state 

In fact, the spin of the ground state of Al is already 

or very close to the ground state. 
42 

The level of Sc at 0. 6 MeV must have high spin 
3 

(since it is a long-lived isomeric state }. Since the selection rules 

forb id formation by (a, d) reactions of even-spin levels of a (j}
2 

configura­

tion, it is most likely that the level has spin and parity 7+ arising f rom 
2 

the (f
712

} configuration. Since the Q value for its formation falls on a 

smooth curve (as a function of mass number} with the level at 7 . .() MeV 

22 26 . 34 . 42 . 
inNa 6.91MeVinAl ,5.2MeVmCl ,and1,87MeVlnK ,1t 

is very probable that these levels also are the J=7 members of the(f
7

/
2

}2 

configuration. 
42 

Levels ofSc at 0,60, 1.43, 2.25, 3.00,and 3.55 

MeV were identified. The (He
3

,p} reaction, which can excite both odd-
2 

spin and even-spin members of the (f
712

} configuration, excited levels 
42 4 

ofSc atO, 0.617, 1.035, 1.509, 1.958, 2.248, and2.998MeV. Itis 

thus very likel y that the 0; 1. 035~ and 1. 958-MeV levels are states of 
3 

even spin, since (He , p} excites them but (a, d) does not. 

3 
P, C. Rogers and G. E. Gordon, Phys. Rev. ~' 2653 (1963). 

4 
J. McCullen and B. Bayman, Palmer Physical Laboratory, 

Princeton, New Jerse y (private communication). 
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E- 3 . ANALYSIS OF TWO-NUCLEON STRIPPING REACTIONS 

Norman K. Gle nd enning 

Lawr ence Radiatio n Labora tory , Unive rsity of Califor nia, 
B e rk e l ey, Californ ia 

I n an e arlie r work , t w o-nucleon s trippi ng reactions we r e 

formulat ed i n such a way as to give a central rol e to the structure of 
l, 2 

the nuclear s tates involved . T he differential c ross section was ob-

tai ned in th e form 

d<T 
dQ 

2Jf + 1 

2J . + 
1 

2 
bs 

tsJM 2S + 1 
L 

2 

( 1) 

where L, S, and J are t he orbital, spin, and tot a l angular momentum of 

th e trans ferr ed pair. The amplitude B~L for the absorption of a pair of 

nu c l eon s i n to th e state who s e cent e r-of-mass motion is cha r ac t erized b y 

t he indicated quantum numbers is entir e l y ana l ogous to t he similarly de-

noted quantity in the the ory of (d, p) r eac t ions. 

The nuclear structure informatio n is contai ned i n the f ac tor 

G wh i c h is a p roduc t of thr ee overlap int egra ls : 

(2 ) 

l 

N. K . G l enden ning , "Nuclea r Stri pping R eactions, " in Annual R eview 
of Nuclear S c ience, edi t ed by E. Segre (Annua l R eviews, Inc., P a l o Alto, 
1963 ), Vol. 13, p . 191. 

2 
Simi lar developments have been suggested i nde p end entl y by J . J anec ke , 

Nuc l. Phys. 48, 129 (1 963 ) ; Ching l iang Lin and S . Yoshid a (p re p rint, 
I nsti t u t e f or N uclear Study, Tok yo ) ; E . M. Henley and D. U. L . Yu (pre­
p rint, U niversity of Washingt on, Seat tl e ) . 
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The overlap {3 measures the degree to which the final nucleus appears 

as the target plus t w o nucleons in the state 'I= n
1
.t 

1 
n 21

2 
• • • with 

orbital, spin, and total angular momenta L, S, and J, More precisely , 

The overlap integral nn is taken with respect to the relative 

motion of the two captured nucleons between the final state in the nucleus 

and the initial state in the projectile, For reactions initiated by He 
4

, 

n J 2 2 2 2 
4'!1" cj> n 

0 
( i v r ) cj> 

0 0 
( 41') r ) r d r 

[(2n- 1)!)2 (4TJ .J2V )3/ 2 ~ - ~)n' (4) 
n-1 2 2 

2 ( n - 1)! 8TJ + v 8 TJ + v 

where , for the He 
4 nuclide~ we have assumed a Guassian wave function 

2 2 -1 
lj!:=exp(-TJ :Er . . ), TJ"' 0.233F 

lJ 
(5) 

and for the bound states we have assumed harmonic-oscillator wave func-
4 

tions cj>nl wi th parameter 

-1/ 3 -2 
v "'A F . (6) 

The bra c ket ( nO, NL; Ll n
1

.t
1

, n
2

.t
2

; L ) is the amplitude for 

relative s motion for the state of the two nucleons when they occupy n
1

.t
1 

and n
2

J. 
2 

and have total orbital angular momentum L. These transforma-
5 

tion brackets have been tabulated, 

189 

3 
For reactions initiated by He3 or triton, r eplace .,z by.! .,z in Eq. (4), 

where 1') := 0. 206 and 0. 242, respectively. 
4 

4 
Our definition of vi s such that the single-particle harmonic-

oscillator functions a r e proportional to exp (- i v r2). 
5 

T. A. Brody and M. Moskinsky, Tables of Transformation Brackets 
(Monografias del lnst. de Fi s ., Mexico, 19 6 0). 
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When a specific model is ass umed for the nuclear wave 

functions, the overlap factors f3 can be computed . This has been done 
1 

in some typical cases. In particular, for even-even targets and final 

states with a nucleon in j 
1 

and j 
2 

and an undisturbed core, f3 is just the 
6 

recoupling c oefficient for the LS-jj tranformation, i.e., 

E-3 

r ~ 1 

j3yLSJ = ((25 + 1)(2L + 1)(2j 1 + 1)(2j 2 t 1)] 
1 1 2 [~2 

1/2 

1 I 2 

s 

(7) 

12 14 
As an example, we consider the C (a., d)N reaction, 

7 e 
because of the existence of pertinent experimental and theor e tical in-

N 14 that are assumed formation. The energy spectrum of those states in 
. 12 

to be formed by an 1nert C core plus two nucleons, have been com puted 
e 

by True. We shall use his wave functions here. For the s and d orbits, 

he used an oscillator parameter v = 0. 27 F-
2 

and for the p orbit, 
-2 

v = 0. 32 F . We use the former value throughout. 

For configuration-mixed states, the overlap f3 given by 
y 

E q . (7) is multiplied by a , the admixture coefficient in the wave function. 
y 

14 
For the pure configuration relevant toN , the structure 

factors G are shown in Table I whi l e the appropriate linea r combinations 
e 

corresponding to wave functions of True are shown in Table II. 

A comparison of the structure factors in Table I for the 

d . f . . f 14 om1nant con 1gurat10ns o the T =O states of N (see Tables IV and V of 

Ref. 8) w ith the structure factors shown in Table II for the complete wave 

6 
What is required are the space-symmetric c oefficients. These are 

obtained from the usual ones by multiplying by the factor .[2 whenever 
1

1 
;.< 1

2 
a nil I or j 

1 
;" j 

2 
• 

7 

B . G. Harvey, J. Cerny, R. H. P ehl, and E. Rivet, Nucl. Phys. 
~' 160 (1962) and private communica tion. 

e 
W. W. True, Phys . Rev. 130 , 15 30 (1 963 ). 
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TABLE I. Structure fa ctors for pure co nfigur ations 
of isospin T=O in N14 . 

Configuration J L 
G NL1J 

N-1 N-2 N=3 

2 
0 0.0373 -0. 130 p112 
2 -0.584 

P1//s112 0 0.0457 0.619 

0.0373 0. 505 

p112d512 
2 -0. 141 0. 383 

3 0. 146 

3 3 0.554 

(2s 11 2)2 0 0.0324 0.0457 0 .438 

2 
(d5 I 2) 0 0.0153 -0 . 108 0. 206 

2 0.0484 -0.111 

3 2 -0.095 0 . 218 

4 -0.0885 

5 4 0. 587 

s 1 I 2d5 I 2 2 2 0.0203 -0 .3 28 

3 2 -0.0322 0.518 

p112d312 -0.0833 0. 226 

2 0 . 0289 -0.0 783 

3 0. 718 

d312d512 0 0.02 3 2 -0 . 16 3 o. 313 

2 -0 . 0639 0. 146 

2 2 -0. 121 0. 277 

3 2 -0.0730 0. 167 

4 o. 231 

4 4 0. 58 7 
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N 

T ABLE I. {cont'd) 

Configuration J L 
GNL1J 

N=1 N=2 N= 3 

2s1 / 2d3/2 2 0,0323 -0. 518 

2 2 -0.0250 0.410 

{d3/ 2) 
2 

0 -0.00 82 0.0578 -0.111 

2 -0. 0904 0.207 

3 2 0.0158 -0.0362 

4 0.533 

functions reveals that important differenc es are introduc ed by the addi ­

tional configurations, even when the y have small amplitudes . Thus, for 

example, the ground-state wave function has an amplitude 0. 9666 for 

E- 3 

2 
{p

112
) , but the sum of the absolute values of the oth e r amplitudes is 0. 48; 

this is a very important fa c t when c oherent sums are relevant. (S ee Eqs. 

{1) and {2). J To illustrate, in Fig. 1 the L=O part of th e wave function for 

' u. 

Fig. 1. Th e L =O pa rt of the wave 
function for the center - of - mass 
motion of two nucleons in the 

configuration {pf fl )J=l and having 
relative angular momentum zero. 
Its individual components weight­
e d by th e st ructure factors of 
Table I are also shown. 

-' z 
::> 

- O. I 0 0!:-~---:--~-:2:---~-:-3 -~-':4,...-~--7---' 

r IF I 
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TABLE II. Structure factors for the configuration-
mixed states of N14 having isospin T=O. 

E a GNL1J 
J L 

N=1 N=2 N= 3 

1+ 0 0 0.0423 -0. 152 0.0840 

2 -0,541 -0 .0986 

6.34 0 -0.0 366 0. 0360 -0.560 

2 -0.0758 -0.0094 

9.92 0 -0.0021 o. 162 -0.0959 

2 -0.0982 0. 06 27 

12.24 0 0.00 90 - 0.0645 0.0473 

2 -0 . 166 0. 55 3 

1- 4.9 0.0273 0. 5 28 

12. 07 0.0871 o. 165 

2+ 9.45 2 -0.0625 o. 524 

2- 4.83 -0. 133 o. 362 

3 0. 276 

7 .89 -0.0544 0. 148 

3 -0.679 

3+ 7. 61 2 0.0803 -0. 582 

4 0.0141 

11.6 2 -0.0807 -0.0061 

4 -0.0871 

aThe energies in MeV are the calculated ones of Ref. 8. They are 
c los e enough to the observed levels of the corresponding spin and parity 
that th e information in this table can be easily ass ociated with the co rrect 
leve l. 
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2 
the center -of-m ass motion of th e configuration (p1/

2
)J=

1 
is shown, together 

with the separate N components . Figure 2 shows the L=O function for the 

full configuration-mixed wave function of the ground state, which contains 
2 

93% of (p
11 2

). We draw attention to the smaller value of the functions in 

the interior and the increased concentration on the nuclear surface . This 

is a striking exampl e of the coherent effect of the small components , es -

pecially important when one considers Fig . 3 where the L = 2 part of the 

wave functions is plotted. Thi s function is less concentrated at la rge radius 

than th e function of Fig . 1, and more concentrated the re than that of Fig. 2, 

After c onstructing the structure factors G, one can proceed in 

e ither of two ways. The first consists in doing a compl ete cal cul ation b y 

evaluating th e tran sfer amplitudes B~L b y the distorted - wave m e thod and 

introducing the results into Eq. ( 1). Th e second is to tr y to extract from 

the experiments th e implications of the varying intensities with which the 

l eve ls are excited, without doing a c omplet e ca lculation of the angular dis­

tributions. We pur s u e the latter cou r se here . For that purpose the struc ­

ture factors G must be further ana l yzed, because theN dependence of B~L 

'u. 

J 
z 

::J 

r ( F ) 

Fig. 2 . The L=O part of the wave 
function for the center - of - mass 
motion of two nuc l eons in the 
J = 1 +, T=O ground - state wave 
function of N 1 4 described in 
R ef. 8. It s individual compo­
nents we i ghted by the structure 
factors of T a ble II are also 
shown. 
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0.25 
N 

' 
Fig. 3. The L=2 part of the wave 

function described in Fig. 2. 

u. 

-' z 
::J 0 

- 0.250!;----c-~---c!;-~--';3---c4:-~---:------!6 

r {F) 

.is strong, as a glance at the wave functions in, say, Fig . 2 suggests . 

The quantum number N refers to the number of nodes in the radial wave 

function describing the center-of - m ass motion of the p a ir of nucleons that 

have been captured by the nucleus . By intuition, we can guess that this 

motion is usually more complicated than the motion of the individual 

nucleons. T able I shows, for exampl e, that the center - of-mass motion of 

two nucleons in the 1d shell with L=O requires functions of 0, 1, and 2 

nodes (N = 1, 2, 3) to d esc ribe it. In the surface region and beyond, the 
N -1 

sign of the functions of differ ent N is given by ( -1 ) (ace ording to the 

phase convention used by most authors ) . At the origin they all have the 

same sign . So, rough l y speaking, if theGN have alternating signs, the 

195 

wave function for the center-of-mass motion tends to be small in the interior 

and is peaked near the surface, whi l e if theGN all have the same sign, 

the contrary holds. 

For reactions in which the emitted particle is composite, 

we expect the surface region to be especially important. In this region 

the higher N component s contribute more than the smaller ones . In the 

present case the approximate relative weights W are shown in Tab l e III. 
N 

The strength of the L component in the cross section c orresponding to a 

given level is then roughly given by 
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TABLE III. W , the areas of the wave functions for the 
center - of - mass motionNJt the captur ed pair from r = 3 F outward . 

N 
L 

2 3 

0 o. 150 0 . 672 1. 13 

0. 3 15 0.972 

2 0.504 1. 15 

3 o. 768 

4 1. 00 

'\' N 
1

2 
5 LsJ = I UN (-i) WN GNLSJ . (8) 

( 2 ) f 01 1 OfN
14

• w ldl "k In F ig . 4 we plot J + 1 SL or the T = eve s e wou 1 e to 

know how the transfer probabi l ities 

ZOOr-~er----,-~N~-,----~----,-----.,10 

Q) 

c 
c 
0 

J::. 
(.) 

' V> 

"E 
::::> 
0 

(.) 

150 

Q 

"' 

~ .. -
"· "' 

Channel number 

C12 (a ,d) N 14 

Ea= 50 MeV 
e = zs· (lab) 

8 

6 

(9) 

Fig. 4. The strengths SL, d esc rib ed in th e text, for the two-nucleon 
stripping r eactions t o l eve l s in N 1 4 a r e shown by vertica l lines . The 
observe d spectrum of deuterons from C' Z(a , d)N1 4 at 8=25°, obtained 
by Ha rvey et ~- (R e f. 7) , is also shown. 
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behave as functions both of Land Q (kinetic energy increase), Then we 

would be able to say what intensities for the various levels are implied 

by the wave functions we have used to describe them, because the inten­

sity is proportional to ~ SL PL. At the moment we do not have such 
9 

information, Thus we cannot make an unambiguous comparison with 

the experiments. Moreover the energy spectrum of outgoing deuterons 

has been measured only at several angles, and only at one angle with 

high resolution, With these reservations, we show SL and the observed 

energy spectrum at one angle in Fig. 4, For the ve r y intense level at 
7 2 

9 MeV, SL is large, supporting the assignment (d
512

)J=
5 

used in cal-

culating its strength. On the other hand the 1+ level at 6, 23 MeV is very 

weakly excited while the calculated strength is l a rge when compared w ith 
2 

the ground state, where the opposite situation holds. The 2s
112 

configura-

tion is mostl y responsible for the large strength of the 6. 23-M e V l eve l. 

If subsequent calculations of P L support the relative intensities predicted 

for these two levels, then one would conclude that the ground state must 
2 

have much more 2s 
1 
I 

2 
mixe d into it than True's cal culatio n indicates. 

The experimenters find a level at 8. 45 MeV which has not been fitted into 

True's scheme. On th e other hand, the level at 7. 97 M e V is very weak. 

This level was connected by True to his calcul a ted 2 state w hich has a 

large strength. Our results suggest that this state is r ea lly the one at 

8. 45 MeV, while the 7. 97-MeV leve l probably has a core -exc itation con­

figuration as the dominant component. 

A 4+ level, w ith calculated energy about 14 MeV, has a very 

large strength of about the magnitude of the strong level at 9 MeV. It is 

unfortunately beyond the range of the cpoted experim ents . Several 4+ 

9 M . 
Distorte d-wave calculations of BNL w1ll be reported soon. 
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1 0 
levels around 13 MeV have in fact been reported. It will be inter -

e sti ng t o see whether a strong t rans ition is observed in the (a, d) 

reac tio n. Its obs ervance wou ld a ttach th e d
312

d
512 

configur a tion a s 

a strong compon ent of the leve l. The nucleus is unstab l e against p a r­

ticle emission a t suc h energies . However , the pr edic t e d sta te has 

angular momentum 4 and, acco rding to its pare ntage, should d ecay to 

C 
12 

so tha t ther e is both a centrifuga l and Coulomb barrier to retard its 

deca y. 

Th e exis t ence of rather pur e s tat e s at such high energy as th e 

5+ (9 M e V) and the pr ec i c t e d 4+ (~14 MeV) is surprising and int e resting. 

T o summa rize, we have shown how to ext r ac t from nu cl ear 

wave functions th e information that is r e l evant t o t wo -nucl e on stripping 

reactions. The accuracy w ith which thi s information predicts th e observed 

intensities refl ec ts on the accu r acy of the wave fun c tions . Whil e the 

nucleus we have ana l y zed i s one whi ch can be treat ed b y the conven t iona l 

(two -particle ) shell mode l , the wave functions obtained b y methods ap-

propr iat e to more complicated s ituation s can a lso b e used to comput e the 

overla p int egral s J3. The res t of the anal ysi s wou ld be the s a m e as above. 

1 0 

F. Ajzenb erg - Se love and T. L aurits en, Nuc l. Phys . ~, 1 ( 1959 ). 
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3 * E- 4. THE STUDY OF (He , n) REACTIONS 

G. U. Din, J. L. Weil, and G. C. Phillip s 

Rice Uni versity, Houston, Texas 

3 . 
Previous studi es of (He , n) react1ons ha ve been charac -

terized by studies of angular distributions at a few fixed bombarding 
3 l 

energies . There are but a few (He , n) reactions that have been inves-
12 3 14 2 

tigated. The C (He , n)O reaction has been studied by a number of 

investigators from the threshold to 11 MeV bombarding energy. From 
3 

a study of (He , n) reactions one might hope to obtain information on the 

reaction mechanism. It would be expected that both compound-nucl eus 

formation and dir ect interaction may play substantial roles. 

Six (H e
3

, n) reactions have been investigated at the Bonner 
3 

Nuclear Laborato ries. The nuclei bombarded with He particles from 
.7 9 11 12 13 18 

the Van de Graaff accelerator were L1 , Be , B , C C , and 0 . 

Thin solid targets were used in all these experiments . Li 
7

, Be 
9

, and 

B 
11 

metals were evaporated onto tungsten backings. C 
12 

and C 
13 

targets 

were prepared by cracking methyl iodide onto hot tungsten backings. 

"'supported in part by the U. S. Atomic Energy Commission. 

l 
R. G. Johnson, L. F. Chase, Jr., and F. J. Vaughn, Proceedings of 

the Rutherford Jubilee International Confer ence (Heywood and Co. , Ltd., 
London, 1962); J. L. Duggan, P. D . Miller, and R. F. Gabbard, Nucl. 
Phys. 46, 336 (1963). 

2 

D. A. Bromley, E. Almquist, H. E . Gove , A. E. Litherland, E. P. 
Paul, and A. J. Ferguson, Phys. Rev. 105 , 957 (1957); N. H. Gale, 
J, B. Garg, J. M. Calvert, and K. Ramavatram, Nuc l. Phys. 20, 313 
(1960) ; J. H. Towle and B. E. F. Macefield, Proc. Phys. Soc. (London) 
!.}_, 399 (1 961 ); H. W. Fulbright, W. Parker, A. Ford, 0. M. Bilaniuk, 
V. K. D eshpande, and J. W. Verha , University of Rochester Report 
NY0-10034 (F eb . 5, 1962) ; G. U. Din, H. M. Kuan, and T. W. Bonner, 
Proceedings of the Rutherford Jubilee International Conference (Heywood 
and Co. , L td., London, 1962) and Nuct Phys. (to be published). 
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b lanks were heated in an For preparing the o 18 
targ e ts, tungsten 

1 8 
atmosphere of 40% 0 gas. The target 

2 
thickness var ied from 200 jJ. g I em 

1 8 2 7 
in the case of 0 to 40 jJ.g /cm for L i . 

9 18 
In the case of Be and 0 , we 

studied the neutron groups l eading to the first exc ited state and the ground 
3 

state of the residua l nuclei. F or the remainder of the nuclei, the (He , n) 

reactions were onl y inves tigated for the neutron groups leading to the 

gro und state of the residual nuclei. 
1 2 3 14 

The n eutro n detector in the case of C (He , n)O was a 

modifie d l ong counter. F or the other five reactions a sti lbene crystal was 

used as a proton recoil counter to d e tect the neutrons. Pulse-shape dis­

crimination was employed to discriminate against the recording of gamma 

rays as we ll as beta-decay e l ec trons in the crystal. 
3 

The (He , n) reactions inves tigated have high positive Q 
12 3 14 

values except for C (H e , n 0 )0 which has a Q valu e of -1 . 148 M eV . 
18 3 20 

0 (H e , n 0 )Ne has the highest 0 v a l ue (13. 117 M eV) . Because the Q 

v alues are genera lly large , the excitation e n ergies in the compound nuclei 

vary from approximately 12 to 30 MeV , depending upon the ta rget nuc l e us. 

Figure 1 shows the differential cross section for the 
0 3 

emission of n eutrons at 0 as a function of incident He energy for the six 

target nuclei studied. The range of bombarding energy varied with the 

target studied but it was genera lly from 1. 5 to 5. 5 M eV. In the c as e of 
7 3 9 

the Li (He , n)B reaction, there is continuum from three-body-breakup 

neutrons. These n eutro n s are present for a ll energies below that of 

ground state. In the analysis of the data, it was not possibl e to subtract 

this bac kground of neutrons from the monoener getic gro up of neutrons. 

Figures 2 and 3 show exci tation curve s th rough similar 

bombarding energy ranges for the same targets at 90° and at backward 

angl es . 
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Fig. 1. Excitation curves for 
(H e3 , n) r eac tions at 0° . Cross 
sections (lab) are in rnilli ­
barns I steradian. Th e r espec ­
tive vertical scales are marked 
for various targe t nucl e i. 

Fig. 2. Excitation curves for 
(H e3 , n) r eactions at 90°. Cross 
sections (lab) are in rnilli-
barns I steradian. 
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1.0 Fig . 3. Excitation curves at 160° 
for Li7 (He3 ,n

0 
)B9, 

Be9 (H e3 , n
1 

)C1 1 , and 

E-4 

B e 9 (H e3 , n
0 

)C1 1 ; a t 145° for 
B1 1 (He3 , n

0 
)N1 3; and a t 150° for 

Cl 3 (He3 , n 0 )01 5 . Cross sections 
a re in mb/sr (lab). 

0,'::0-~--;,';oo-~---.,':o.o-~----..'n.o-~----,,'n.o-~----.! •. o 
He3 ENERGY (MeV) 

. 7 9 B11 
Sixty-five angular distributions for L1 , Be , 

and c 13 
nucle i are shown in Figs. 4 , 5 , and 6. Cross sections and 

angles are in the c. m. system. The solid lines are sums of L egendr e 

polynomia l s fitted to the data. Most of th e angular distributions were 

fitted for pol ynomia l s only up to P
6

. A few a t l ower bombarding e nergies 

r e quired no higher than P 
4 

to obtain reasonable agreement . 

These angular distributions we r e take n at s mall e n e rgy 
3 

interval s wi thin the range of bombarding e n ergy of He Whe ne ve r 

there was a r esonanc e structure in the yield curves at 0° the angular 

distributions we r e measured before the p eak, at the p eak, and after the 
7 12 1 3 

peak. Thi s can b e seen in the case of Li , C , and C It is noted 
1 2 13 3 

that the C and C (He , n) reactions indicate rapidly changing angular 

distributions in the n e ighborhood of the resonance. At the lower bom­

ba rding energies, the angular distributions frequent l y are isotropic and 
0 

in other cases symmetr ic about 90 . 

Tota l cross sec ti ons in mi llibarns fo r B e
9

, B
11 c 12

, and 

c 13 
are s how n in Fig. 7. E xcept for c 12

, the total cross sections were 

obtained by integrating th e angular di stributions. These excitation 

curves ri se smoothly with incr eas ing e n ergy after w hich they are 
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Fig. 4 . Angular distributions for n e utrons from the r e actions 
L F (He3, n 0 )B 9 and Cl3 (He3, n

0
)Ql5 . Cross sections are in mb /s r 

in the center - of - mass system. The zeros on the right - hand scale 
r epresent , in ascending order, the positions of the zeros for th e 
various curves . In order to obtain numbers from a particular curve, 
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B e9 (He3, n 1 )C ll a n d Be9 (H e 3, n

0
)C ll . Cr oss sections a r e in mb / s r 

in the c . m . system. The ze ro s on the ri ght - hand s c a l e r e pr esent , 

E-4 

in as c e ndin g ord e r , the p os itio n s of the zeros for the va ri o u s cu rves . 
In o rder to obtain a numbe r f rom a pa r tic u lar cu rve, o n e mus t s ub ­
tract fr o m the l e ft - ha nd s c a l e the v a lue of the zero f o r tha t c u rve . 
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Fig. 7. The total eros s 
section in mb for the 
reactions 
B e9 (He3 , n

0 
)CI 1 , 

Be9 (He3 , '\ )CI I , 

Bll (H e3 , no )N13' 
Cl 2 (H e3 , n

0 
)01 4 , and 

C1 3 (He3 , n
0 

)01 5 . The 

total cross section for 
Cl 2 {He3 , n

0 
)OI 4 was 

determined by me as­
uring the yield of beta 
particles from th e 
radioactive Ql 4 . For 

the remaind e r of the 
r ea ctions th e total­
eros s -section points 
were obtained by 
integrating the angu ­
lar distribution . 

r e lative l y constant . 
. 12 3 14 

The total cross sec t1on for C (He , n 0 )0 was 

d etermine d by m eas uring both the yie l d of b e ta particles from the 

radioactive o 14 
that is produced and the yie ld of gamma ra ys of 2 . 3 1 

M eV w hich accompany this d e ca y . In the region from 2 to 3 M eV th e re 

is a promine nt resonanc e . 

In ge n era l , at l ower bombarding energy the angular dis -
3 . 

t r ibution for (He , n) r e actions seems to change in shape with energy 

w hil e the angular di s tributions at highe r e nergi es indicate strong for ­

war d peaking and r e la ti ve l y small yields in the backward dir e ction. The 

bombarding energy at which the p eak in the forward direc tion dominates 
3 

varies from nucle us to nucleus . N ewn s' double -s trippin g theory has 

b een a pplied to some of th ese angular dist r ibutions. The curves in the 

forward dir e ction at high e r bombarding e ne rgies may be fitt e d , but in the 

b ac kward d irec tion the agreem e nt is poor. For this reason no curves 

are s h own in the figures . 

3 
H . C . Newns , Pr oc. Phys. Soc. (London) 76 , 489 (1960). 
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The rapid fluctuation (with energy) of the cross sections 

seems to be in contradiction to a direct-interaction mechanism. 

Ne ve rtheless, the tendency to give stripping-type patterns (at some 

energies) seems to point in that direction. P erhaps the most reasonable 

interpretation is the following. (1) The broad resonant structure is indica­

tive of a number (about 10) of broad, interfering resonant states whose 

lifetimes are very short. The fluctuations of cross section, at forward 

angles, is evidence of thes e states, (2) Th e lifetimes of the compound 

states are only a few times the transit times of the particles across 

nuclear dimensions and this lifetime is energy dependent because only a 

few states are interfering. When the energy is such a value (between 

resonances or at higher energies ) that the lifetime is about as short as 

the transit times , then the forward peaks characteristic of direct inter-

207 

actions are manifest. This explanation see!T\S to be a proper one for similar 
14 12 4 13 5 

processes, such as states inN studied by C + d and C + p. 

However, this explanation is incomplete; the data are appare ntly not 
6 7 

accounted for by the ideas of Ericson or Temmer because of the pro-

nounced tendency to show fluctuations most strongl y onl y at forward 

angles. 

4 
E . Kashy, R. R. Perry, and J. R. Riss er, Phys. Rev . .!...!_2, 1289 

(1960). 

5 
T. Belote, Ph.D. Thesis, Rice University (1962). 

6 

T. Ericson, Phys. Rev. Letters~' 430 (1960) ; Phys . Letters _i, 
258 (1963). 

7 
G. M. Temmer (private communication). 
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3 16 
E-5 . THE (p , t) , (p , H e ) , AND (p,a) REACTIONS ON 0 

INDUCED BY 43. 7-1v1eV PROTONS 

Jos e ph C erny and Richard H . P ehl 

Lawrence Radiation Laboratory and D epartment of Chemis tr y 
Unive rsity of California, Berke ley, California 

A lthough inves tigation of the various t wo -nuc leon 

transfer r e actions has been incr easing in rece nt years, little ex peri -

m e ntal work has b ee n done on the (p, t) reaction and vir tually none on 

(p, H e 
3

) reactions. Such data permit a compa rison of transitions t o 
16 14 

ana log final stat es; in our case w e can compare the 0 (p, t)O g. s. 
+ 16 3 14>~ + 

(0 , T = 1] and 0 (p , H e )N (2.31 M e V, 0 , T = 1] transitions. 

T hese reactions , as we ll a s the (p , a) reaction, can g i ve information 

on co re-exctited s tates i n the residua l nuclei; converse ly, information 

on the configurations of the final s tates may es tab li sh the r eaction 

m echanism. 

E x perimental 

A b eam of 43. 7-Me V protons from the 88-in. cyclotron 

E-5 

1 
induce d these r eaction s on a gas ta rget. An improved particle ide ntifier 

fed by a semiconductor count e r t e lescope identified the reaction pro­

ducts. T ot a l- e n e rgy puls es we r e fe d into a Nuclear Data ana lyzer which 
. 3 

was a ppropnate l y gat e d so that the (p , t) , (p , H e ) , and (p , a) s p ectra were 

recorded s im u ltaneous ly. Ang l es from 10° to 70° (lab) were observed . 

1 

F . S. G ou lding, Lawre nce Radiation Laborat ory, t o be submitted 
to the Symposium on Scintillation and S e miconductor Counte rs, Washington, 
D . D ., 26 -2 8 F e b ruary 1964 . 
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16 14 16 3 14 
Figures 1, 2, and 3 present 0 (p,t)O , 0 (p,He )N , 

16 13 
and 0 (p,a.)N spectra, respectively. The excitation of the various 

peaks is indicat ed. 

200 10 200 10 

0 16 (p,t)014 43.7-MeV 0 16tp,He'> N14 43.7 MeV 
protons 

protons 
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> 
~ ! > 

l 120 6~ ~ 120 6 ! 
il . 

c -z 

il 
0 c 
0 ] c 

4 ·~ 4 
0 

~ "' 
80 2 ·s u 

"' 
40 

Channel number Channel number 

Fig. 2 . He 3 energy spectrum Fig . 1. Triton energy spectrum 
from the reaction 0 1B (p,t)014. from the reaction 0 1B (p,He3)Nl4 . 
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Fig. 3. He4 energy spectrum from the reaction 0 1 6 (p, a. )N I 3 . 
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Discussion 

Angular distributions from isobaric final states. Com-

parisons of t ransitions t o isobaric anal og s tates have b e en of i n t eres t 
2 

fo r som e tim e , the mos t rec e nt t wo - nucleon stripping inv e stigation 
12 3 14 + 

b e ing a comparison of the C (He , n}O g. s . [ 0 , T = 1] and 

E -5 

12 3 14* + 
C (He , p)N [ 2 . 31 MeV, 0 , T = 1] react ions a t bombarding energies 

6 
. . 16 

from . 5 to 11 M e V. Two-nucleon pt ckup reactwns on 0 a ls o popu-
14 14 

late t h e s e ana l og state s of 0 and N Figure 4 presents angular 

'§ 

_g 

~ 
~ 
b ., 

o Q16 (p,t) Q 14 ground state 
o. Ql6 (p,He3)N14 * (2.31 -MeV) 

0 
6 

E 
0 
6 

o.o 1 o~----"'--::':----'--4-::'0:----'--6=-'o:-----'--e=-'o,-J 

ec.m. ( deg ) 

F ig . 4. A ng ula r distributions for the Q1B (p ,t )Ql4 g.s .[O+ , T = 1] and 
0 1B (p,He3 )Nl4o:' ( 2. 31 M e V , o+ , T = 1) t ransi t ions . The s m ooth 
line is an L =O two-nucleon DWBA fi t t o the (p ,t) transition a t an 
inte ra c tion radiu s of 6. 2 fm . 

2 
H. W. F u lbr ight , W . Parke r Alford, 0. M. Bilaniuk , V. K. 

D eshpande, a nd J. W. V erb a , R e por t NY0- 100 34, T h e Univ e rsit y of 
Roches t er . 
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16 14 16 3 14* 
distributions of the 0 (p,t)O g. s. and 0 (p , He )N (2. 31 M e V) 

reactions; the differential cross sections of the latter have been multi.-

pli.ed by two. Virtually identical angular distributions are observed 

except for a slight displacement i.n c.m. angle. 

In the Born approximation, the rati.o of the differential 

cross sections i.s gi.ven by 

dtT(p,t) \M(t) \
2 

3 
Since k(t)/k(He ) = 0. 94 for our case, the rati.o of the matrix elements 

appears to be:::: 2. Under the assumptions of pure i.-spi.n states for all 

nuclei. involved i.n the transi.ti.ons and an i.-spi.n-conservi.ng i.nteracti.on, 

the theoretical rati.o i.s 

3 2 
\M(He ) \ 

_ fC(t(p)T t(t); T(p), T(t) -7(p)) 
- 3 3 

C[t(p)T t(He ); 7(p), T(He ) 

2, 

where T i.s the i.-spi.n of the transferred pai.r. Thi.s i.s i.n agreement 

wi.th our result. 

If the differential cross sections for these reactions 

are plotted vs the momentum transfer q rather than the c. m. angle, 

the predi.cti.on of plane -wave stri.ppi.ng theory for an identical mech­

anism would be that the two curves should superimpose. When this 

is done, the (p,He
3

) reaction i.s displaced to larger values of q than 

the (p,t) reaction-the fi.rst maxima differ by about 7%. Thi.s would 

require the interaction radius of the two fi.ts to differ such that 
3 

R(p,t) > R(p,He ). To investigate further whether thi.s result 

mi.ght i.mply a physically different nuclear region for the two pickup 

processes, a two-nucleon DWBA calculation was performe d. Also 

211 
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shown in Fig. 4 is a pr e liminary fit to the (p , t) data for a tota l angular 

mom e ntum transfe r L o f zero; the sam e optical-model param e t e rs 

will fit the (p , H e
3

) data by a s light increas e in R so that R(p,t) S, R(p , H e
3

). 

H e n ce some o f the discr e pancy w hi c h appears in the plane - wave 

analysis can b e r e m oved in a distorted-wave approach. Coulomb e ffe cts 

on the outgoing particles do not appear to b e important; thus it i s the 

energy d e p endence of the DWB A analys i s w hi ch produces the improved 

agr eem ent. 

The DWB A fits t o the above r e a c tion s and to the 
16 3 14 

0 (p,He )N g. s. transition wer e ca l culate d by use of a code writte n 
3 

by D r . N . K. Gle nde nning. These t wo -nucleon-transfer ca l cu la tions 

are based on a d e lta-function interacti on at the " sur face" and assume 

the t wo nucleons are t ransfe rr e d as a lump. F igure 5 pres e nts an 
16 3 14 

L =2 fit to the 0 (p , H e )N g . s . tran siti on and also shows an L =2 
16 14 4 

fi t t o the 0 (d, a) N g. s. trans ition a t 24 M e V ca l cu late d ear lier . 

No combinati on of diffe r e nt interaction radii or opti ca l-mode l para­

m e t ers indi cat es an appreciab l e admixture of L =O i s pr esent in e ithe r 

of these ground - s t a t e tran s itions. Thi s p reference for L =2 over L =O 

agrees with arguments based on the "momentum mismatch" occuring 
5 

in these r eactions and a coupling scheme d eve loped b y Glende nning 

for two-nucleon-transfer reactions. 

3 

N. K. Glende nning , Lawre n ce Radiation L aborato ry (private 
communication). 

4 

R. H. P e hl , "Studies in Nuclear Spectr osco p y by T wo - Nuc l eon 
T ransfer Reactions" (Ph . D. T hesis ) , Lawr e n ce Radiation Laborat ory 
Repor t UCRL-10 993, Augus t 1963 (unpub l is h e d) . 

5 

N. K. Gl e nd e nning, Nuc l. P hys. ~ 10 9 (1 962 ) . 
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0 

20 

o Q 16 (d , a) N14 ground state 

o Q16 ( p ,He3)N 14 ground state 

40 

Bc.m. (deg ) 

F ig. 5. Angular distribut ions for the Q l6 (p,He 3)N H g . s . transition 
(arbitrary uni t s) and for the Ql6 (d,a)N l 4 g. s . transition(mb/sr ) . 
An L=2 DWBA fit is shown for the form e r at an inte raction radius 
of 5. 8 fm and for the latte r at 6. 0 fm . The optical -mode l para­
m e ters for the se fits and for thos e of F ig . 4 w er e those lis t ed in t h e 
following table . 

v w a b r r 
0 l 

p -55 - 12 0 . 6 0.6 1.3 0 

H e 
3 

-60 -20 0.5 0.5 1.3 1.2 

d - 56 - 12 0 . 65 0 . 55 1. 20 0.75 

a -35 -7 0.45 0.60 1. 30 1. 20 
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Spectroscopy of Strongly Populated Final States and Nature 

of the Reaction Mechanism . The spectroscopy of the final states observed 

in these (p,He
3

) and (p , a.) reactions can support only a pickup m echanism. 

Further, the states populated in the (p,t) reaction are consistent with a 
3 

pickup mechanism and can be correlated with the (p , H e ) results. Since 

o 16 
is predominantly a closed-p-shell nucleus, we expect proton-

induced pickup reactions to populate (to first order) states of configuration 

1pn and that any state corresponding to the excitation of a nucleon into the 

id,2s shell should be weakly populated. However, a knockout reaction 

could strongly populate both types of states. 
i6 3 i4 

From the 0 (p,He )N spectrum shown in Fig. 2, it 
i4 

canbeseen thatstatesofN atO, 2.3i, 3.95, 7.03,andabout9.i5MeV 
6 

are strongly populate d. A r ece nt article by True shows that these 
iO 

states are the only ones of configuration ip through 9. 4 M eV excitation 
2 2 

and correspond, respectively, to (p 112 J1+,T=O' (p 112 J 0+,T=i' 

[ -i -il [ - i i] d 
p3/2 pi /2 it T=O ' p3 /2 pi / 2- 2+ T=O ' an 

-i '-i ' + i4 
[(s,d)+p 312 P

112 
]

2
+ , T=i· (The i0 .42 -MeV 2 , T =i state ofN 

is thought to possess high admixtures of the same configurations as 

the 9. i7 -MeV s tate. ) There are eight states in this energy region of 
9 9 

configuration i p 2s and i p i d and none are populated to an appreciable 
iO 

fraction of the p states. 

The previous discussion aids us in interpre ting the (p,t) 

spectrum shown in Fig. i. The energy scale has b een normalized to 
i4 7 

the ground state of 0 and to its es tablished state at 7. 5-MeV. On 

6 
W. W. T rue, Phys. R ev . .!.1Q, i530 (i963). 

7 

T . Lauritsen and F. Ajzenberg-Selove , "Energy Levels of Light 
Nuclei -May i962," Nuclear Data Shee ts , National Academy of Sciences 
- National Research Council , Washington, D. C. 
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this basis the other strongly populated state may be the known 6. 30-MeV 

state. The transitions to both of these excited states show an L=2 

pickup pattern while the g . s. shows the expected L=O . If we assume 

that these states correspond to 
10 14 

p states in 0 , their analog states 

215 

14 
inN should occur near 9 and 10.5 MeV excitation. The only established 

states in this region of N
14 

are the 9. 17- and 10. 42-MeV states 
10 

p 
+ -1 -1 

discussed earlier; both are 2 , T = 1 and have an [(s,d)+p
312 

p
112 

] 

configuration. The fact that both states have spin two agrees with our 

pickup analysis. A further comparison is possible in associating the 
14'-' 14':' 

N (9. 17 MeV) and 0 (6. 30 MeV) states. As was shown earlier, 

the (p ,t) cross section to an isobaric-analog state appears to be twice 

the corresponding (p ,He
3

) cross section. This ratio was calculated for 

these states at four angles (over which the individual differential cross 

sections decrease by about a factor of two) and was found to be 1 . 8 

a further confirmation of this assignment. 
14 

Hence the levels of 0 

at about 6. 3 and 7.5 MeV excitation can be assigned as 2+ , T = 1 analog 

states of those in N
14 

at 9. 17 and 10.42 MeV, respectively. 

We now wish to consider the final states populated in the 
16 13 . 16 

0 (p,a)N reaction, noting that the cluster -model p1cture of 0 as 

2.2, 

four a particles makes this a favorable target for a knockout mechanism. 

Figure 3 indicates strongly populated states at 0, 3.5, 7.4, and 9.0 
13 9 

MeV excitation. A recent reinvestigation of N indicates states of p 
8 

configuration at 0, 3.51, 7.42, 8.9, and 9.5 MeV; these could be 

formed by either a pickup or a knockout mechanism. All other states 

below 9. 5 MeV possess positive parity and are thought to correspond to 

an s or d nuc leon coupled to the ground state or first excited state of 

8 
F . C . Barker, Nucl. Phys. 45, 449, 467 ( 1963). 
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C 
12 

A knockout mechanism should also lead to population of the positive -
12 

parity states corres ponding primarily to the C g. s. plus an s
1 12

, d
5 12

, 

or d
3 12 

nucleon (or £
7 12

) which occur at 2.37, 3 . 56, and 8. 08 MeV 

(and 10. 36 M e V), respectively. Analysis of the angular distribution to 

the 3. 5- M eV state(s) and comparison with the g. s. transition shows that 

it is primarily the 3 .51-Me V leve l that is populated. Comparing our 

experimental r e sults with these configurations, it is apparent that the 

lowest four states of p
9 

configuration are strongly populated whereas 

none of th e positive -parity s tates are appreciably formed. 
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E-6. A STUDY OF THE NUCLEAR REACTIONS 
26 24 26 4 6 24+ 

Mg (p, t)Mg AND Mg (He , He )Mg 

M. E. Rickey, f H. E. Wegner, and K. W. Jones 
Brookhaven National Laboratory, Upton, New York 

and 

B. M. Bardin, C . Hoot, and M. Kondo 
University of Colorado, Boulder, Colorado 

I. Introduction 

Many nuclear rearrangement collisions using very light 

nuclei are useful tools of nuclear spectroscopy. Single -neutron pickup 

may be observed by the (p,d), (d,t), and (He
3

,He
4

) reactions. Com­

parisons of these reactions on the same targets are valuable since they 

provide critical tests of the reliability of spectroscopic information 

extracted from the data. 

In the case of the two-neutron pickup reaction, only one 

reaction among those commonly studied is accessible, namely the (p,t) 
6 

reaction. If He is included in the family of reaction products, the 
4 6 

(He , He ) analog reaction provides a supplementary means of studying 

the two-neutron pickup process. 

II. Experimental Procedure 

The (p, t) measurements were made with 28 -MeV protons 

from the University of Colorado variable-energy 52 -in. sector-focused 

twork performed under the auspices of the U . S. Atomic Energy Com­
mission. 

f On leave 1963-1964 from the University of Colorado. 
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cyclotron. 1 The (He 
4

, H e 
6

) measurements were made with 40-MeV alpha 

particles from the Brookhaven 60 - in. cyclotron. z The detectors were 

transmission-mount ed surface - barrier counters. 3 Three detectors 

were used in each measurement: a thin ~E detector, a stopping detector, 

and a veto counter to reject events associated with long-range particles . 

Coincident pulses were r equired in the first two detectors, and anticoin­

cidence in the veto counter. The ~E pulses were multiplied byE pulses 

formed by adding pulses from the ~E and stopping detectors. 4 The product 

pulse was analyzed in a single-channel analyzer to select the particles of 

interest. Figure 1 shows th e mass spectrum obtained for the 
26 4 6 24 

Mg (H e , He )Mg reaction. Th e E pulses corresponding to the 

proper coincidence and mass -id entificati on requirements we r e analyzed 

in a gated multichannel puls e -height ana lyzer. 

III . R e sults and Discussion 

Figur e 2 shows typical spectra at two angles for the 
4 6 

(He , He ) measurements. The large kinematic shift togethe r with the 

65 - f'- thi ckness of the ~E detector severely limited the accessible range 

of excitation ene rgy at large ang l es . The background and poor resolution 

at small angles lead to considerable uncertainty in the strength of small 

peaks. Figure 3 shows typical (p , t) spectra . The l ower background i s 

a consequenc e of a l arger cross secti on and better resolution . 

1 D. A. Lind, J. J. Kraushaar , R. Smythe, and M. E . Rickey, Nucl. 
Instr. Methods~' 62 (1962) . 

zM. E. Rickey and H . E. W egner, Bull. Am . Phys. Soc . 1_, 78 (1964) . 

3 Oak Ridge Technical Enterpr i ses Corp., P . 0 . Box 485 , Oak Ridge, 
T ennessee . 

4 G . L. Miller and V . Rad e ka, IEEE Trans. Nucl. Sci. (to be published). 
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Fig. 1. Gated output from the 
multiplier circuit , showing the 
mass resolution. The ~E and E 
counters are thick enough to stop 
the most energetic He6 particles 
but only those He3 and He4 par­
ticles with less than 20 - 22 M e V. 
More penetrating particles are 
eliminated by an anticoincidence 
counter. 
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Fig. 2 . Energy spectrum of He6 
particles from 40-MeV alpha 
particles incident on a Mgz 6 
target. The 52.5° spectrum 
shows the decreased background 
at back angles and the (3+) 
5. 22-MeV state relatively 
strongly excited. The 25° 
spectrum shows the incr eased 
background at forward angles 
and the enhancement of th e 
6. 44-MeV state which is not 
observed in the (p, t) measure ­

ments. 
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Fig . 3. Energy spectrum 
of tritons from 28 - MeV 
protons incident on a 
Mg2 6 t arget. Th e two 
scattering angles 
chosen show th e 
striking changes in 
intensity of different 
groups with angle. 
The channel - number 
scale of the 60° spec ­
trum is normalized 
to the 45° spe ctrum 
for ease of compa ri­
son. 

A number of inter e sting features a ris e in th e comparison 

0 4 6 . 2} of the spectra. The 25 (He , He } spectrum (F1g. indicates that a t 

+ thi s a ngl e the 6. 44-MeV 0 

This l eve l is also obse r ved 

24 . . d . h" . state of Mg 1s exc1te 1n t 1s reaction. 
12 16 4 24 . 

in the C (0 , He }Mg reaction. 5 It is not 

observed at any angles studied in the (p, t} measurements, nor i s it 
4 6 

prominent a t l a rg e r a ngles in the (He ,He } measurements. B e tte r data 

a r e needed to show w ith certaint y that the level is excited . Howeve r, if 
. 4 6 

such data b ear out these conclus1ons, the n th e (He , He } reaction 

mechanism for the excitation of this level must be different from that for 

th e (p , t} r eaction . On th e other hand, a lev e l a t 7. 7 M e V i s strong ly 
4 6 . 24 

exci t ed by both th e (p , t} a nd (He , He } r eact10ns; th e re are many Mg 

levels in this r egion . Apparently one level, or a n a rrow band, has a 

5 S. Hinds, R. Middleton, and A. E. Litherland, Proc. Phys. Soc. 
(London} 7..!.... , 121 0 (1 96 1}. 
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large two-neutron spectroscopic factor. The first T=l level of Mg
24 

is 

at approximately 9. 5 MeV. This is the 4+ analog of the ground state of 

Na
24 

(and Al
24

). 6 There is no indication that this state is strongly 
4 6 

excited by either the (p , t) or (He , He ) reactions. 

The strength of th e (p, t) ground-state transition in com­

parison with the excitation of the other levels is quite apparent. This is 

in marked contrast to the relative strengths of th e various transitions in 

the (He
4

,He
6

) reaction. Similar behavior of the (d,t) and (He
3

,He
4

) 

reactions is noted in the work of Blair and Wegner. 7 This is perhaps 
4 6 . 

an indication that the (He ,He ) reactton accentuates higher J. transfers 
3 4 

as conjectured in the case of (He , He ) . 
+ 

The excitation of the 5. 22-MeV 3 unnatural parity state 

. h . . h . h ( 4 6 ) . Cl 8 occurs w 1t surpns1ng strengt 1n t e He , He reactton. ement 

concludes that (p , t) reactions are approximately forbidden if the orbital 

angular momentum of the picked-up neutron pair is even and there is a 

parity change (or vice-versa). This selection rule is supported by the 
12 14 

C (t, p)C data of Jaffe et al. , 8 who find such transitions decreased by 
+- . 26 24. 

a factor of 5 to 15. The 3 level 1n the Mg (p, t)Mg 1s very weak 

compared with the ground state. It is only slightly diminishe d in the 
4 6 

(He , He ) measurements. 

Bayman9 has pointed out that this selection rule can be 

regarded as a consequence of the assumption that the two picked-up neutrons 

in the target are in a relative s state together with an assumption regarding 

6 P. M. Endt and C. Vander Lean, Nucl. Phys. 34 , 51 (19 62). 

7 A. G. Blair and H. E. Wegner, Phys. Rev . ~' 1245 (1962). 

8 C. F . Clement, Proceedings of the Conference on Direct Intera ctions 
and Nuclear Reaction Mechanisms, Padua, Italy , Sept. 3 - 8, 1962 (Gordon 
and Breach Science Publishers, Ne~ York, 1963), p. 457. 

9 B . F . Bayman (private conversation). 
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the interaction. If the angular momentum of the pair 

L 

is r esolved into >-., the ir r e lative a ngula r mom entum; and A, t he a ngular 

momentum of th e ir center of mass r e l a ti ve to the nucl e u s, th e n 

and t.rr (-1) '- +A, 

where t.rr i s the change in parity. Th e parity of >-. i s unchanged in the 

r eac tion if th e interac tion between the inc id e nt particle a nd the neutrons 

depends only on the separation of the systems. The assumption that A. 

is even is the n a consequence of th e assum e d spatia l symmetr y of the 

n eutrons in th e triton a nd H e 
6

. 

If we furth e r assume tha t they a r e in a r e l a tive s state , 
4 6 

th e v iola tion of the selec ti on rul e for e ith e r (p , t) o r (He , H e ) follo ws if : 

( 1) T)-le r e is a >-. =2 component in th e wave function of the n eutrons in th e 

triton or H e
6

, in which case th e >-.= 2 can coupl e t o A to form eith e r even 

or o dd L with th e parity of A . (Thi s is not i n consistent with a total 

orbita l angul a r moment um of zero for th e triton) . (2) The int eraction 

d epend s on spin or orbita l a ngular momenta in a dditi on t o t he position 

vector. ( 3 ) The r eacti on proceeds through compound -nucleus f o rmation 

or multiple processes. 

f d . ( 4 6 In spite o th e large 1ffer e nces between He , H e ) and 

(p , t) in the tra nsitions t o th e ground s t a t e and 1. 37-MeV s t a t e, th e 3+ 

exc ita tion is compa r abl e in th e t wo processes . This is proba bly fortuitous 

b ecaus e of the great difference in distortion e ffec t s in th e two r eac tions . 

Figu r e 4 shows the a ngula r distributions of th e r es olved 

6 
. . . 24 

group s up to MeV exe1ta t10n 1n Mg Th e curves a r e of l abo r ato r y 

cross section as a function of lab o r atory a ngle. Th eo r e ti cal fits to the 
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(!) 
<{ 
...J 

Mg26(p,t) Mg24 

Ep =.28 MeV 

(3+)5.22 MeV 
STATE 

-~ 

(4+)6 .0 MeV 
STATE 

20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 

BLAB 

Fig. 4. Comparison of angular distributions of He6 particles from the 
Mg26 (He4 ,He6)Mg24 reaction and tritons from the Mg26 (p,t)Mg24 

reactions. The comparison shows that the (p, t) reaction excites the 
ground state and low-lying states much more strongly than the higher 
states, while the (He4 , He6) reaction excites a ll of th e states approxi­
mately equally -but with 1/100 of the intensity in the case of the ground 
state. 
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data have not been a tt empt ed except tha t the (p , t) ground-state angular 

distribution was found to agree in l ocation of observed maxima and 

minima with j
0 

2
(KR) for R = 5 . 9 X 10-

13 
em. 

E-6 

The pickup momentum transfe rs for these processes for 
4 6 

th e e n ergi es of th ese measurements a r e comparable. F o r th e (H e , H e ) 

ground -sta t e transition , K::::: 0. 2 X 10
13

cm -
1 

in th e fo r wa rd direction and 
13 -1 0 

i nc r eases to a bout 3 X 10 em a t 80 labo rator y angl e; for the (p , t) 
13 -1 

ground- s tat e tra nsition , K r a nges from about 0 . 5 X 10 em to about 
13 -1 

1. 6 X 10 em ove r th e same angular r ange. Th e kinematic region of 

th e pickup is the r e for e comparable in th e two cases. 

Although th e momentum transfer in th e t wo r eac tions is 
4 6 

s imila r , th e r e lative exc itations b e tween the (He , H e ) and (p , t) r eac tions 

a r e quit e different for the ground s t a t e a nd gradually become similar for 

th e high e r exc ited states, as shown in Fi g . 4 . Similar compa ri sons on 

othe r nuclei may le a d to a b e tt e r unders t a nding of the reaction mechanisms 

and the wave functions i nvol ved. 

Lithium fragments as reaction products have been s tudi ed 
4 6 

in several laboratories. In the cours e of th e (He , H e ) measurement , 

i t was discovered tha t a large number o f lithium nucl ei we r e c oming 

from th e t a r get. These we r e initi a lly obse r ve d a nd identified by mass 

a n a l ys i s w ith a 25-f.L t~.E d e t ector1 0 ; but gated ene rgy spectr a were not 

r ecorded . Subsequently seve r al spectra were measured with a sing l e 

thin de t ect or, 65 f.L thi ck, and w ithout mass identificati on. Figur e 5 shows 

a typical spec trum. The maximum alpha -pa rti cle energy loss in this 
6 

detec t or i s about 10 M e V and th e H e f r a gments can lose at most a b out 

10.8 MeV . It was not poss ible to identify the pronounc e d struc ture since 

mass identification was not used. The r elati ve ly poor energy r esolution 

1 0 Thanks a r e du e t oW. M. Gibson for th e loan of a p l a n a r etched t~.E 
count er 25 f.L thick. 
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Fig. 5. Energy spectrum of nuclei 
with charge Z 3c 3 observed at 
35° with 40-MeV alpha particles 
incident on a Mg2 6 target. The 
peaked structure persists at 
various angles, but it is im­
possible to determine which 
heavy nuclei or reactions are 
responsible. Other measure­
ments with a thinner D.E detector 
indicated that Li6 and Li7 nuclei 
played a major role in the total 
yield. 
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is due to target thickness. (The target is about 700 keY thick for 
6 

20 -MeV Li . ) The maximum observed energy is consistent with e ither 
6 7 

Li or Li as an outgoing particle; but higher mass and charge can a lso 

be present in the spectrum. The differential c ross section for the maxi­

mum 5 MeV of the spectrum is 3. 5 mb/sr at 35°, an intensity ratio of 
6 

100/1 relative to He in this energy region. 

We believe that a considerable amount of this maximum 5 

MeV of the spectrum is due to Li
6 

as a consequence of the earlier mass 

studies. Further work with good resolution and mass identification is 

needed for a definitive comparison. 
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E-7. ANALYSIS OF THE c 13
(a. , n)o

16 
REACTION 

AT INTERMEDIATE ENERGIES 

J . W. McRaryandJ. Y. Park 
North Carolina Stat e of the Univers ity of North Carolina, Raleigh 

and 

G. D. Thaxton and E. Merzbacher 
University of North Carolina , Chapel Hill 

1 
The theory of direct nuclear knock-out reactions is applied 

to the c 13
(a. , n)o

16 
reaction at a.-particle energies of 12. 8, 14. 1, and 

22. 5 MeV . DWBA calculations are carried out using both a finite-range 

(Gaussian) and a zero-range interaction. Since optimum optical para ­

meters for computing distorted waves are not avai lable , we assumed 

nuclear optical potentials, including Coulomb and spin - orbit terms , which 

appeared reasonable in v iew of the existing scattering data . Both 

osc illator and square-well eigenfunctions have been examined as possible 

phenomenological solutions to the spectroscopic problem of neutron and 

a.-particle wa v e functions. R easonably good agreements with data are 

obtained for th e shape and absolute magnitude of the differential cross 

sections. Theoretical polarizations are obtained, but no experimental 

data are a vailable for comparison. Within th e limitation of ine xact 

op tical parameters, it may be concluded that this reaction at thes e 

e n e rgies is proceeding pr e dominantly v ia a knock-out process . 

~:~ 

Work supported in part by the U . S . Atomic Energy Commission. 

1 
J . Y. Park, Progr. Theoret, Phys. (Kyoto)~. 45 (1963 ) . 
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F -1 . DIRECT REACTION CONTRIBUTIONS TO FLUCTUATING REACTION 

CROSS SECTIONS':' 

G . M . Temmer, B. Te ite lman , and F. G. Fender 

Rutgers, The State University 

We have analyzed excitation curves for a number of (p , a.) 

1 
reactions at various angles and energies, and to severa l residual states, 

2 
using the prescriptions of Ericson and Stephen. At an excitation near 

20 MeV and at 90•, the probability distribution of fluctuations about the 

loca l average cross sections are surprisingly well accounted for by the 

theory without direct-reaction amplitude (pure statistical regime) . The 

strong dependence on the number of degrees of freedom N is clearly 

demonstrated between N = 2 and 72, using target nuclei between N
15 

and 

Co
59

. The sensitivity to the admixture of a nonfluctuating component 
2 

has been computed for all N, using the theory of Stephen and our Fortran 

F-1 

program . Low-N reactions are preferable in deciding relative contributions 

of direct and compound-nucleus amplitudes . For N15 we have data ranging 

from 20• to 160• so that we can follow the triton pickup contribution system-

atically , possibly throwing light on the question of heavy-particle strip­

ping. The coherence e nergy rat about 20 MeV is about 13 keV for Ni 60 , 

* Supported in part by the National Science Foundation . 
1 

R. G . Davies , G . Roy , G . M . Temmer, and K. L. Warsh, published 
and unpublished results, Florida State University. 

2 
T. Ericson , Phys . Letters _i , 258 (1963); R. 0. Stephen (to be 

published) . 
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and about 65 keV for Si28 . The roles of resolution, measurement interval, 

and the spectroscopic properties of the residual states involved will be 

discussed . Results of cross correlations between different channels will 

be available. 
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F - 2. MULTI-PARTICLE EXC ITATIONS IN THE INTERME DIATE COMPOUND STATE ··· 

A. Lande and B. Block 

Pa lmer Physical Laboratory, Princeton Univers ity 

The following mechanism is offered as a description for the 

irregu la rly spaced peaks and va lleys seen i n sca ttering cross sections a t 
1 2 

several MeV. ' These ha ve been interpreted as flu c tuations in the cross 
3 

section by Ericson . 

An inc ident nuc leon pene trates t he singl e - partic le we ll of 

the target nucleus a t such an energy that it fo rms a v irtua l s ta t e . If it 

were not for the res idua l i nt erac tion bet ween the inc ident nuc leon and the 

ta rget , th e inc ident nucleon wou ld live in this v irtua l sta t e for a while and 

F-2 

then leave the t a rge t , making a resonance peak in t he cross sec tion . How -

ever, when a t wo- body res idua l inte rac tion exists, it may be de - excit ed 

from th i s leve l while exciting one of t he ta rget nuc leons. (See Fi g. 1.) 

' - 0 

2plh S lott 

•
--- - ---

===-.==-.-:_-_ 

3p2h St<llt 

Fig. 1. Neutron {proton ) incident 
a t vi rtual l eve l of n eutron 
{prot on) well. Shown a r e the 
type of 2p 1h and succ eeding 
3p2h states made of neutrons 
{protons ) only . 

*Thi s wor k was supported by the U.S. Atomic Energy Commission and 
th e Higgins Sc i entific Trust Fu nd. 

1 
B. Block a nd H. Feshbach, Ann . Phys . (N . Y.) Q , 47 {1 963). 

2 
A. K. Ke rman, L. S. Rodbe rg, and J. E. Young, Phys . Rev. Le tte rs 

ii· 422 {196 3). 
3 

T. Ericson, Ann . Phys. (N.Y.) Q , 390 (1 963 ). 
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Such 2-particle, 1-hole states (denoted as 2p1h states), can, in general, 

arise from any virtual level. From these, the 3-particle, 2-hole states 

(denoted as 3p2h states) and more complex configurations may be reached 

in like manner. The occurrence of the 2p1h states will split the original 
1 

virtual-state resonance into a series of narrower resonances. This comes 

about in the following way. The set of 2p1h states are energy degenerate 

with respect to the incident virtua l state. The residual interaction re-

moves this degeneracy and produces splitting of the virtual-state resonance. 

Since these 2p1h states have definite phase relations among one another, 

they will show coherence effects. 

In this note we will explore the systematics for the occur-

renee of 2p1h and 3p2h states for both incident neutrons and protons on 

sample even nuclei in the region 16 ~ A ~ 146. It should be noted that 

the angular momentum of the incident nucleon inside the well is determined 

by the virtual level it occupies. Using conservation of angular momentum, 

parity, and energy (as discussed Ref. 1), the results for the systematics 

are broken into three categories: neutron-neutron, proton-proton, and 

neutron-proton interactions. It is assumed that the residua l interactions 

are the same in all cases and may be represented by L= 0-3 multipol e 
4 

components. Green's neutron and proton levels were used. 

We examined two categories of 2p1h states but present only 

results for the former: the excited nucleons both end up in bound levels, 

or one of them ends up in a virtual level. The 2p1h states with at least 

one particle in a virtual level should be handled on a different basis from 

4 
A. E. S. Green, Phys. Rev. 104, 1617 (1 956 ). 

231 



232 

the other case. A qualitative argument may be given for this. The life­

time of a 2pih state w ith both particles bound is shorter than one with a 

particle in a virtual leve l by the lifetime of the virtual leve l. Similarly 

only 3p2h states in which a ll particles end up in bound levels have been 

considered. 

F-2 

Two representative tabl es are given. Table I shows the 

number of states reached through a given virtual leve l by way of the residual­

interaction multipole components when incident neutrons (below 6 MeV) 

give rise to (2n- inh) and (3n - 2nh) states in the neutron we ll. Table II 

shows the number of states reached throu gh a v irtual leve l when inc ident 

protons give rise to (ip , in -inh) states followed by either a further 

(in - inh) or (ip- iph) exc ita tion. Similar results are found in the other 

cases. 

The number of leve ls reached was determined for va lues of 

the energy uncertainty 6 3E for the (Zpih) states, 6 3E = 1. 5, i, and 0 . 5 

MeV. The energy uncertainty for the (3p2h) states wa s taken at 6 5E = 1. 5, 

0. 75, and 0. 38 MeV with 6
3

E = 1. 5 MeV and 6
5
E = 1. 5 MeV for the other 

6 3E. As suggested by Feshbach, the energy width for the (3p2h) states 

may be quite different from (Zpih) width. 

The qualitative behavior discussed below is independent of 

the energy uncertainties used, except that the tota l number of "degenerate" 

(Zpih) and (3p2h) s tates is cut down as the various 6E's are made smaller. 

Incident Neutron on Neutron Well 

The re are two general features of this situation in the absence 

of a neutron-proton residual interac tion. Excepting a few cases, 3p2h 

sta t es do not occur be low A ""50. They occur in appreciab le numbers 

above about A::e60. 
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At a magic neutron number, there are no 3p2h states pos ­

sible, even though they occur in large numbers for neighbo.ring nuclei: . 

(See Table I.) The case of an incident proton on a proton well with no 

proton- neutron residua l interaction shows similar behavior. 

Table I. Incident neutron in 2g
9

; 2 virtua l s tate . .6.
3

E = 1. 5 MeV, 

t.
5
E = 1. 5 MeV. The symbols 1

3 
and 1

5 
refer to the multipole component of 

the residua l potentia l us ed to excite respective ly the 2p1h and 3p2h states; 

E:(MeV) is the energy of the virtua l state. 

I 
1 Z N A 13=0 13=1 1 5=0 1 5=1 1 5=2 1 3=2 1 5=0 1 5=1 1 5=2 

Sn 50 72 122 0 12 0 0 18 2 0 9 0 

Sn 50 74 124 0 11 0 0 16 2 0 7 0 

Te 52 74 126 0 11 0 0 17 2 0 7 0 

Te 52 76 128 0 7 0 0 0 2 0 0 0 

Te 52 78 130 0 8 0 0 13 2 0 0 2 

Xe 54 78 132 0 9 0 0 15 2 0 0 2 

Xe 54 80 134 0 14 0 0 35 2 0 0 2 

Ba 56 80 136 0 16 0 0 38 2 0 0 2 

Ba 56 82 138 0 17 0 0 0 2 0 0 0 

Ce I 58 82 140 0 17 0 0 0 2 0 0 0 

Ce i 58 84 142 0 17 0 0 32 2 I 0 0 2 

Nd ! 60 84 144 0 17 0 0 32 2 0 0 2 

Nd 1 60 86 146 0 18 0 0 43 2 0 0 2 
I 

i 

Incident Proton on Neutron Well 

The general features of this situation whe re one allow s a 

proton-neutron residual interaction are somewhat different from the above 
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E(Me V) 

5.4 

5.0 

4.8 

4.6 
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4. 1 

3.8 

3.5 

3 . 1 

2.9 
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cases . The major change is that the re is no pronounced difference in t he 

number of 3p2h states for magic proton numbe rs compared to neighboring 

nuc l ei .(See Table II . ) This qualitative difference in the behavior at c losed 

shells due t o the neutron - proton i n terac tion cou ld provide a tool for examining 

i t. 

Table II. Inc ident proton in 2f7; 2 virtua l state. 6. 3E = 1. 5 MeV, 

6
5
E = 1. 5 MeV. The symbols 1

3 
a nd 1

5 
refer t o th e multipole component of 

the residual potential used to exc ite respective ly th e 2p1h and 3p2h states; 

E(MeV) is the energy of the v irtual s ta t e . 

z N A I 1 3=o 1 3=1 15=0 15=1 15=2 1 3=2 15=0 15=1 15=2 

Sn 50 70 120 0 14 0 0 24 2 0 0 0 

Sn 50 72 122 0 13 0 0 23 2 0 0 0 

Sn 50 74 124 0 1 4 0 0 25 2 0 0 0 

Te 52 74 126 0 15 0 0 49 2 0 0 1 

Te 52 7 6 128 0 1 3 0 0 29 2 0 0 2 

Te 52 78 130 0 11 0 0 31 2 0 0 3 

Xe 54 78 132 0 12 0 0 31 2 0 0 3 

Xe 54 80 134 0 13 0 0 41 2 0 0 3 

Ba 56 80 136 0 1 3 0 0 43 2 0 0 3 

Ba 56 82 138 0 12 0 0 13 2 0 0 1 

Ce 58 82 140 0 9 0 0 3 2 0 0 1 

Ce 58 84 142 0 9 8 0 12 2 2 0 3 

Nd 60 84 1 44 0 9 9 0 21 2 2 0 4 

Nd 60 86 146 0 9 9 0 18 2 2 0 3 

I 

E(M 

4 . 9 

4 . 7 

4.4 

4 . 3 

4. 1 

3.8 

3. 7 

3.4 

3 .3 

3.0 

3 . 2 

2.5 

2.6 

2 . 1 

eV) 
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The occurrence of 3p2h states for increasing A follows a 

similar pattern to the above neutron case. Finally, if a neutron is in­

cident on a proton well, the results are similar to the case of an incident 

proton on neutron well. 

The effect of shell structure can be seen in the tables 

through not only the selection of certain multipole components of the 

residual potential but also by modulation of the number of each type of 

state . The number of 2p1h states gives the degeneracy splitting of the 

virtual level. The effect of the 3p2h states on the 2p1h states is to change 

their strength. It is therefore necessary to know where the 3p2h states 

occur before one can estimate the width of the 2p1h "doorway states. " 

We may summarize by noting that states which require 

excitations over only one energy gap can be plentiful. When two such ex­

citations are necessary, the number of 3p2h states is severely curtailed. 

The region of immediate experimental interest for a study of the neutron­

proton interaction would therefore be at and near the doubly-magic 

nuclei. 

This survey gives one some feeling for the complexity 

and systematics of the compound states that may be built out of particle­

hole interactions. It also predicts regions where the "compound nucleus" 

is simple enough to lend itself to computation. 

The authors wish to thank H. Feshbach for several en­

lightening conversations and for his continued interest. 
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F- 3. AN ESTIMATION OF PION NUCLEAR ElASTIC CHARGE-EXCHANGE SCATTERING .• 

R. K. Kerman and R. K. Logan 

Laboratory for Nuclear Science, Massachusetts Institute of Technology 

Cambridge, Massachusetts 

With the advent of meson factories one will soon have large 

fluxes of charged pions w ith energies ranging from 40 to 500 MeV. These 

mesons make good nuclear probes since they interact strongly with the 

nucleus and yet do not form a compound state. Since the pions form an 

isotopic triplet state allowing both single and double charge-exchange 

scattering, new isobaric states can be investigated. In general, the 

nucleus which is formed in a 7T + to 7T- double cha rge exchange is proton 

rich and has not been studied (or even produced) before . Other interest-

ing aspects of the pions is their predominant p - wave interaction with 

nucleons throu gh the "3/ 2, 3/2" resonance, and the ability of the pion 

to be totally absorbed, dumping 140 MeV into the nucleus all at once. 

Analyses of pion - nucleon scattering to date have all made 
1 

use of an optical potential. The first was performed by Byfield e t al,, in 

whic h they fitted 62-MeV 7T- - ca rbon e lastic scattering with a potential of 

... 
This work supported in part through funds provided by the Atomic Energy 

Commission con trac t number AT(30-1)-209 8. 
1 

H. Byfield et a l. , Phys. Rev.~. 17 (1952). 
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the form V= v + i v , Watson et al. 
r 1 

showed how to calculate the pion-

4 
nuclear potential from basic rr-N scattering results. Kisslinger applied 

this work to low-energy scattering in which only 8- and P-wave contribu-

tions of rr-N scattering were considered. The P-wave term gave rise to a 

new term in the potential, viz. 

V · [ p (r) \l ljl(r) J, 

where p (r) is the nuclear density and ljl(r) is the pion wave function. Kiss­

linger obtained a fit to the rr- -carbon data using a Gaussian distribution for 

P (r) . 

We wish to describe the elastic scattering of pions from 

nuclei using an optical potential similar to the one used by Kisslinger. We 

will extend his work, however, to include elastic charge-exchange scat-

tering, where the nucleus is scattered to various states of a single iso-

topic multiplet. This is in contradistinction to inelastic charge exchange 

in which case the nucleus is scattered from one isotopic multiplet to an-

other. Elastic charge-exchange scattering is , of course, not purely 

elastic since there is a difference in energy in the various charge states 

of an isobar due to Coulomb effects. For light nuclei the existence of 

isobars is well established. For heavier nuclei the concept of isobars 

might break down because the difference in Coulomb energy is becoming 

very large. However, there is evidence from (p , n) and (He
3

, t) reactions 
5

'
6 

2 
K. M. Watson, Phys. Rev . .§..2_, 575 (1953) . 

3 
N. C. Francis and K. M. Wa tson, Phys. Rev. 92, 291 (1953). 

4 
L. S. Kisslinger, Phys. Rev. ~, 761 (1955). 

5 J. D. J.l.nderson and C. Wong, Phys. Rev. Letters~, 442 (1962). 

6 J.l.. G. Blair and H. E. Wegner, Phys. Rev. Letters 2_, 168 (19 62 ). 
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that isotopic spin may still be a useful concept in the heavy nuclei. The 

pion double charge exchange can be used to check this further, in particular 

to look for states which differ from the ground state by two units of isospin. 

The optical-model potential is constructed by summing the 

1r-N scattering amplitude \ of each nucleon in the nucleus , i.e. , 

N 

(k'IU!k)= E (Oieik' 
i = 1 

where I 0) is the ground state of the nucleus and the ti are the 1r-N 

scattering amplitudes. The amplitude t is given by 

/'1. " /1 1\ 
\ = A + c k . k' + [ B + D k. k ' l T i . t, 

(2) 

(3 ) 

where A, B, C, and D are functions o f the S- and P-wa ve phase shifts and 

T and tare isotopic - spin operators for the nucleon and pion, respective ly. 

It is the (; ·t) terms that give rise to e lastic charge-exchange scattering 

and have not been included before. It should be noted here that we are 

making use of the impulse approximation, which should not be unreasonable 

for pions with as little kinetic energy as 40 MeV. We neglect direct 

absorption of a pion by a nucleon and other higher order corrections to the 

optical potential. We were willing to make these approximations since our 

aim is an estimate of double charge exchange. Upon transforming the 

potential from momentum space to coordinate space and substitution for 

\in Eq. (3) , we obtain 

U(r) =A p(r)+C 'i1 

~ _,. 
(, -) t·T 
\"'(r)'il + N 

where N is the tota l number of nuc leons, T is the total isotopic spin and 

p (r) and p T(r) are nucleon form factors. Note that the charge - exchange part 

of the potential is of the order of T/ N times the nonexchange part. Although 
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p(r) and p (r) are not identical, we approximate both by the Fermi density 
T 

distribution. 

In a preliminary study we calculated the double charge­

exchange cross section without including C oulomb corrections. Results 

are given i n Table I. We are now in the process of including the Coul omb 
2 

effects, which means adding a term Ze / r to the potential and taking into 

account the difference in energy of the va r ious charge states of an isobaric 

multiplet. 

TABLE I. Double charge - exchange c r oss section in microbarns. 

T N T/N E = 20 E = 40 E = 65 

56 2 0.036 0.61 1. 48 0.8 

120 10 0 . 083 0.85 0 .82 0 . 6 

152 14 0.092 0.66 0.54 0.08 

208 22 0 . 106 0 .48 0.32 0.06 
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EXC I TATION OF C BY HIGH-ENERGY PROTONS 

R . Ha ybro n t and H. McManus t 
Michigan State Univers it y, East Lansing, Michigan 

The inelastic scattering of high - energy (100- 300 MeV) 
12 

protons from C has been studied by us e of a di s tort e d-wa ve impulse 
1 

approximation . The d e tailed wa ve functions of V. Gillet were used in 

an attempt to obtain quantitative agreement with experiment in the 

prediction of peak differentia l cross sections and proton polarization. 

D istorted wa v es wer e calculat e d with the Oak Ridg e computer code 

" JULIE" . Results will be shown. 

Work supported by the U. S. Atomic Energ y Commission. 

tOn loan to the Oak Ridge National Laboratory. 

fGuggenheim F e llow, 1963-64 at NORDITA. 

1 
V . Gill et, T hesis , Pa ris , 1962. 
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F-5. THEORY OF INTERMEDIATE STRUCTURE':' 

J. E. Young 

University of California, Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

The extension of the configuration-mixing shell model to 
1 

continuum states has been suggested by Feshbach and his collaborators. 

Physically, one expects to see the neutron strength function broken up owing 

to the presence of couplings into complicated shell-model configurations. 

These have been identified as the states of two particles and one hole 

(2p, 1h). Such states degenerate at the neutron bombarding energy couple 
2 

into the optical-potential state. The result of the energy-conserving 

transitions is to give rise to resonances in neutron-scattering cross sections. 

These are characterized as having the average parameters (r)z 150 keV , 
_1 

(D) z 3 MeV . 

Experimental confirmation of the qualitative picture is be-

lieved to be found in the total neutron elastic data of Foster and Glasgow. 
3 

There is also suggestive evidence for the intermediate structure behavior in 

#.~ Work done under the auspices of the U .S . Atomic Energy Commission. 

1 
H. Feshbach, Ann. Phys. (N .Y.) .2_, 357 (1958); .!.2, 287 (1962); 

B. Block and H. Feshbach, Ann. Phys . (N .Y. ) Q, 47 (196 3); C. M. Shakin, 
Ann. Phys. (N .Y.) 22, 373 (1963); R. H . Lemmer and C. M. Shakin (to be 
published). -

2 
G. L. Shaw, Ann. Phys . (N.Y.) 22, 509 (1959). 

3 
D. G. Foster, Jr., and D. W. Glasgow, Bull. Am. Phys . Soc. ]_ , 334 

(1962); D. W. Glasgow and D. G. Foster, Jr. , Bull. Am. Phys. Soc . .§_, 321 
(1963 ) · We thank Dr. L. Cranberg for calling our attention to these results. 
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the neutron (total, differential, and polarization cross sections) data of 

4 
Elwyn et al. 

F-5 

A theoretical description which is capable of indicating why 

the (2p, 1h) states are singled out is to be found in the many-body formula-

tion of elastic scattering. Essentially one computes the irreducible self 

energy L: k ( w) for a particle in a continuum state k with energy w. The 

formal method of obtaining L: is that of the Green's functions introduced by 
5 

Martin and Schwinger. 

To see how the results come about, we shall require certain 

formal apparatus. Much of this is familiar or at least is readily available 

to the reader in other places. The presentation is therefore designed to 

be illustrative rather than exhaustive. 

The single-particle propagator or Green's function G is de-

fined as the time-ordered product of Heisenberg operators, taken in the 

N-particle ground state, i.e., 

G(1,1') = -i(Tcp(1)4/(1')) 

This operator satisfies the equation of motion 

-1 - - - - -+ 
G

0 
(1,1')G(1 ' ,2)= 6(1-2)-iv(1 , 3)G

2
(13 ; 23 ); (2) 

G0-
1

(1,1')= (i 8~ +i~)t o(1-1'),v(1,3)=o(t1-t3)v(l x 1-x3 !l, 

4 
A. J. Elwyn , J. E. Monahan, R. 0. Lane, and A. Langsdorf, Jr. 

(to be published). We thank Dr. Elwyn for making these results available 
to us . 

5 
P. C . Martin and J. Schwinger, Phys. Re v. 115 , 1342 (1959). 
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6 
where a matrix notation is employed. Variables which carry bars are to 

be integrated over. The propagator G2 is that for two particles, vis the 

given two-body interaction. 

Equation (2) may be converted to an integra-differential 

equation in G by means of the statement 

This defines the operator for the irreducible self-energy !:. Now Eq. (2) 

can be rewritten as an equation for the propagator inverse 

(4) 

Given that there exists a single-particle biorthogonal basis set and that 

all processes are stationary in time, homogeneous in space, we can write 

(5) 

It is straight forward to then establish the Fourier-state relation 

-1 ~ 
Gs (w) = w -ws - LJs (w) (6) 

which follows from (4). Equation (6) tells us where the poles of G(w) occur. 

These poles locate the states wi describing the motion of a single particle 

(hole) which is added to (subtracted from) the ground-state system of N 

particles in the presence of interactions. 

To discuss 6s(w), we shall have to know G2 . The latter 

propagator is expressed in terms of the operator L for density-density 

correlations as 

G
2

(12, 1'2') 1(12, 1'2') + G(1, 1')G(2, 2'). (7) 

6 
G. Baym and L. P. Kadanoff, Phys . Rev. 124, 287 (1961). 
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Also , the Bethe-Salpeter equation in the lowest approximation to the 

4-point vertex function gives G2 as 

G
2

(12 , 1 '2') = G(1 , 1 ')G(2, 2') - G(1, 2')G(2, 1 ') 

+ iG(1, 3)G(2, 4)v(3, 4)G
2
(34,, 1 '2') . 

The definition of an interaction operator t as 

F-5 

(8) 

t(12,34) ( G(3, 1')G(4,2 ' ) - G(3,2 ' )G(4,1')] v(1,2)G(12,1'2'), (9) 

together with Eq. (8), leads to the equation 

t(12 , 1 ' 2') = v(1, 2) 0 (1-1 ')& (2-2') 

+ i v(1 , 2)G(1, 3)G(2, 4) t (34, 1 '2' ) . (10) 

Then, from Eqs . (3) and (9) we find that 

(11) 

The formal solution summarized by Eq. (11) can be re-

placed by an alternative one generated from L. We sketch the main 

points of the deri vation in an algebraic notation . Fi rst, a scalar ex-

ternal field U(1 , 1 ' ) = A. u(1 , 1 ') , coupled to the density at two points , 

is added to the many-body Hamilt onian. All propagators are then de-

fined in the prese nce of U . Functional differentiations are carried out 

with respect to U and then A. is set equal to zero . In particular, we quote 

the result 

{j 
G(1 , 1 '; U) I 

U=O 

L(12 , 1'2'). (12) 

This , together. with Eqs . (4) , (11 ), and the Brueckner equivalent of (10), 

namely 

(G+ - particle propagator), (10') 
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enables us to derive an integral equation for L. This equation, given in 

Ref. 6, takes the form 

1(12 , 1'2') = -G+(1 , 2')G-(2, 1) + G+G- :S L; ( 13) 

(G- -hole propagator). 

Equation (13) may be solved by the Fredholm method and 
7 

the corresponding self-energy derived. When one does this, 1: is given 

as a power series in t
8

. The first three orders of that expansion are shown 

in Figs . 1 and 2. 

Intermediate structure depends largely upon states in the 

vicinity of the Fermi level. At the Fermi surface there is nearly complete 

symmetry between particles and holes. Equation {10') ignores this, re-

ferring as it does to particle interactions. Some of the symmetry is re-

stored by Eq . (13). To do this as completely as possible, we define the 

J interaction of Shaw: 

whereby 

J = t
8 

+ i t
8 

G + G- :S , 
+ -J "' t 8 + i t8 G G t8 . 

Fig. 1. The horizontal lines are 
Brueckner operators tB . The 
two self-energy contributions 
l:k(w) to the self-consistent 
single -particle e n ergies w = wk 
a r e (a ) Brueckner -Hart r ee -Fock, 
and (b) second-order rearrange- k 
ment. 

7 
J. E. Young (to be published). 

(14) 

(15a) 

(15b) 

s 

k 
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f\ 

I 
\J J 
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Fig . 2. The third - order diagrams 
which are to be tr eat ed in pe r­
turbation theory, i. e., calculated 
with th e self-consistent tB of 
Fig. 1:(a ) excitation of (p , h) pairs, 
(b) annihilation of (p , h) pair 
belonging to a vacuum fluctuation, 
(c) scattering from a vacuum 
fluctuation, or third-order re ­
ar r angement with mass renor­
malization om on hole lines. 

In Eq. (15b) we ignore the hole -hole interactions. 

The partia l summation of Eq . (14) has two effects. Graph-

ica lly, it introduces the third - order :E of Fig . 3. This is the resonant 

contribution producing intermediate structure. Physically, the diagonal-

ization of J (diagonalization equals summa t ion) among t he particle-hole 

states means that ~ 0 (N) has these component s present. This has been 

8 
discussed by Brown and his collaborators. 

We suggest that the (2p1h) intermediate stat es of Fig. 3 

are the antisymmetrized product of quasi - partic le, Is) and (p, h, ). 

l ~.(ph)), where~ . isthediagonalizationof J . 
1 1 

8 
G. E. Brown and M. Bolsterli , Phys . Rev. Le tters]., 472 (1959); 

G. E. Brown , L. Castilleja, and J. A. Evans, Nucl. Phys. Q, 1 (1961); 
G. E. Brown , J. A. Evans, and D. J. Thouless , Nucl. Phys . 24, 1 (1 961 ). 
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Fig. 3. The intermediate-structure 
diagram which replaces that of 
Fig. 2(a) and which is added to 

k 

th e :Ek(w) of Fig. 1 to produce the 
intermediate-structure resonance P 
spectrum. Note that all (p ,h) 
pairs are strongly coupled 
through the J interaction. 

k 

This representation extends that of the intermediate-

9 
coupling model proposed by Lane , Thomas, and Wigner. Furthermore 

the (2p, 1h) states of Fig. 4, which lead to the usual imaginary part of 

the optical potential, do not contribute to intermediate structure. This 

is required by the Rodberg model' 0 where a projection separates the two 

classes of (2p, 1h) states. 

9 
A. M. Lane, R. G . Thomas , and E. P. Eigner, Phys. Rev. 98, 693 

(1955) . 

!OL. S. Rodberg, Phys. Rev. 124, 210 (1961). 
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k 

Im m = r 

F-5 

Fig. 4. The imaginary part W of 
the optical potential r = 2W is 
determine d by the uncoupled (i.e., 
indepe ndent) (2p , 1h) states 
degenerate a t the energy w =wk . 
These states do not contribute to 
intermediate structure; compare 
with Fig. 3. 
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