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An elemental carbon target enriched to 66% in C13 was bombarded with 14.8-Mev deuterons. Triton 
groups corresponding to the ground state, 4.43- and 7.65-Mev levels in C12 were magnetically analyzed and 
detected with photographic plates or a scintillation counter, at laboratory angles between 3 and 80 degrees. 
The angular distributions were found to be in good agreement with Butler pick-up theory, for 1 = 1. The 
values of the cross sections at the peak of the angular distributions are 24.3, 9.6 and 0.36 mb/sterad, re­
spectively. These values are accurate within ± 2 5 % . The relative reduced widths connecting C13 with the 
ground state, 4.43- and 7.65-Mev levels of C12 are 1:0.76:0.039. The results are discussed. 

INTRODUCTION 

A STUDY of the angular distributions of the re­
actions Cu(d,t)C12 to the ground state (g.s.), 4.43-

and 7.65-Mev levels was made using the 14.8-Mev 
deuteron beam from the University of Pittsburgh cyclo­
tron. The reaction to the g.s. had been previously 
studied by Holmgren et al.1 at low incident energies, 
2.2 and 3.3 Mev. 

Each of the three angular distributions considered in 
the present work indicates clearly a value 1=1 for the 
orbital angular momentum of the transferred neutron. 
This is consistent with the known2 spins and parities 
of 0+, 2+ , and 0+, respectively. 

The angular distributions and the ratio of the reduced 
widths for the g.s. and 4.43-Mev levels of C12 are found 
to be in good agreement with the corresponding 
Cls(p,d)C12 results.3 

The significance of the reduced width for the 7.65-
Mev level is discussed in connection with the structure 
of this low-lying 0+ level. The small value, S2=0.0013 
suggests a small component of the s*p* configuration. 

the 7.65-Mev level at all the angles measured. The 
angular acceptance of the detecting system was limited 
to 1°. The target used was a self-supporting foil of 
elemental carbon, enriched to 66% in C13. I t was made 
by cracking methyl iodide on a tantalum strip, from 
which a film 0.75 mg/cm2 ± 1 5 % thick was peeled off.6 

The absolute values of the cross sections were found by 
comparison with the C12(d,p)Cld ground-state reaction7 

whose absolute cross section has been measured to 
within ± 2 0 % . 8 In addition to this uncertainly, the sta­
tistical error and the uncertainty in the determination 
of the enrichment ratio give a final error of approxi­
mately d= 25%. 

RESULTS 

In Fig. 1 the observed angular distribution for the 
Clz(d,t)C12 ground-state reaction is shown and com­
pared with an 1=1 Butler curve. The value of ro=4.6 
fermis is the same as is used to fit the C12(J,^)C13 

ground-state reaction at Ed= 14.8 Mev.7 

Figure 2 shows the fit of an r0=5 fermis, 1= 1 Butler 

EXPERIMENTAL PROCEDURE 

The scattering apparatus used in this work has been 
described elsewhere.4'5 Particles emerging from the 
target were magnetically analyzed and detected with a 
30 mil thick CsI(Tl) crystal or with NTB Kodak nu­
clear emulsions 50 to 100ju thick. The scintillator was 
used when the triton tracks in the emulsion could not 
be counted due to the presence of large numbers of 
deuterons. This was the case for the 4.43-Mev level 
when detecting at angles higher than 30°, and for 

* Work done at the Sarah Mellon Scaife Radiation Laboratory 
and assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

f Present address: Laboratorio Sincrociclotron, Comision Na­
tional de Energia At6mica, Buenos Aires, Argentina. 
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E FIG. 1. Angular dis­
tribution of the C18 0 ,0-
C12 ground-state reac­
tion. The bars indicate 
the statistical errors; 
same for Figs. 2 and 3. 

6 We thank J. B. Meade for making the target. The procedure 
is described bv G. C. Phillips and J. E. Richardson, Rev. Sci. 
Instr. 21, 885 '(1950). 

7 McGruer, Warburton, and Bender, Phys. Rev. 100,235 (1955). 
8 E. W. Hamburger and S. Mayo (reference 5) remeasured the 

absolute cross section and found the value 15.5 mb/sterad ± 2 0 % 
at the peak of the angular distribution. J. N. McGruer et ah 
(reference 7) gave the value 26 mb/sterad ± 5 0 % at that angle. 
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curve with the experimental data of the Cn(d,t)C12 

4.43-Mev reaction. The same radius can be used to fit 
the corresponding (p,d) reaction.3 

In Fig. 3 the differential cross section for the 
C13(d,2)C12 7.65-Mev level is shown to be in good agree­
ment with an /= 1 Butler curve using a cutoff radius of 
6 fermis. 

It is interesting to note that the cross sections fall by 
a factor of ten after the first maximum, and in particular 
that the transition to the 7.65-Mev level has an ex­
tremely low "background," ^0.03 mb/sterad. This has 
the consequence that a very clear stripping pattern can 
be seen although the transition is very weak. 

DISCUSSION 

Angular distributions and reduced widths were calcu­
lated from a direct extension to (d,t) reactions of the 
usual Butler theory for (d,p) processes. The cross sec­
tion (mb/sterad) is then given by: 

da (6) 1 3wdkt3d2 

dti 8 T 2 ju„2 ka TQ 

X P«(k> 
roWl[jl(qr),hlV(iKr)1r 

h^iiKn) * 
(1) 

where the m are the reduced masses of the systems: 
triton+nucleus A, deuteron+nucleus -4 + 1, neutron 
+nucleus A; kt and kd the triton and deuteron wave 
vectors; 62 is the reduced width in units of 

3 h2 

-(ToWTo^ToiTiMn)2, 
2 finfa2 

i. e., the Wigner limit times the square of the Clebsch-
Gordan coefficient for the isotopic spin coupling factor; 
ro is the cutoff radius; Wi is the wronskian for the spher­
ical Bessel and Hankel functions ji(qr) and hi^liKr) 
where q is the momentum transferred q=kd— [_A/(A 
+ l)]kf and K is the wave vector of the neutron with 

FIG. 2. Angular dis­
tribution of the C13W,0-
C12 4.43-Mev level. O 
points measured with 
nuclear emulsions; A 
points measured with 
scintillator. 

FIG. 3. Angular dis­
tribution of theC 1 3 (^) -
C12 7.65-Mev level. A 
points based on data 
taken by J. N. McGruer 
in an early stage of this 
work. O points meas­
ured recently. Both sets 
were taken with scin­
tillator. 

C,3(d,t)C,2765Mev 
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respect to the core; 

with k=k<*-fk;, £=rPi— rnl and r=rn2— £/2. 
The triton wave function was taken to be: 

B e~ir 

(47r)* r 

B is the normalizing constant, y2=^(m/h2)ey w=nu-
cleon mass and e the binding energy of the neutron in 
the triton, 6.2 Mev. 

Using Eq. (1) the fit with experiment gives the quan­
tity B2B2. Therefore, once B2 is determined, (d,p) and 
(d,t) reactions involving the same transition would give 
the same value for the reduced width. Evidence that this 
is true has also been found comparing several other such 
cases.9 In the present experiment the ratio 02(4.43)/02 

(g.s.) is 0.76 in satisfactory agreement with the value 
0.92 extracted from Cls(p,d)C12 (see Table I). 

TABLE I. Reduced widths for transitions between C13 g.s. and 
the g.s., 4.43- and 7.65-Mev levels of C12. 

Reaction 

c l2(<y>)e i3a 

C1 3(^)C1 2 b 

cu(d,ocu° 
0*(d,t)Q* 

EL* 
(Mev) 

0 
0 
4.43 
0 
0 
4.43 
7.65 

Ei 
(Mev) 

14.8 
17 

3.3 
14.8 

Q 
(Mev) 

2.723 
-2.723 

1.309 
1.309 

l 

1 
1 
1 
1 
1 
1 
1 

ro 
(fermis) 6* 

4.6 0.033 
4.6 
5 
5.6 0.034 
4.6 
5 0.025 
6 0.0013 

Rela­
tive 02 

1 
1 
0.92 

1 
0.76 " 
0.039 

a From reference 7 and reference 8. 
b From reference 3. 
0 From reference 1. 
d EL is the excitation energy in the final nucleus; Ei is the energy of the 

incident particles in the laboratory system; Q of the reaction; I is the angular 
momentum transferred; ro is the Butler radius in units of 10-18 cm; 02 is the 
dimensionless reduced width; the last column gives the ratios of the re­
duced width for the levels to the corresponding ground state reduced width. 

0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 9 A study of several (d,t) reactions compared with (d,p) has 
been made by A. I. Hamburger and is to be published. 
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The value of B2 02 for the transition to the g.s. is 
0.031X1013 cm-1. Taking 02= 0.033, as determined in 
the Cl2(d,p)Cld reaction, B2 is found to be 0.94X1013 

cm""1. This value was used to calculate the reduced 
widths of the higher levels in C12. 

Table I summarizes the values obtained for 02 for 
the various reactions. The reduced width of C13(d,/)C12 

g.s. with deuterons of 3.3 Mev, from the data of Holm­
gren et al.,1 was also calculated. The value of B2 62 found 
is in very good agreement with that determined in the 
present experiment; this is surprising in view of the low 
deuteron energy. 

The reduced width for the 7.65-Mev level is found to 
be $2=0.0013. This is a very small value for a transition 
involving an /= 1 particle, for the \p single particle re­
duced width is 6ox2(lp) ~0.06.10 As French points out,11 

the small 62 is either the result of an "accidental" cancella­
tion among various amplitudes which is not describable 
by a standard selection rule or it shows the effectiveness 
of such a rule. It is not possible to state with certainty 
which is operating. However, Inglis12 and also Kurath13 

have shown that using normal interactions with an 
intermediate coupling model an excited 0+ level from 
the s*ps configuration would be much higher in excita­
tion.14 Therefore, one tends to accept that there is a 
configuration selection rule, so that the small 62 indi­
cates that the level has a small component of s*p* 
configuration. 

Thus, the 7.65-Mev level would belong predomi­
nantly to other configurations which cannot be reached 

10 J. B. French and A. Fujii, Phys. Rev. 105, 652 (1957); also 
E. W. Hamburger, reference 5. 

11 J. B. French, Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove [Academic Press, New York (to be published)]. 

12 D. R. Inglis, Revs. Modern Phys. 25, 390 (1953). 
13 D. Kurath, Phys. Rev. 101, 216 (1956). 
14 Sydney Meshkov (private communication) has done some 

calculations showing that with a different central interaction one 
can produce an s*p8 0+ level at 7.65 Mev which at the same time 
has a small reduced width. However, the interaction used would 
not give satisfactory treatment for the T=l levels. 
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from the C13 g.s., an s*p9 state. The probable configura­
tions to contribute would be those with one particle 
doubly excited or two particles singly excited, namely, 

(isy(ipy(2p)+(unipy(2s) 
+ (1*)4(1M(2*)2+ (2d)2+2s2dl 

This is as much as can be said from the results of the 
present experiment. However it is interesting to specu­
late about other experiments which could give some 
further information. 

The (lsy(lp)7(2p) component, together with the 
s4^8, can be measured experimentally by means of the 
Bn(djn)C12 reaction [or (He3,d)]. Unfortunately, a 
complete study of this reaction is not available. A 
tentative calculation based on the work of Maslin, 
Calvert, and Jaffe15 gives an upper-limit ^^i2<0.01. 
However, it is not clear if this is large or small, in part 
because the (2p) single particle reduced width, 00i

2(2p), 
has not been determined. 

Therefore, the 0 1 6 ( ^ )0 1 7 reaction to the negative 
parity levels of O17 would also be of interest for it would 
determine the value of 6oi2(2p). In addition, this experi­
ment would locate the 2p single particle level; knowing 
the position of that level, it should be possible to calcu­
late if the 7.65-Mev state in C12 has a major 2p 
component.16 
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