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The reaction FM(£/y)Ne?° has been studied at two resonances, 669 kev and 1092 kev, to obtain information 
about properties of the 4.97-Mev level in Ne20. It is shown that this 4.97-Mev level is fed by a direct transi­
tion from the 1-f- resonance at 669 kev, that it does not have spin 0 and that its transition to the ground 
state of Ne20 is less than 5% of the transition to the first excited state. It is concluded that the most likely 
assignments to the 4.97-Mev level are 2 ± or 3 + . 

INTRODUCTION 

THE properties of the 4.97-Mev level in Ne20 are of 
particular interest because of the possible role 

this level plays in^ stellar nuclear reactions.1 Levels 
above an excitation energy of 4.753 Mev in Ne20 can, 
in principle, be formed by the addition of an alpha 
particle to O16. For this to occur, of course, the levels 
must have right combination of spin and parity (i.e., 
0+ , 1—, 2+, etc.) and, depending on the spin, the 
reduced width for formation must be greater than a cer­
tain fraction of the single particle limit.2 Once formed 
there must also be an appreciable probability for the 
level to decay to the ground state of Ne20 by gamma ray 
emission. 

The positions of low-lying levels in Ne20 have been 
most carefully studied by Buechner and Sperduto3 

employing the Na23(^,a)Ne20 reaction. They found levels 
at 0, 1.635, 4.248, 4.969, and 5.631 Mev, all with an 
accuracy of ± 6 kev. Many other reactions have been 
employed to study Ne20, in particular the reaction 
F19(^,7)Ne20.4 The reaction has recently been used by 
Kane et al.5 to study a resonance at 669 kev. 

In the present work6 gamma-gamma coincidence 
measurements were carried out at two resonances in 
the F19(^,7)Ne20 reaction at 669 and 1092 kev.4 These 
correspond to levels in Ne20 at 13.51 and 13.91 Mev, 
respectively. 

APPARATUS 

The reaction was initiated by protons from the 
Chalk River 3-Mev electrostatic accelerator and the 
gamma rays were detected in two 5-in. diam by 4-in. 
long Nal(Tl) crystals coupled to Dumont photomulti-
plier tubes. For coincidence work a fast-slow coincidence 
arrangement7 was employed with a resolving time 2r 

1 E. E. Salpeter, Phys. Rev. 107, 516 (1957). 
2 A. G. W. Cameron, Chalk River Report CRL-41 (AECL-454) 

June, 1957 (unpublished). 
3 W. W. Buechner and A. Sperduto, Phys. Rev 106,1008 (1957) 
4 F. Ajzenberg-Selove and T. Lauritsen, Nuclear Phys. 11, 1 

(1959). 
6 J. V. Kane, R. E. Pixley and D. H. Wilkinson, Phys. Rev. 

120, 952 (1960). 
6 H. E. Gove, A. E. Litherland and A. J. Ferguson, Bull. Am. 

Phys. Soc. 3, 36 (1958). 
7 R. E. Bell, R. L. Graham and H. E. Petch, Can. J. Phys. 30, 

35 (1952). 

of about 40 nsec. The target was CaF evaporated on a 
tantalum backing. Its thickness was about 45 kev for 
700-kev protons. 

RESULTS 

Studies of the F19(^,y)Ne20 reaction are rendered 
difficult by competing reactions which give rise to 
gamma rays. For example, Fig. 1 shows the principal 
modes of decay of a level in Ne20 at 13.51 Mev formed 
by adding 669-kev protons to F19.4 The principal capture 
gamma-ray transition to the first-excited state of Ne20 

has a partial width of 2.2 ev. In competition with this 
is the F19(^,a)016 reaction which gives rise to gamma 
rays of 6 to 7 Mev and whose partial widths are 110 
and 25 ev, about two orders of magnitude greater in 
intensity. Gamma-ray decay of low-lying levels in Ne20 

can be studied however, in coincidence with capture 
gamma rays provided sufficiently short resolving times 
are employed in the coincidence circuits to minimize 
random counts. 

Figure 2 shows the direct gamma-ray spectrum meas­
ured at the 669-kev resonance. This resonance is known 
to have spin and parity 1+.4 The predominant capture 
gamma ray of this level is an 11.88-Mev transition 
to the first-excited state of Ne20 at 1.635 Mev. The most 
intense gamma rays observed in the spectrum are the 
6.13- and 7.12-Mev gamma rays from the F19(^,<ry)016 
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FIG. 1. Principal decay modes of the 13.51-Mev level in 
Ne20 with the partial widths for each listed below. 
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FIG. 2. The upper curve shows the direct gamma-ray pulse spec­
trum measured at the 669-kev resonance in the proton bombard­
ment of F19. The lower curve is the spectrum in coincidence with 
pulses corresponding to 11.88-Mev gamma rays. 

reaction. The 1.63-Mev gamma rays is also observed 
in the spectrum. When a gate on the second crystal is 
set on the 11.88-Mev peak, the coincidence spectrum 
shown in the lower part of Fig. 2 is observed. The short 
coincidence resolving time reduces chance counts from 
the intense 6.13- and 7.12-Mev gamma rays to negli­
gible proportions and only the 1.63-Mev gamma rays 
are observed in the spectrum. 

The gate on the second crystal was then adjusted 
until its lower limit was just above the pulses produced 
by the 7.12-Mev gamma rays and its upper limit re­
mained as before above the 11.88-Mev gamma-ray 
pulses. The coincidence spectrum observed under these 
conditions is shown in Fig. 3. In addition to the 1.63-
Mev gamma ray a weak 3.34-Mev gamma ray is ob­
served. This is interpreted as arising from a weak pri­
mary transition from the capturing state to the 4.97-
Mev level which in turn cascades to ground through the 
first excited state by a 3.34-Mev transition. 

To establish that the level in Ne20 at 4.97 Mev is fed 
by a primary transition from this 1+ resonance at 
669 kev, the yield curves shown in Fig. 4 were meas­
ured. Two of these are direct yields of all gamma rays 
of energy greater than 1 and 7 Mev, respectively, and 
two are coincidence yield curves with one crystal count­
ing gamma rays of energy greater than 7 Mev and 
the other measuring 1.63- and 3.34-Mev gamma rays 
in coincidence. Because the intensity of the primary 
transition feeding the 4.97-Mev level is only about 5% 
of that feeding the first-excited state the counting rate 
for this 3.34-Mev coincidence yield curve is low. How­
ever, the evidence for a gamma transition between the 

20 30 40 50 60 70 

C H A N N E L N U M B E R 

FIG. 3. The pulse spectrum at the 669-kev resonance correspond­
ing to gamma rays in coincidence with gamma rays of energy 
greater than 7 Mev measured in a second detector. 

1+ level in Ne20 at 13.51 Mev and the 4.97-Mev level 
is reasonably convincing. This argues that the spin 
of the 4.97-Mev level is 3 or less. 

To test whether the 4.97-Mev level had spin zero and 
to measure its branching ratio more accurately, a reso­
nance in the F19(^/y) reaction at a proton energy of 
1092 kev was investigated. This resonance has the ad­
vantage that it decays principally to the 4.97-Mev 
level. The results are shown in Fig. 5. The spectrum in 
the upper left of this figure shows the gamma rays in 
coincidence with those of energy greater than 7 Mev 
measured in the second crystal. No sign of a 4.97-Mev 
gamma ray is observed in this spectrum; if present, it 
should occur in channel 35 and an upper limit of 5% 
can be placed on its intensity compared to the 3.34-Mev 
transition to the first-excited state. 

With the position of the 3.34-Mev peak established in 
the coincidence spectrum the gates shown in Fig. 5 
(upper left) were set sequentially on the direct spectrum 
to encompass, first the 3.34-Mev peak (gate 1) and then, 
an equal number of channels just above the 3.34-Mev 
peak (gate 2). The coincidence spectrum observed in 
the second detector is shown in the lower left of Fig. 5. 

FIG. 4. Yield 
curves measured at 
the 669-kev reso­
nance in the proton 
bombardment of F19. 
They are, respec­
tively, the yield of 
all gamma rays of 
energy greater 'than 
1 Mev (crosses), of 
all gamma rays of 
energy greater than 
7 Mev (squares), of 
1.63-Me v gamma 
rays in coincidence 
with 11.88-Mev 
gamma rays (open 
circles), and of 3.34-
Mev gamma rays in 
coincidence with pri­
maries feeding the 
4.97-Mev level in 
Ne20 (closed circles). 
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FIG. 5. Measurements made at the 1092-kev resonance in 
the proton bombardment of F19. 

The residual 1.63-Mev gamma peak observed using 
gate 2 is due to coincidences with the pulses in the tails 
of the spectrum of the higher energy gamma rays which 
feed both the 4.97- and 1.63-Mev levels. 

With the gate 1 setting, the angular correlation be­
tween the 3.34- and 1.63-Mev gamma rays were meas­
ured using the geometry illustrated schematically in 
the upper right of Fig. 5. Since the experiment could 
only distinguish between spin 0 for the 4.97-Mev level 
and all other spins, it was only necessary to make the 
measurement at three angles 6. The results are shown 
in the lower right of Fig. 5, along with the theoretical 
correlation to be expected if the 4.97-Mev level had 
spin 0. Because, when the gate is moved above the 3.34-
Mev peak there is still a residual number of 1.63-Mev 
coincidence counts one would expect some attenuation 
in the variation with angle over that predicted theoretic­
ally for a 0-2-0 distribution but not as much as ob­
served. I t is therefore possible, with reasonable confi­
dence to eliminate spin 0 for the 4.97-Mev level in Ne20. 

CONCLUSIONS 

Figure 6 shows an energy level diagram for Ne20 

summarizing the results presented here. The coincidence 
yield curve proved that a 3.34-Mev gamma rays is in 
coincidence with one of energy greater than 7 Mev at 
the 1 + level at 13.51 Mev and the observation of this 
3.34-Mev gamma ray in the coincidence spectrum at a 
resonance 400-kev higher shows that it is not a primary. 
Hence the 1 + level at 13.51 Mev feeds the 4.97-Mev 
level. Combining the observed4 T 7 = 2.2 ev for the transi­
tion to the 1.63-Mev level with the branching ratio re­
ported here yields r y = 0.12 ev for the transition to the 
4.97-Mev level. In addition, it was shown that the 

TABLE I. Comparison between Ty measured at the 13.51-Mev 
resonance and the Weisskopf value, IV. 

Multipole I V (ev) \M\ 

13.51 Mev -> 4.97 Mev, £ 7 = 8.54 Mev, 1^=0.116 ev 
El 312 3.7X10-4 

Ml 0.005 23 
Ml 13.1 8.9X103 

El 0.121 0.96 
13.51 Mev -> 1.63 Mev, Ey= 11.88 Mev, r ^ - 2 . 2 ev 

MX 35.3 6.2X10-2 

El 0.631 3.5 

4.97-Mev level does not have / = 0 and that it decays to 
the ground state of Ne20 with less than 5 % probability 
of its decay to the first-excited state. 

Because it is fed by a 1 + level its spin is 1, 2, or 3. 
The partial width for the decay T7 = 0.12 ev can be com­
pared to the Weisskopf limit for various possible spins 
and parities of 4.97-Mev level following the procedure 
of Wilkinson.8 The results are given in Table I. 

I t follows from an examination of this table that if 
the 4.97-Mev level had 7 - 3 - , the 8.54-Mev Ml 
transition would be enhanced by a factor of 23. No such 
enhancement has ever been observed in any region of 
the periodic table8 and there is no reason to expect that 
it will be. / — 1 + , 2 + , and 3 + are all consistent with 
\M\2 observed for light elements while / = 1 — or 
2— give a value of \M|2 which is consistent with other 
El transitions in light nuclei which violate the isotopic 
spin selection rule. 

Since this work was completed, a comprehensive series 
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FIG. 6. Partial energy level diagram of Ne20 summarizing the 
information obtained in this experiment. 

8 D. H. Wilkinson, Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove (Academic Press Inc., New York, 1960), Part B, Chap. V.F. 
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of experiments designed to measure the properties of 
levels in Ne20 have been undertaken at Chalk River,9 

In particular the 4.97-Mev level has been found to have 
Jw=2 — .10 The astrophysical significance of this and a 

9 C. Broude and H. E. Gove, Proceedings of the International 
Kingston Conference on Nuclear Structure (University of Toronto 
Press, Toronto, 1960) see also H. E. Gove, Nuclear Instr. and 
Methods 11, 63 (1961). 

10 H. E. Gove, A. E. Litherland, and M. A. Clark, Can. J. 
Phys. 39, 1243 (1961). 

TH E photodisintegration of deuterons and tritons 
and their inverse processes are among the simplest 

nuclear reactions and the study of these reactions can 
give informations about the deuteron and triton wave 
functions, the final continuum states, and the inter­
action mechanism. 

I t has been shown by De Swart and Marshak1 '2 that 
a successful fit to the experimental data on photodis­
integration of deuterons in the medium energy region 
can be obtained if one uses for the deuteron the 
Gartenhaus wave function (6.7% D-state probability) 
and for the final-state interaction the Signell-Marshak 
potential.3 Around 10 Mev the El transition is domi­
nant, Ml contributing only ~ 2 % and £ 2 ^ 0 . 1 5 % . In 
this energy region accurate measurements of the total 
cross section and of the anisotropy are desirable for 
better understanding of the magnetic transitions. Hsieh4 

pointed out that the measurement of the total cross 
section around 10 Mev can provide additional informa­
tion about the sign of the tensor potential in the triplet 
odd states. 

For the capture of neutrons by deuterons, Burhop and 
Massey5 in 1947 calculated the cross section using the 
wave functions constructed by a resonating-group 
structure method. Their cross section depends sensitively 
upon the type of nuclear forces; at 11.47 Mev it amounts 

1 J. J. De Swart and R. E. Marshak, Physica 25, 1001 (1959). 
2 J. J. De Swart and R. E. Marshak, Phys. Rev. 110, 272 (1958). 
3 P. S. Signell and R. E. Marshak, Phys. Rev. 106, 832 (1957); 

109, 1229 (1959). 
4 S. Hsieh, Progr. Theoret. Phys. (Kyoto) 19,453 (1958); 21,185 

(1959); 21, 211 (1959). 
5 E . H. S. Burhop and H. S. W. Massey, Proc. Roy. Soc. 

(London) A192, 156 (1948). 

recent measurement of Jw~3— for the 5.63-Mev level11 

has been discussed.12 Sufficient information on levels in 
Ne20 now exists to reveal the existence of several rota­
tional bands.13 

11 J. A. Kuehner (to be published). 
12 H. E. Gove, A. E. Litherland, and M. A. Clark, Nature 

191, 1381 (1961). 
13 A. E. Litherland, J. A. Kuehner, H. E. Gove, M. A. Clark, 

and E. Almqvist, Phys. Rev. Letters 7, 98 (1961). 

to 45.8 /jb for ordinary forces, and to 30.7 fib for ex­
change forces. 

Accurate measurements of the fast neutron capture 
cross sections by light nuclei have been made possible 
through the development of counter telescopes.6-8 This 
method permits precise determination of the ratio of 
capture and elastic scattering cross sections, as in either 
process charged particles are detected at the same 
counter and target setting. Although the fast neutron 
capture cross sections are very small, due to kinematics 
all particles formed by capture are emitted within a 
forward cone of a small aperture and have a narrow 
energy distribution. The counter telescope8 in connec­
tion with a two-dimensional 100-channel analyzer9 

allowed a good discrimination between protons, deu­
terons, and tritons above 3 Mev. As the capture cross 
section can be related to the photodisintegration cross 
section by assuming the validity of the principle of de­
tailed balance, measurements of the capture of fast 
neutrons by protons and deuterons seemed to be of 
some interest. 

14.4-Mev neutrons were supplied by a 200-kev 
Cockcroft-Walton accelerator.10 The targets were a 1X1 
cm, 6.1 mg cm - 2 polyethylene foil and a 1X1 cm, 8.4 
mg cm - 2 heavy paraffin mold, respectively, each 

6 F. A. Aschenbrenner, Phys. Rev. 98, 657 (1955). 
7 G. Marcazzan, A. M. Sona, and M. Pignanelli, Nuovo cimento 

10, 155 (1958). 
8 L. G. Kuo, M. Petravic, and B. Turko, Nuclear Instr. and 

Methods 10, 53 (1961). 
9 M. Konrad and B. Turko, Nuclear Instr. and Methods 13, 

29 (1961). 
10 M. Paic, K. Prelec, P. Tomas, M. Varicak, and B. Vosicki, 

Glasnik mat. iiz. i Astron. 12, 269 (1957). 
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Capture of 14.4-Mev Neutrons by Protons and Deuterons 

M. CERINEO, K. ILAKOVAC, I. SLAUS, AND P. TOMAS 
Institute Rudjer BoskoviS, Zagreb, Yugoslavia 

(Received August 8, 1961) 

A counter telescope in connection with a two-dimensional analyzer has been applied to determine the 
ratio of the 14.4-Mev neutron capture and elastic scattering cross sections. The cross section for the capture 
by protons was determined to be 31.6±3.1 /*b. This value is in reasonable agreement with the theoretically 
predicted value. The cross section for the capture of neutrons by deuterons was found to be 29.4d=5.8 /zb. 


