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I. INTRODUCTION 

1 -a o 
Excitation curves of the CA + HeJ reaction have been 

studied for He3 bombarding energies of 2 Mev to 5.5 Mev 

through examination of the gamma rays with a Na I crystal 

scintillation spectrometer. The possible reactions which oc¬ 

cur ares 

C13 + He3->01^C^-2 + oC + 15.630 Mev 

N15 + P •f 10.66.6 Mev 

in 
H
 O + n + 7.123 Mev 

N14 + d + 2.057 Mev 

Due to the large Q values for the first three reac¬ 

tions, the final nuclei are formed in highly excited states. 

The de-excitations of these levels to the ground states re¬ 

sult in high energy gamma rays. The observed gamma ray 

energies extend from 4 to 15 Mev. The gamma rays from the 

C13 (He3, ay ) C12* and C13 (He3,py ) N15* reactions have 

been identified from the gamma ray spectra which were ob¬ 

tained by using a 256-channel pulse height analyzer. The 

spectra were compared with those resulting from the 

(He3, p X ) C^2* and (d, nyO C^2* reactions which have 

Q values of 19.71 Mev and 13.7 Mev respectively. These re¬ 

actions give the same high energy gamma rays in the excited 
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C12 nucleus. 

The 15.1 Mev gamma ray excitation curve from the 

13 3 C + He reaction has been compared with excitation curves 

of the ground state protons and neutrons from the same re¬ 

action and also with the 15.1 Mev gamma ray excitation 

14 curve from the N + d reaction. Both of these reactions 

form the same compound nucleus, 016, at highly excited 

levels above 20 Mev, The resonances from the excitation 

curves have been compared with the known energy levels in 

O16 for that region. 
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II. EXPERIMENTATION 

Accelerator 

The charged particles were accelerated in the 5.5 Mev 

Van de Graaff at The Rice University. The bombarding ener¬ 

gies were determined by measuring the magnetic field in the 

analyzing magnet with a nuclear moment magnetometer. A cal¬ 

ibration graph of magnet current versus magnetometer fre¬ 

quency versus He3 particle energy was obtained by G. U. Din. 

The initial calibration was the Li (p,n) Be threshold at 

1.881 Mev. The Chapman magnetic saturation factor was ap¬ 

plied above a He3 energy of 3.0 Mev. J. D. Bronson checked 

this calibration by measuring the energy of elastically 

■5 197 
scattered HeJ particles from Au with a magnetic spectro¬ 

graph. Agreement was found to be within ±1% over the energy 

range 1.8 Mev to 5.5 Mev. 

Targets 

The targets used in these experiments had previously 

been made by cracking methyl iodide, enriched to about 60% 

C13, onto hot tantalum blanks.1 The target used for the 

excitation curves and angular distributions had been meas¬ 

ured as 10 Kev thick from the C13 (p,n) N13 threshold at 

Ep = 3,0 Mev. This was calculated to be about 85 Kev thick 
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•to at Ege3 = 3.0 Mev. The amount of C on the target was meas¬ 

ured by comparing the yield of ground state neutrons from a 

standard target with the target used in the experiments 

through the reaction C13 (He3,nQ) 0
15. The amount of C13 

was found to be about 58.0|xgm/cm . The thickness of the 

standard target was measured from a narrow resonance for the 

reaction C^*3 (0C fn) 0^®* at Eod = 3.835 Mev, and the amount 

13 2 of C was calculated using an isotopic abundance of 60%. 

Apparatus 

Block diagrams of the Na I crystal spectrometer and 

associated electronic equipment are shown in Pig. I. For 

the excitation curves the detector was a 2 x 2 Na I (Tl) crys¬ 

tal mounted on a Dumont 6290 photomultiplier tube. In tak¬ 

ing the angular distribution data, a 1 x 1 Na I (Tl) crystal 

was used which gave an angular resolution of ±5° at a target- 

to-crystal distance of 13,6 eras. In this case the photo¬ 

multiplier tube was shielded with mumetal to overcome the 

changes in gain caused by its different positions in the mag¬ 

netic fields present. These included the earth's magnetic 

field and the field from the analyzing magnet. Figs. 2 and 

3 show the target-counter arrangements for the excitation 

curves and angular distributions respectively. 
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PEAMR PHOTOMULTIPLIER 
TUBE 
DUMONT 6290 

2X2 IN. 
NAKTti 

J 

TARGET 

TARGET COUNTER ARRANGEMENT FOR 

EXCITATION CURVES AND SPECTRA 
FIG. 2 

MU-METAL ixI IN. 

TARGET COUNTER ARRANGEMENT FOR 
ANGULAR DISTRIBUTIONS 

FIG. 3 
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The amplifier was a Hamner N 302 patterned after the 

1955 version of the Higinbotham-Chase non-overload amplifier. 

The analyzer was the R. C. L. No. 20609 256-Channel Analyzer, 

and the scaler was the R. C. L. No. 20301. The output from 

the analyzer was displayed on a cathode ray tube and printed 

on a digital recorder. 

Experimental Procedure 

The 256-channel analyzer was used to obtain the spec¬ 

tra. The single channel pulse height discriminator and 

scalers were used to acquire excitation curves and gamma ray 

differential bias curves. 

The bias voltages on the single channel discriminator 

were set in terms of the 256-channel analyzer by the follow¬ 

ing procedure. With the signal output of the amplifier con¬ 

nected to the 256-channel analyzer, the complete spectrum 

was displayed on the cathode-ray tube. However, only the 

pulses in the window were displayed on the cathode tube when 

the pulse height selector output was connected to the de¬ 

layed coincidence input of the analyzer. The bias voltage 

and window widths were then adjusted until the required por¬ 

tion of the gamma ray spectrum was located in the window. 

The 256-channel pulse height analyzer was cali¬ 

brated, and a relation between the energy scale of the pulse 
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height and channel number was obtained for the desired amp- 

99 
lifier gains. A standard Na source, PuBe source, and the 

gamma rays from the + p reaction were used for the cali- 

bration. The Na and PuBe sources emitted gamma rays of 

1.28 Mev and 4.43 Mev respectively. For + p all the Q 

11 Q* 
values are negative except for the B (p, oc ) Be and 

11 12* 
B (p, # ) C reactions which have Q values of 8.575 Mev 

and 15.96 Mev, At the low proton energies used, approxi¬ 

mately 1.5 Mev, only the proton capture gamma rays were pro¬ 

duced. These occurred in direct transition to the ground 

12 state of C and a cascade transition through the level in 

12 11 C at 4.43 Mev. When old B targets were used, a 6.0 Mev 

gamma ray was observed from the F1^ (p,cx^) 016* contami¬ 

nating reaction. However, the target used for the calibra¬ 

tion was obtained from Oak Ridge and had been made by a 

magnetic separation technique, and no contaminating reactions 

were observed. The B^ + p reaction, therefore, produced a 

4.43 Mev, an 11.53 + 11/12 Ep Mev, and a 15.96 + 11/12 Ep Mev 

gamma ray. The differential bias curves were also calibrated 

with the same gamma rays. 

Discussion of Apparatus 

"Pile-Up11 Effects. For fast pulse rates, above ap¬ 

proximately 40,000 pulses per second, the resolution of the 
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gamma ray peaks began to deteriorate. At the higher ener¬ 

gies there was a continuous variation of pulse height with 

energy, and it became impossible to resolve the gamma rays. 

This was probably due to a "pile-up" effect somewhere in the 

Na I crystal spectrometer and associated electronics. To 

overcome this effect either low beam currents or large crys- 

tal-to-target distances were necessary. However, as the 

cross section for the high energy gamma rays was low, ap¬ 

proximately 1 mb/ster, the highest possible pulse rate with¬ 

out causing this "pile-up" effect was necessary in order to 

obtain good statistics. It was found most convenient to use 

a short crystal-to-target distance with a low beam current, 

approximately a few hundredths of a microampere. A tunnel di¬ 

ode discriminator and linear gating preamplifier, designed 

by Dr. T. A. Rabson, was also used to overcome this difficul¬ 

ty. This discriminator could be set to exclude all the rela¬ 

tively numerous low energy pulses. Only those which were 

above the discriminating voltage triggered the gating cir¬ 

cuit and were driven through the coaxial cable to the ampli- 

fier. Therefore, the number of pulses reaching the ampli¬ 

fier was considerably less, and the probability of "pile-up" 

was reduced. 
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Dead Time. The time taken for the 256-channel ana¬ 

lyzer to analyze the incoming pulses is called the dead time. 

If the pulse rate is too high, the analyzer becomes blocked 

and fails to work properly. To overcome this difficulty, 

low beam currents were again necessary. To show that the 

256-channel analyzer data could be trusted with low beam cur¬ 

rents, the same spectra were obtained with a single channel 

pulse height analyzer and scaler, for which dead time was no 

problem. Figs. 4, 5, and 6 show the gamma ray differential 

bias curves obtained this way. Comparison with the curves 

of Fig. 11, for example, which were taken with the 256-chan¬ 

nel analyzer using low beam currents, shows that the latter 

are reliable. 
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III. SPECTRA 

Int roduction 

The spectra were obtained using the 2 x 2 in. Na I 

(Tl) crystal and the 256-channel analyzer. Two typical gam¬ 

ma ray spectra are shown in Figs. 7 and 8. They were taken 

at different amplifier gains to give the low and high energy 

portions of the spectra. The calibration lines obtained 

from the spectra given in Figs. 9 and 10 are also shown. A 

comparison of the spectrum obtained in the C13 + He3 reac¬ 

tion with those acquired from B3"*3 + He3 and B3"1 + d is given 

11 4 in Fig, 11. It also shows the calibration spectrum B + p. 

Peaks in the spectra were due to total energy and 

pair escape peaks (lines 0.51 and 1.02 Mev lower in energy 

than the total energy peaks). For the lower energy gamma 

rays, all three peaks could be seen. For the higher energy 

gamma rays, the total energy peak disappeared^and the two 

unresolved escape peaks appeared as one broad peak which 

was assumed to be 0.76 Mev below the gamma ray energy. 

The general shape of the spectra stayed the same for 

all bombarding energies between 2 Mev and 5.5 Mev, As ex¬ 

pected, the spectrum obtained with the tunnel diode discrim¬ 

inator and linear gating circuit, Fig. 12, showed a better 

resolution for high energy gamma rays, 
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CHANNEL NUMBER 

r-RAY SPECTRUM FROM VARIOUS REACTIONS 
Fig. 11 
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C13 + He3 Reaction 

The possible reactions which give the various gamma 

rays, within the range of the bombarding energies, are shown 

in the energy level diagram, Pig. 13, Table I contains a 

list of the gamma rays from the residual nuclei resulting 

13 3 from the C + He reactions, as given by F. Ajzenberg- 

Selove and T. Lauritsen.5 Consideration of these gamma ray 

energies revealed overlapping of different peaks from vari¬ 

ous gamma rays, e.g. the second escape peak of the 9,06 Mev 

gamma ray had an energy of 8.04 Mev, and the first escape 

peak of the 8,57 Mev gamma ray had an energy of 8,06 Mev; 

the second escape peak of the 6.33 Mev gamma ray and the to¬ 

tal energy peak of the 5.3 Mev gamma ray both had energies 

of 5.3 Mev. It could be seen that the gamma rays were grouped 

around 5 Mev, 6 Mev, and 8 Mev. As the resolution of the 

137 
spectrometer was only about 10% for Cs , absolute identifi¬ 

cation of the peaks in the spectra was impossible. The 

proper positions of the three peaks for most of the possible 

gamma rays are marked by arrows on each spectrum. 

The C'1'3 (He3,£*^ ) c^* reaction gave the 15.1 Mev 

12 
gamma ray. The 15.1 Mev state of C has an assignment of 

it T = 1, J = 1+, so that alpha emission to the ground state 

of Be® is forbidden. The gamma ray width is about 75% of 
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TABLE I 

THE GAMMA RAYS FROM C13 + He3 TAKEN 
FROM AJZENBERG-SELOVE AND T. LAURITSEN5 

Gamma Rav (Mev) Reaction Remarks 

4.43 C13(He3, oL% )C12* Observed 

10.67 Not seen 

12.73 Observed, but 
very weak 

15.11 Observed 

5.28 C^-3 (He3,p'^' ).N^*** Observed but un- 
resolved from the 
5.30 Mev g^mma 
ray 

5.30 Observed 

6.33 Obscured by gamma rays 
from C^^(He^,p^ )N^ 
reaction 

7.16 Not seen 

7.31 Observed 

8.31 Observed 

8.57 Observed 

9.06 Observed 

9.16 Not seen 9.16 
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TABLE X (continued) 

Gamma Rav (Mev) Reaction Remarks 

5.18 C13(He3,n^)015* Completely obscured 
by gamma rays from 
C12(He3,p ^)N14* 

C13(He3,p ^ )N15* 
reactions 

5.24 it II 

6.16 It ll 

6.79 II Not seen 

2.312 C13(He3,d ^)N14* Completely ob¬ 
scured by gamma 
rays from 
c12 (He3 ,p^ )N14* 

reaction. 
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g 
the total width. In contrast, the 12.77 Mev gamma ray was 

barely seen, which was expected since its gamma ray emission 

width was reported to be approximately 2% of the total width.® 

The 4.43 Mev gamma ray was identified by its second pair 

escape peak, corresponding to an energy of 3.41 Mev. Its 

first escape peak and total energy peaks were obscured by the 

first and second escape peaks of the 5.1 and 5.3 Mev gamma 

rays. In contrast, for the + He3 spectrum, where the 

C12 + He3 reaction did not take place, all three peaks from 

the 4.43 Mev gamma ray were observed. The 10.7 Mev gamma 

ray from the 15.1 Mev state to the 4.43 Mev state was not 

seen as expected because the branching ratio of the 15.1 Mev 

gamma ray to the ground state and first excited state had 

been given as 97% to 3%. 

Various peaks of the 5.3 Mev, the 7.3, Mev, the 8.57 

Mev, and 9.06 Mev gamma rays from the C13 (He3,ptf) N15* re¬ 

action could be seen. There was also evidence of the 5.28 

Mev, 6.33 Mev, and 8,31 Mev gamma rays. Of these only the 

9,06 Mev gamma ray was clearly resolved so that all three of 

its peaks were observed. 

As all the Q values for the C13 + He3 reaction are 

positive, it should have been possible to see gamma rays 

from all the channels present. The coulomb barrier height 
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14 7 for deuterons and N Is 1.6 Mev. Therefore, at the higher 

bombarding energies, the 2.312 Mev gamma ray from the 

(He3,d^) reaction and gamma rays with energies around 

5 and 6 Mev, from the C13 (He3,n^) O^* reaction, were pos¬ 

sible. However, these coincided with gamma rays of approxi¬ 

mately the same energies from the other reactions and could 

not be resolved. 

C^2 -t He3 Reaction 

The peaks below the 4.43 Mev gamma ray were due to 

the contaminating reaction C12 (He3,p)( ) N14*, as C12 was 

always present with the C13 targets. The identification of 

the peaks was given by Kuan as follows:8 the 2.3 Mev peak 

is the photo peak of the 2,31 Mev gamma ray in N"*-4. The 2.8 

Mev peak corresponds to the overlapping of (1) the 2.79 Mev 

14 
gamma ray from the 5.10 to 2.31 transition in N , (2) the 

first pair escape peak of the 3,37 Mev gamma ray from the 

14 5,68 to 2.31 transition in N , and (3) the second pair es¬ 

cape peak of the 3.92 Mev gamma ray from the 6.23 to 2.31 

transition in N'*'4. The 3.4 peak is due to overlapping of 

(1) the 3,37 Mev gamma ray and (2) the first pair escape 

peak of the 3,92 Mev gamma ray. The positions of some of 

the higher energy gamma rays are marked by arrows on the 
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spectrum in Fig. 7 and are denoted by a dagger. 

The + He3 and + d Reactions 

Both of these reactions gave strong 15.1 Mev gamma 

rays. The + He3 reaction also gave a strong 4.43 Mev 

gamma ray. 

Due to the large background caused by the neutron 

capture gamma rays in the Na I crystal, the 4.43 Mev gamma 

ray for the B11 + d reaction was poorly resolved. 
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IV. EXCITATION CURVES 

Introduction 

The excitation curves were obtained by using the 2 x 

2 in. Na I (Tl) crystal, the single channel analyzer, and 

scaler. The excitation curves were taken for the two promi¬ 

nent gamma rays in the spectrum, the 15.1 Mev gamma ray and 

the 9.06 Mev gamma ray. 

15.1 Mev Gamma Ray 

The excitation curve for the 15.1 Mev gamma ray, from 

the C13 (He3,o^) c^* reaction, is shown in Fig. 14. It 

represents an average of six separate runs, and the error 

bars indicate the standard deviations from the mean values. 

It shows two broad resonances about He3 bombarding energies 

of 2.6 Mev and 4.0 Mev respectively. There is also evi¬ 

dence of a resonance at a He3 bombarding energy of 3.6 Mev. 

9.06 Mev Gamma Ray 

The excitation curve for the 9.06 Mev gamma ray from 

the C13 (He3,p^) N^* reaction is shown in Fig. 15. It is 

also an average of six separate runs, and the error' bars 

again indicate the standard deviations. It shows no reso¬ 

nances and rises smoothly from a He3 bombarding energy of 

4 Mev. It then starts to level off and stays fairly 



29 



30 

F
ig

. 
1

5
 

9
 0

6M
E

V
 

X
-R

A
Y
 

E
X

C
IT

A
T

IO
N
 

C
U

R
V

E
 

FR
O

M
 

C
 

+
H

E
 



31 

constant up to a bombarding energy of 5 Mev. 

Discussion 

Fig. 16 shows a comparison of various excitation 

curves with the energy levels in the compound nucleus 0*®. 

The excitation curves are for (1) the 15.1 Mev gamma ray 

1 A Q 
from the N + d reaction, (2) the 15.1 Mev gamma ray from 

C13 + He3, (3) the ground state neutrons,^-® and (4) the 

ground state protons also from the C + HeJ reaction. The 

level at 24.7 Mev, in O , was found from the neutron exci- 

14 15* 
tation curve for the N (d,n) 0 reaction by J. L. Weil 

11 
and K. W. Jones. The levels at 25.7 Mev and 26.4 Mev were 

12 found by J. P, Schiffer et al. from the excitation curve 

13 3 15* of the ground state protons for the reaction C (He ,pQ) N . 

13 
E, A. Wolicki et al. also found a level at 25.7 Mev from 

the excitation curve of the ground state alphas for the re¬ 

action C 13 (He3,c(0) C
12*. 

The resonances at 2.6 Mev, 3.6 Mev, and 4.0 Mev from 

13 3 the 15.1 Mev gamma ray excitation curve for the C + He 

reaction are marked B, C, and D in Fig. 16. They correspond 

to levels in 0*® at 24.9 Mev, 25,7 Mev, and 26.0 Mev re¬ 

spectively, After applying a penetration correction on the 

assumption 1 » 0 for the 2,6 Mev resonance, the resonant 

energy becomes 2.4 ± 0.1 Mev and corresponds to a level in 
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Fig. 16 
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O1^ of 24.75 ± 0.1 Mev. This is in fair agreement with the 

level already reported at 24.7 Mev.11 There is agreement 

for the resonances marked C and D for the 15.1 Mev gamma ray 

13 3 and ground state neutron excitation curves from the C + He 

reaction. The resonances labeled C probably correspond 

to the level at 25.7 Mev in O1®. However, this state was 

found from the ground state proton excitation curve for the 

13 -a C + HeJ reaction and, as can be seen from Fig. 16, the 

shape of this resonance peak marked c was different. At 

these high energies, above 20 Mev in the compound nucleus, 

the peaks tend to become broad. It is impossible to know 

precisely how many resonances there are in a given peak and 

to which level or levels the peak corresponds. The reso¬ 

nances marked D correspond to a level in O1^ at 26.0 Mev, 

where up to the present no level had been reported. However, 

I. F. Wright and c, P. Browne reported a level around this 

energy from the 15.1 Mev gamma ray excitation curve for the 

14 9 N + d reaction. They also reported a weak resonance 

g 
marked A corresponding to a level at 24.4 Mev. J. Weil and 

G. U. Din found a level at about the same energy from the 

13 3 ground state neutron excitation curve for the c + He re¬ 

action.1^ No level had previously been reported at this 

energy. 
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V. ANGULAR DISTRIBUTIONS 

The 15.1 Mev Gamma Ray 

Fig. 17 shows two angular distributions for the 15.1 

Mev gamma ray. One was taken at the first resonance 

(EHe
3 = 2.6 Mev), and the other was taken at the higher 

resonance (Ege3 = 4.0 Mev). The spectrum at each angle was 

recorded using the 1 x 1 in. Na I (Tl) crystal and 256- 

channel analyzer. The spectra were then plotted out, and 

the area under the 15.1 Mev gamma ray peak was measured for 

each angle. Corrections were made for (1) absorption in the 

target backing and target holder and (2) a geometric correc¬ 

tion due to the fact that the target-spot was not centered. 

Both distributions are fairly isotropic with a slight rise 

at 90 degrees. The solid curves are the fit of the least 

squares to the data of Legendre polynomial expansions. They 

were computed on an I.B.M. 709 computer and are of the form 

1 + ^ (cos (9 ) where a^ is listed in Table II. The error 

bars indicate statistical errors. 

TABLE II 

THE COMPUTED VALUES OF a2 FROM 
THE ANGULAR DISTRIBUTION DATA 

Curves Bombarding Energy ^2 

I EHe3 = 4.0 Mev 

EHe3 = 2*65 Mev II 

-0.106 

-0.087 
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Fig. 17 
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Discussion 

The angular distributions are for the gamma ray from 

12 
the 15.1 Mev level to the ground state in C . Although 

this level is well above the threshold for alpha particle 

decay, R. W. Kavanagh14 has found the ratio of the alpha 

width to the gamma ray width to be less than 0.5. E. Hay¬ 

ward and E, G. Fuller18 and also E. L. Garwln and A. S. 

Penfold16 have excited this level by irradiating a carbon 

target with high energy bremsstrahlung, They found the angu¬ 

lar distribution of the scattered X-rays consistent with di¬ 

pole scattering. The inhibited alpha-particle decay and the 

dipole nature of the ground state transition establish this 

level as belonging to the T = 1, J71" = 1+ isotopic spin 

triad B12, C12, N12. To test the validity of the T = 1 as¬ 

signment to this level, Waddell et alstudied the in¬ 

elastic scattering of various particles by C12. Where the 

isotopic spin selection rules allowed the formation of T = 1 

states, they observed a yield of 15.1 Mev gamma rays. Where 

the rules forbade the formation of T =» 1 states, they found 

no observable yield. This level is, therefore, the analog 

of the ground state of B12 which R. W. Kavanagh and C. A. 

Barnes18 showed to be 1+. This assignment is also supported 

3 6 
by the He studies of Almqvist et al.. 
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The 1+ assignment, to the 15.1 Mev state, restricts 

the angular distribution of the gamma rays to the form 

1 + a2P,2(cos(9). The present work gives angular distribu¬ 

tion of this form. The curves were also fitted to Legendre 

polynomial expansions up to P^(cos(5 ) with no appreciable 

change in the P2(cos<9 ) assignment. The results are in good 

6 
agreement with those given by Almqvist et al.. They report 

a distribution of the form l-0,13P2(cos<9 ) at EHe
3 = 2.21 

Mev with no change in the ratio of counts at 0 degrees and 

90 degrees for energies from 2.02 to 2,26 Mev, 
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