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I. INTRODUCTION 

The lowest possible bombarding energy for which the 

reaction X(a,b)Y will take place is called the threshold of 

the reaction. This value is usually quoted in laboratory 

coordinates. If the threshold energy is determined, and 

the total energies (mass energy plus excitation energy) of 

three of the four participants are known, then by applica¬ 

tion of the conservation of energy theorem, the fourth 

energy may be determined. By this method, then,, it is pos¬ 

sible to determine the ground state masses as well as the 

energies of the excited states of nuclei. 

The general technique of determining neutron thresholds 

is to raise slowly the energy of the bombarding particle 

until the neutron produced by the reaction is observed. By 

taking such an excitation curve through the threshold, one 

is able, by extrapolation, to determine the threshold of 

the reaction. The accuracy of the determination depends 

upon the energy definition of the beam. The shape of the 

excitation function above threshold also contains informa¬ 

tion as to the spin and parity of the state being excited. 

For the (x,n) reactions proceeding by compound nucleus 

formation, the cross section, for a thin target, is expected 

to be given by 

0'*=*(E-Eth)1+^ (1 

where 1 is the relative angular momentum of the emitted 
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neutron. By numerical integration of this expression over 

a thick target, it is possible to determine the shape of the 

expected total neutron yield curve for different values of 

angular momentum. By then fitting the data obtained in the 

experiment to these results, it is possible to determine 

the angular momentum of the outgoing neutron. With this 

information, as well as the spins and parities of the target 

nuoleus and the bombarding particle, it is possible to make 

statements about the spin and parity of the reaction nucleus. 

Unfortunately, it is not always possible to get unambiguous 

results. 

.In doing such excitation work, it is not possible to 

tell in many cases whether the neutrons observed are due to 

the actual threshold sought, or are due to background neutrons. 

The neutron background is from two sources. Most elements 

have more than one stable isotope, and if these other isotopes 

are present in the material of the target, they may give rise 

to neutrons which interfere with the measurement attempted. 

Further, there are often impurities in the targets, either as 

a result of their manufacture, or from carbon and fluorine 

deposited on the target by the bombarding beam. In either 

case, to get good results it is necessary to be able to 

discriminate against these undesired neutrons. 

It is, unfortunately, not always possible to obtain 

directly the total cross-section for the reaction simply by 

counting the neutrons. This is due to the irregularities in 

angular distribution of these emitted neutrons. The angular 
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distribution of neutrons from compound nucleus formation is 

not always isotropic in the center of mass system. In 

stripping reactions this anisotropy is, in general, even 

more pronounced than in the compound case. It then becomes 

very difficult to determine the total cross section by 

techniques that are angularly sensitive, such as the counter 
2 

ratio method developed by Bonner for the (x,n) reactions. 

To find the total cross section by these methods, it is 

necessary to take excitation curves at many angles and to 

integrate the result. This method is further complicated 

by the fact that the angular distributions themselves are 

often strongly energy dependent. 
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II. EXPERIMENTAL PROCEDURE 

Many reactions may be found, however, which lead to the 

formation of beta unstable nuclides. As beta decay is 

spherically symmetric in the center of mass system, it is 

possible to obtain a function directly proportional to the 

total cross section by simply observing the number of betas 

as a function of bombarding energy. A further advantage of 

this method is that the betas, because of their half-life, 

may be counted while the beam of bombarding particles is 

removed from the target. In this way, the background due to 

gamma rays from the excited states of the target nuclei, and 

from neutrons circulating in the target room, may be reduced. 

The number of applications of this method is, of course, 

limited by the requirements placed upon the endpoint energy 

and the half life. It is necessary that the endpoint energy 

by sufficiently high that it may easily be separated from 

the other beta spectra that are present. It is also impor¬ 

tant that the half life be short enough so that complicated 

corrections need not be made for the saturation effects of 

the yield. 

In principle, an excitation curve, utilizing the beta 

decay of the product nucleus, may be easily obtained. A 

plastic scintillator, or other electron sensitive device, 

may be placed directly behind the target. The output of 

this device can then be fed to a multichannel analyzer. 

By counting only those pulses corresponding to the energy 
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of the betas from the product nucleus, an excitation curve 

can be determined. By this method, unfortunately, it is .not 

possible to discriminate between electrons and positrons. 

Hence, for example, the positrons from the 0^®(He^,n)Ne^8(^3+)P^8 

reaction would be obscured by the electrons from the 

0^(He^,p)F^(f3 )Ne^^ reaction. Since 0"^ is present to ap- 

proximately 0.2$ in natural oxygen, the large positive 

3 
Q-value (13.11 mev) of the reaction will allow a large 

flux of electrons to be present. Since the electron endpoint 

energy is 5.4 mev, it would be impossible to discriminate the 
10 

positrons from the 0 reaction, whose endpoint is only 3.4 

mev, from the electron background. 

The use of a beta spectrometer makes it possible to 

separate the electrons from the positrons. Here at Rice 

4 
the magnetic lens gamma spectrometer, described by Ranken , 

has been used as the beta detector. To insure maximum count¬ 

ing rate, the spectrometer has been adjusted to give maximum 

transmission. A, positron baffle has been inserted, which, 

when operating normally, allows the spectrometer to pass elec¬ 

trons, and prevents all positrons from reaching the counter. 

By simply reversing the power leads to the magnetic field 

coils, it is possible to discriminate against electrons, and 

hence count only positrons. 

The electrons (or positrons) are counted after passing 

through the spectrometer by a Pilot "B" scintillating crystal 

of sufficient thickness to give further discrimination to 

the betas. The pulses from the attached photomultiplier are 



fed to a single channel analyzer which selects only those 

pulses of sufficient height to correspond to the betas being 

detected. This also gives further discrimination against 

gamma rays which reach the back of the spectrometer. 

Gamma rays are produced by the beam, either by striking 

the target itself, or by reaction with the deposits of car¬ 

bon and fluorine brought up by the beam. These gammas may 

reach the back of the spectrometer by Compton scattering, 

and hence cause unwanted counts* Neutrons may also contribute 

to the background. Many neutrons may reach the back of the 

spectrometer and may interact with nuclei in the vicinity of 

the crystal which give rise to gamma rays counted by the 

crystal. It is these gamma pulses that are somewhat avoided 

by the proper biasing of the single channel analyzer. 

The beam of particles from the Rice 5.5 mev Van der Graaff 

accelerator is interrupted by a mechanical shutter. The timer 

which controls the shutter also controls the counting devices. 

The beam is allowed to strike the target for a few seconds, 

after which the beam is interrupted and the one channel 

analyzer is turned on to count the particles passing through 

the spectrometer. After a few seconds counting time, the 

entire process is repeated. When sufficient statistics have 

been gathered at one energy, the energy of the bombarding 

particle Is changed, and data is gathered at a new energy. 
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III. THE 07 8 * 10 * * * * * 16 *(He3,n)Ne18 REACTION 

3 
Recently, much work has been focused on the (He ,n) 

5 
reactions. A theory by Newns , based on a stripping process, 

has been proposed, and presently it is of interest to see 

if these reactions do proceed by such a double-stripping 

mechanism. If such reactions do take place according to 

such a theory, then the severe selection rules applying to 

such a process would allow a quite powerful tool of nuclear 

3 
spectroscopy. A further advantage of the (He ,n) reactions 

is that they produce proton rich nuclides, which, in many 

cases, cannot be easily studied by alternate means. 

16, 3 . 18 
Early work on the 0 (He ,n)Ne reaction by Gow and 

6 
Alvarez led to the assignment of a ground state Q-value of 

18 
-2.966 mev and the Ne half-life as 1.6 seconds. More 

7 
recent work by Dunning and Butler , Azjenberg-Selove and 

8 9 
Dunning , Towle and Macefield , and here at Rice by Din, 

10 
Bonner, and Kuan, shows that the Q-value of Gow and Alvarez 

is too low. The Q-value has presently been determined to be 

-3.200 mev, which implies that the positron endpoint of the 
18 

Ne decay is 3.41 mev. Angular distributions by Towle and 

Macefield and by Din et. al. from a few kilovolts to a few 

mev above threshold show.that the stripping mechanism of 

Newns is a possibility, at least at high bombarding energies. 

•It is not possible, however, to claim this unambiguously. 

The work of Towle and Macefield as well as that of the 

Din group was done employing the counter ratio techniques. 
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Both groups report a point of inflection in the alow neutron 

yield curve at about 100 kev above threshold, after which 

the yield continues to rise for several target thicknesses. 

Normally the maximum yield is reached at about one target 

thickness. Because of this, Towle and Macefield claim 

that this inflection is due to the initial presence of a 

small number of s-wave neutrons. At a slightly higher 

energy, the p-wave neutrons become predominant, and so 

the yield continues to rise. 

The expected beta endpoint and the short half-life 
10 3 13 

make the 0X (He ,n)Nex reaction a good case to study with 

the beta method of threshold determination. 
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IV. TARGET PREPARATION AND TESTING 

In this experiment targets of tungsten oxide were used. 
11 

These were made by the methods described by Givens , and 
12 2 

by Kuan • A 48.4 mg/cm disc of tungsten was placed on a 

platinum disc and then weighted with a heavy platinum washer. 

These were placed in an induction heater and allowed to out- 

gas at red heat. After outgassing, the entire assembly was 

allowed to cool, and the chamber pressure was brought down 
-6 

to 10 mm of Hg. Commerical Oxygen was then introduced to a 

pressure of 1511 of Hg. The induction heater was turned on 

for periods ranging from 10 to 30 seconds, depending on the 

target thickness desired. 

The target thickness was determined by observing the 
16 17 

threshold of the 0 (d,n)F reaction which has a threshold 
3, 

energy of 1.83 mev . The slow counter of the counter ratio 

apparatus was placed in front of the target,1 and the neutron 

counts as a function of energy were obtained. The data for 

the target finally used in this experiment is shown in 

Figure 1. The width of the straight portion of the rise is 

the target thickness to deuterons of average energy 1*845 

mev, as shown. 
13 

Now the stopping power of heavy particles is given by 

cLE _ 47TeVA/g n amir* (2) 
d X ~ vnv1 J 



TARGET THICKNESS DETERMINATION 

0l6(d,n)F 
17 

DEUTERON ENERGY (MEV) 
Figure 1 
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If we ignore the variation of the logarithmic term, we ob¬ 

tain 

where If is the velocity* Hence we finally have that 

Prom this relation and the data obtained as in Figure 1, a 

3 
value for the target thickness of 61 kev for 3*8 mev He 

was obtained* 
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V. PROCEDURE AND DATA 

The spectrometer was adjusted to give Its maximum 

transmission of 9$. This was done by enlarging the annular 

intermediate image slit from its good resolution width of 

6mm to a new width of 34 mm* The source and detector were 

placed further apart than in the good resolution configu¬ 

ration. Moreover, the focusing coils were moved from a 

separation of 10 1/8” to a separation of 11 3/4”* 

The polarity of the coils was set to pass positrons. 

A 5/8 x 5/l6” Pilot ”B” scintillator in conjunction with a 

Dumont #6292 photomultiplier tube was used to count the 

positrons passed by the spectrometer. The output of the 

counter preamplifier was fed to a Hamner #N302 amplifier 

discriminator. The bias of the Hamner was adjusted to ac¬ 

cept only those pulses of sufficient height to correspond to 

the positrons being passed by the spectrometer. The output 

of the Hamner was fed to an RCL scaler. A sodium iodide 

monitor was placed as close to the target as possible. In 

this way, a change in the target thickness could be observed 

by the accompanying change in the monitor counting rat$. 

To take maximum advantage of the 1,6 second half-life 

18 
of Ne , the beam shutter and timer were arranged so that 

the beam was on the target for 2.0 seconds, during which 

the monitor was allowed to register. At the end of this 

period, the shutter was closed and the monitor shut off. 

After a delay of 0.12 seconds, the beta counter was turned 
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on for a period of 1*1 seconds. The detector was then 

turned off for 0,11 seconds and the entire cycle repeated. 

The entire cycle was repeated three times each ten seconds. 

Because of the shape of the beta spectrum, it is neces¬ 

sary to choose a spectrometer bias that gives the maximum 
18 

counting rate due to the He decay. This is further com¬ 

plicated by the fact that there are other beta spectra pres- 
21 

ent, notably the beta decay of Na produced in the 
19 3 21 21 

F (He ,n)Na reaction, Na has a positron endpoint energy 
3, m 

of approximately 2,5 mev. The spectrometer bias was adjusted 

experimentally to give the maximum ratio of the number of 

counts abov$ threshold to the number of counts below threshold. 

The bias was finally set to count 1,58 mev positrons. 

The data taken is displayed in Figures 2 and 3, 

The beam energy calibration was obtained by counting 
19 

the positrons from Ne , which resulted from the 
19 19 

F (p,n)Ne reaction. An excitation curve was made, and 

the extrapolated value of the threshold was used as the 

beam calibration. 

The data presented in Figure 2 is the result and com¬ 

bined average of three separate runs over the threshold. 

The data in Figure 3 is from a fourth determination which 

was carried to a higher bombarding energy. Although the 

threshold energy agrees with the work of other groups, it 

is apparent that the point of inflection 100 kev above 

threshold observed by the neutron workers is not present. 
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VI. ANALYSIS AND CONCLUSIONS 

The threshold obtained, though not of high accuracy, 

is nevertheless in agreemerit witli the work of the other 

groups mentioned above. The point of inflection, 100 kev . 
o 

above threshold, in the yield of neutrons at 0 , observed 

by other workers, was not observed here. The reason for this 

is not known, but the implication is that this inflection is 

not due to the presence of a resonance in the compound nucleus, 
19 

Ne , 100 kev above threshold. 

To gain some understanding of the neutron 1-values 

present in this reaction, it was assumed that the following 

relations held for a thin target: 

as = (E-E ) 
th 

(5) 

where dS is the cross section for s-wave neutrons. 

3/2 
dP - (E-E_ ) , 

th 
(6) 

where dP is the cross section for the emission of p-wave 

neutrons. These relations should hold to within a multi¬ 

plicative constant if the reaction proceeds by a compound 

nucleus formation. Since most reactions do proceed in this 
1 

way near threshold, the assumption is justified . 

Yield curves, S and P, were obtained by numerical inte¬ 

gration over the target thickness. The results are presented 



in Figure 4. 

It was further assumed that the observed excitation 

function should behave as a constant mixture of the s and 

p-wave theoretical functions. To determine what the ratio 

of these mixing constants is , the data was fit, using a 

method of least squares, to the expression 

Y(AE) s aS(AE) + bP(AE) 

where Y is the experimental data, and S and P are the 

theoretical yield curves described above. This method 

yields a ratio of 

b/a 5. 

This implies that there is a smaller amount of s-wave 

neutrons present in comparison to what would normally be 
IS + 

expected. Since the ground state of Ne should be 0 , this 

indicates that there are a larger number of levels in the 
19 

compound nucleus, Ne , near the threshold of spin and 

parity 3/2 and l/2 than levels with spin and parity l/2*. 

The predominance of p-wave neutrons also corroborates 

the assertion of Towle and Macefield that the rise of their 

slow neutron yield curve over several target thicknesses 

above threshold was due to the presence of p-wave neutrons. 

The resonances appearing in Figure 3 are tabulated in 

Table I* The results of Towle and Macefield are also 



• Figure 4 



TABLE I 

16 ^ IQ 
RESONANCES OBSERVED IN THE 0 (He ,n)Ne REACTION 

Towle and Macefield Present Work 

0° 90 Energy 
19 

Ne Level 

1. 4,15 mev 4,20 mev <: 4.19 mev 11,95 mev 

2. 4,30 4,30 4,30 12.05 

3. 4,50 4,50 4,45 12,17 

4, 4,60 4,60 4,57 12,30 

5. •mrn 4,70 4,67 '12,36 
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tabulated for the purpose of comparison. It should be noted, 

however, that it is difficult to assign the energies of the 

resonances that Towle and Macefield observed, because of the 

presentation of their data. 

Because of the Coulomb shift of the levels of mirror 

nuclei, it is not possible to predict with certainty what 
IS 

levels in the P mirror nucleus should correspond to the 

19 
N.e levels. These levels should lie, however, in the 

region of about 12 mev. 
14 

The work of Chapman does show that there are five 

levels between 11.91 mev and 12.30 mev that have the same 

average spacing of 100 kev that is observed in the case of 
19 

Ne • No spin and parity assignments have been made. 
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